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Preface

Polluted water or wastewater is usually a horde of chemical species that span all
the genre of chemical strata. Among the possible assortment of pollutants found in
polluted water is a class known as the oxyanions (or oxoanions). These are anions of
oxidized chemical elements,which havenatural, geogenic and anthropogenic origins.
They are large class of chemical species with diverse, rich and interesting chemistry.
Consequently, their fate, dynamics, interactions and impact in aqua systems are
highly complicated, which necessitated an innovative approach to their management.

This book is a compendium of research efforts and findings on the source, occur-
rence, hydrochemistry and the impact of oxyanions in aqua systems. Several emer-
gent innovative strategies proffered to ameliorate the effects of these hazardous
chemical species in water, and those that have been deployed to transform their
roles from being hazardous to being beneficial, were expounded in this book. The
innovative management strategies for oxyanions in aqua systems were presented
from the perspectives of laboratory and field experiences.

Since the book is aimed at providing insights into the spate of progress and pitfalls
on the innovativemanagement strategies of oxyanions, it openedwith a chapter on the
role of oxyanions, as a friend or foe, followed by another chapter that highlighted the
ecological impacts of these oxyanions. In order to understand the chemical states of
oxyanions in groundwater, a rich potable water resource for millions in several devel-
oping countries in the world, a chapter was dedicated to their occurrence, dynamics
and fate in groundwater. The progress in the use of emerging management strategies
(e.g. microbial fuel cells, photocatalysis, wetlands) was chronicled in other chapters.
Some chapters were also dedicated to the occurrence and management of the often
neglected anduncommonoxyanions (e.g. selenium, antimoniate, borates, carbonates,
molybdate, plumbate, halogen derivatives). In order to present a broader perspective
on the management of oxyanions, a chapter was dedicated to the challenges of the
global laws and economic policies in the abatement of oxyanion pollution in aqua
systems.
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viii Preface

This book on theProgress and Prospects in theManagement of Oxyanion Polluted
AquaSystems is presented fromabroad and all-encompassingperspective, rather than
from a streamlined overview, which makes this book relevant to professionals from
varying backgrounds and interests.

Akungba, Nigeria
Ede, Nigeria

Nurudeen A. Oladoja
Emmanuel I. Unuabonah
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Chapter 1
Oxyanions in Aqua Systems—Friends
or Foes?

Nurudeen A. Oladoja and Brigitte Helmreich

Abstract Oxyanions or oxoanions are pervasive and important constituents of all
aqua systems. In the present discourse, a systematic effort is made to present the
multifunctional roles (either as beneficial chemical species (i.e., as friends) or dele-
terious chemical species (i.e., as foes)) of common oxyanions in aqua systems and
to decipher the contributory factor(s) that dictate the role assumed in each case.
In order to achieve the aim of the discourse, the hydrochemistry of oxyanions is
discussed from a general viewpoint before the features, mode of occurrence and the
health implications of the oxyanions are specifically discussed. A critical review
of reported literatures, that were compiled from laboratory and clinical trials, on
the impacts of common aqua phase oxyanions and the variables that defined these
impacts, show that three variables are the determinants of the choice(s) adopted. The
variables identified include aqua phase concentration of the oxyanion, aqua phase
pH value, which determines the available oxyanion specie in the aqua system, and
the valency or oxidation state of the oxyanion that determines the general chemistry
in the aqua matrix.

1.1 Introduction

The aqueous phase inorganic species are diverse, and the group denoted as oxyan-
ions (also known as oxoanion) is a prominent and an important class. Oxyan-
ions are anions of oxidized elements in aqua systems (e.g., in surface waters,
groundwater, and drinking water) which have natural, geogenic (e.g., bicarbonate
[HCO3]−, orthosilicate [SiO4]4− and arsenate [AsO4]3−), and anthropogenic origins

N. A. Oladoja (B)
Hydrochemistry Research Laboratory, Department of Chemical Sciences, Adekunle Ajasin
University, Akungba Akoko, Nigeria
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2 N. A. Oladoja and B. Helmreich

(e.g., bromate [BrO3]−, chlorate [ClO3]−, perchlorate [ClO4]−, nitrate [NO3]−). One
cannot suggests that an oxyanion, that has a natural source is not harmful, just as one
cannot say that an anthropogenic oxyanion must automatically be harmful. Exam-
ples of the anthropogenic formation of oxyanions are the process of disinfection
of drinking water and the elimination of organic trace substances in wastewater by
oxidation processes. In order to ensure safe wastewater discharge, well-assessed
treatment systems currently exist for the classical issues in wastewater treatment
plants (WWTPs), such as removal of biodegradable organic substances and nutrients
(phosphorus and nitrogen) or transformation to innocuous forms. However, polar and
semi-polar micropollutants are not, or only incompletely removed by these classical
technologies. Although, oxidation processes (e.g., ozonation, advanced oxidation
processes) are considered as promising technologies to remove such organic microp-
ollutants [1], but they could also result in the oxidation of inorganic ions like chlorine
and bromine, which form undesirable oxyanions (i.e., chlorate and bromate).

Irrespective of the source and history, aqueous systems are replete with a plethora
of chemical species (i.e., both organic and inorganic species) that defines its char-
acteristics and ultimately its value. Technically, it has been proven that the presence
of chemical species, oxyanions inclusive, in aqua matrix could be likened to a coin
with two different sides. It has both the good side (i.e. as friend) or the bad side (i.e.
as foe). The determinants of the side of the coin that is displayed at a particular time
need to be properly understood and critically appraised to attain the desired safe and
eco-friendly aqua system status. In this discourse, a critical appraisal of the effects of
the presence and absence of oxyanions in aqua systems is performed to provide water
professionals with an in-depth knowledge on the influence of these important chem-
ical constituents in aqua matrices. The insight gained from the information provided
herein shall serve as a premise for developing strategies for the effectivemanagement
of the derivable benefits and shortcomings from the presence and absence of these
chemical species in aqueous system. In order to achieve the aim of this discourse, the
hydrochemistry of oxyanions shall be discussed from a general perspective and the
features, mode of occurrence, economic and health implications of different oxyan-
ions that are commonly found in aqueous system shall be elucidated. The factors that
influence their role, either as friend or as foe in aqua systems shall be systematically
explicated.

1.2 The Hydrochemistry of Oxyanions

In chemical terminologies, the ionic entity with the general formula MxOy
z− (M is

the central chemical element, O is the oxygen atom, y =1, 2, 3, 4 or 6, and z the
valence of the ions, respectively) is known as oxyanion. Oxyanions correspond to
their oxyacid with the formula HzMxOy. A plethora of oxyanions abound in aqua
matrices and the amount of oxygen, y, (i.e., the oxo group) bonded to the central
element depends on the two properties of the central elements, viz. the size (i.e., the
coordination number); and the oxidation state (i.e., the valency).
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In an aqueous system, some positively charged elements exist as hydroxides (e.g.,
boric acid (B(OH)3) or oxides (e.g., nitrogen oxide (NO), boron trioxide (B2O3))
and not as the expected cationic species. Some other elements act as oxoacids (e.g.,
carbonic acid (H2CO3), nitric acid (HNO3), phosphoric acid (H3PO4), sulfuric acid
(H2SO4), chloric acid (HClO3), perchloric acid (HClO4) etc.), which ionize to form
oxyanions. Oxyanions are found either in the monomeric or the polymeric form. The
two foremost factors (i.e., the oxidation state and the position of the central element)
determine the formation of either forms of the oxyanions. The oxidation state of
the central element and its position in the periodic table dictate the monomeric (x
= 1) oxyanions [MOy]z−. Oxyanions in the 1st row of the periodic table have a
maximum coordination number of four (although no oxyanion exists in this coor-
dination number in the 1st row). Examples are carbonate [CO3]2−, nitrate [NO3]−
and nitrite [NO2]−. Oxyanions in the 2nd row are all linked with four oxygen atoms,
e.g., sulfate [SO4]2−, phosphate [PO4]3− and perchlorate [ClO4]−. In the 3rd row, a
coordination number of six is possible but because they would carry a too high elec-
trical charge, these elements form a tetrahedral oxyanion (e.g., arsenate [AsO4]3−,
molybdate [MoO4]2−) [2]. In an aqueous system, highly charged oxyanions can
undergo condensation reactions to produce the polymeric oxyanions (e.g., the forma-
tion of triphosphate [P3O10]5− or dichromate [Cr2O7]2−). The polyoxyanions contain
multiple oxyanion monomers that are joined by sharing corners or edges [3].

The hydration or the hydrolysis reaction of oxyanions occurs via electrostatic
attraction between the lone pair of electrons on the oxygen atoms of the oxyanion
and the partially positive charge that resides on the hydrogen atoms of the water
molecule. The process of oxyanion hydrolysis is exothermic, and the magnitude of
the energy generated depend on the charge density and mass of the oxyanion. The
magnitude of the energy of hydration is progressively enhanced as the value of the
ionic charge is increased but this is conversely reduced with increasing size of the
anion. On the strength of a robust interaction between the anionic specie and the
hydrogen of the water molecule, the water molecule dissociates, the hydrogen ion
produced reacts with the anionic specie and the hydroxide ion produced also turns
the solution basic thus [3]:

[
MOy

]z− + H2O �
[
MO(y−1)OH

](z−1)− + OH−

The three variables that affect the basicity of oxyanions include ionic charge,
number of the bonded oxo group and value of the electronegativity of the central
element. Increasing the charge on anionic specie enhances the hydrolysis propen-
sity and the formation of alkaline solution. Some elements display variable oxida-
tion state; thus, the tendency to form oxyanions with different number of oxygen
atoms that are bonded to the central element is very high in such elements. Conse-
quently, different oxyanions of an element with different number of oxygen atom
differ substantially in their basicity. The basicity reduces with increasing number of
oxygen atom bonded to the central element. The basicity of an oxyanion increases
with the reduction in the value of the electronegativity of the atom.
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1.3 Features, Mode of Occurrence, and Health Implications

1.3.1 Antimony Oxyanions

Paucity of information exist on the speciation of antimony (Sb) in aqua system,
but the available information cum the thermodynamic predictions indicate that the
pentavalent oxyanion antimonite [Sb(OH)6]− is favored as the predominant specie
[4]. Antimonates can be considered to be derivatives of the antimonic acid (H3SbO4),
or combinations of metal oxides and antimony pentoxide (Sb2O5). Antimony itself
is used in the production of semiconductor devices in the electronic industry and
production of antimony alloy. Antimony alloys have found applications in batteries,
as type metal (in printing presses), bullets and cable sheathing. Different antimony
compounds serve as raw materials in the production of flame-retardants, paints,
enamels, glass, and ceramics [5].

Antimony (Sb) enter the aquatic environmentmainly through anthropogenic route
and the majority are in the form of antimony trioxide (Sb2O3), which has an appli-
cation mainly as flame retardant but also in the glass industry. Annually, it has been
estimated that about 6400 tonnes of antimony are transported into the oceans [2]. The
entrants of Sb2O3into the environmental matrix occurs through the burning of coal
or one of the components of fly ash during the smelting of antimony-containing ores
[6]. Chemically, the behavior of antimony is very similar to its neighbour (arsenic)
in the periodic table [7]. It has been posited that antimony could be a natural co-
contaminant with arsenic in some drinking water [8]. Soluble forms of antimony are
highly mobile in aqueous system, but the insoluble forms get attached to extractable
iron and aluminium that is found in suspended and sedimented particulates [9]. There
is no limit value for antimonite, only for antimony for drinking water. The US EPA
recommended amaximum contaminant level of 6µg/L for Sb in drinking water [10].
The current recommended WHO guideline for Sb in drinking water is 20 µg/L [11].
The European Union also set maximum admissible concentrations of 5 µg/L for Sb
in drinking water [12].

An overview of the concentrations of antimony in aqua system shows that the
possibility of its occurrence in significantly higher concentrations in natural waters
is very low, except in regions where there is contamination of acid mine drainage
[13]. Concentrations between 0.1 and 0.2 µg/L has been reported in groundwater
and surface water [5], while the concentration in the marine system is approximately
0.15 µg/L [14]. For groundwater, it is reported [15] that in oxic groundwaters (at
recharge zones of the aquifers), antimony(V) occurs as the oxyanion [Sb(OH)6]−,
whereas in sulfidic groundwaters, the thioantimonite species [HSb2S4]−, and to a
lesser extent, [Sb2S4]2−, are predicted to be important forms of dissolved Sb. In
contrast to the effluent fromglass ormetal processing industries, domesticwastewater
is practically devoid of antimony [16]. Despite the fact that antimony is considered
a possible replacement for lead in solders, no evidence of any significant contribu-
tion to drinking water concentrations from this source has been reported [13]. The
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concentrations in drinking water are less than 5 µg/L [17, 18], and the daily oral
ingestion of antimony ranges between 10 and 70 µg [13].

Thus far, the toxicity of antimony has been ascribed to two salient features that
include the solubility in water and the oxidation state of the antimony species [19]. In
general, Sb(III) is more toxic than Sb(V) and the inorganic forms are more toxic than
the organic forms [20]. An irritation on the gastrointestinal mucosa that triggered
nausea has been linked with the oral ingestion of soluble antimony salts [9]. Other
effects that have been documented include abdominal cramps, diarrhea, and cardiac
toxicity [21]. Repeated oral exposure to therapeutic doses of Sb(III) has been linked
with optic nerve destruction, uveitides, and retinal bleeding. Specific symptoms of
antimony toxicity also include headache, coughing, anorexia, troubled sleep, and
vertigo [20]. On the basis of findings from different experimental studies, some
authors concluded that the ingestion of meglumine antimonite (Sb(V)) could not
produce mutagenic or carcinogenic effects in human beings [15].

The most common route with which antimony gets into drinking water is through
the leaching from metal plumbings and fittings, and the toxicity greatly depends on
the form of antimony in drinking water [15].

1.3.2 Arsenic Oxyanions

Oxyanions of arsenic (As) are found in the environmental media in oxidation states,
As(V) and As(III) as arsenate [AsO4]3− and arsenite [AsO3]3−, respectively. Both
the organic and the inorganic forms exist, but the foremost inorganic species include
the arsenate [AsO4]3− and arsenite [AsO3]3− while the main organic species are
monomethylarsenic acid and dimethylarsenic acid [22]. Albeit, the inorganic forms
aremore toxicwhileAs(III) ismore toxic andmobile thanAs(V).Under oxidic condi-
tions, in an aqua system, inorganic arsenic acid (H3AsO4) prevails at extremely low
pH (<2); and within a pH range of 2–11, it ionizes to [H2AsO4]− and to [HAsO4]2−.
Under mildly reduced conditions and low pH, inorganic arsenious acid (H3AsO3)
is formed, but at pH values greater than 12, it becomes ionized to [H2AsO3]− and
[HAsO3]2− [23].

In many toxicity test reports, As(III) is significantly more toxic than As(V) but
some other reports have discountenanced this fact [24] and posited that both inorganic
forms are equally very toxic. In addition, the common assumption that the inorganic
species are more toxic than the organic form should be considered on the premise
that environmental conditions can promote the degradation of the organic species to
the more toxic inorganic forms.

The ubiquity and toxicity of arsenic and its compounds have made it a pollutant
of note among the priority pollutants. In more than 70 countries, over 150 million
people are estimated to be at the risk of consuming arsenic contaminated water [25].
The origin of arsenic in aqua system has been traced to the products of geological
processes, biological activity, volcanic emissions, and anthropogenic activities (e.g.,
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arsenic compound as ingredients in the formulations of pesticides, herbicides, and
crop desiccants) [26]. Long-term exposure to arsenic in drinking water has been
reported to cause dermal challenges, circulatory problems, degenerative diseases, and
cancer [25]. Consequent upon the findings from the different studies, the acceptable
value of arsenic in drinking water is, according to the US EPA, the WHO, and the
European Union, 10 µg/L [10–12].

1.3.3 Boron Oxyanions

Boron (B)-containing oxyanions are referred to as borate, which stands for a large
number of boron–oxygen compounds (i.e. as borates or boric acid), and it is
commonly used in this form as chemical, for metal welding, in ceramics production,
and in the pharmaceutical industry. Naturally, boron occurs as the borate minerals
and borosilicates. Borates are used as compounding ingredient in ceramic technology
to increase bulk, reduce energy consumption and to reduce cost. Among the different
borate ions, the simplest is orthoborate [BO3]3−. Borates form salts with metallic
elements, and many of the metallic borate salts readily get hydrated to include struc-
tural hydroxide groups. Thus, they are often considered as hydroxoborates. Struc-
turally, they are made up of either trigonal planar BO3 or tetrahedral BO4 structural
units, linked by shared oxygen atoms and may be cyclic or linear in structure [27].

The different forms of borates that are found in aqua system are pH dependent. At
pH values below 7 (i.e., acidic and near neutral pH), it is found as boric acid (H3BO3

or B(OH)3). Boric acid does not dissociate in aqueous solution, but act as a Lewis
acid by accepting the electron pair of an hydroxyl ion produced by autoprotolysis of
water. Thus, B(OH)3 is acidic, forming the tetrahydroxyborate complex [B(OH)4]−
and releasing the corresponding proton left by water autoprotolysis, viz [28]:

B(OH)3 + 2H2O �
[
B(OH)4

]− + [H3O]
+

At neutral pH 7, boric acid undergoes condensation reactions to form polymeric
oxyanions, e.g. the formation of tetraborate [B4O5(OH)4]2−

2 B(OH)3 + 2
[
B(OH)4

]− �
[
B4O5(OH)4

]2− + 5H2O

The tetraborate anion that is found in the mineral borax is an octahydrate,
Na2[B4O5(OH)4]·8H2O (borax). It is made up of two tetrahedral and two trigonal
boron atoms that are symmetrically assembled in cyclic structure. The two tetra-
hedral boron atoms are linked by a common oxygen atom, and each also bears a
negative net charge brought by the hydroxyl groups laterally attached to them.

Otherwell-knownborate oxyanions are diborate [B2O5]4− and triborate [B3O7]5−.
The entrants of boron into environmental media have been tracedmainly to indus-

trial wastewater discharge [29, 30], especially from the ceramic industry. Due to the
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high solubility of boron in aqueous system and toxicity to plants and animals above
certain concentration, it is regarded as highly polluting. Elevated concentration of
boron (≥2 mg/L) may be toxic to plants, except where the tolerance of the plant in
question to the toxicity of boron is very high [31]. Naturally, boron may be present in
groundwater and the magnitude in the matrix is a function of the geological features
of the system. The presence of boron in surface water has been reported. It is found
generally in natural water as boric acid, B(OH)3 and/or borate, [B(OH)4]− [32].
Normally, boron exists in minimal concentration in soil and irrigation waters, but it
accumulates in soils irrigatedwith boron containingwastewater. Boron concentration
<1 mg/L in irrigation water is required for sensitive crops.

The complex of boron with heavymetals (e.g., Pb, Cd, Cu, Ni) is considered more
toxic than the heavy metal precursors. Lower concentration of boron in soil serves
as nutrient to some plants, but higher amounts adversely affect the growth of many
agricultural products [33]. Owing to themild bactericidal and fungicidal properties of
boric acid, it is used as a disinfectant and food preservative. The herbicidal properties
have also been exploited for weed control on railways, in timber yards and on other
industrial sites. Borax is usedwidely inwelding and brazing ofmetals, and at present,
it has also found applications in hand-cleansing, high-energy fuels, cutting fluids,
and catalysts [34].

Although there are limited toxicological data of boron to human health, recom-
mended values for drinking water for boron are 1000 µg/L for the European Union
[12] and 2400 µg/L for the WHO [11]. There is no limit value at US EPA.

1.3.4 Bromine Oxyanions

The oxyanions of bromine (Br) are hypobromite [BrO]−, bromite [BrO2]−, bromate
[BrO3]− and perbromate [BrO4]−. Bromate [BrO3]− is not a common constituent
of natural waters, and its common salts are potassium K[BrO3] and sodium bromate
Na[BrO3]. These two bromate salts are strong oxidizing agents that are used mainly
in permanent wave neutralizing solutions and in the dying of textiles using sulfur
dyes [35]. Potassium bromate is a chemical reagent that is equally used as an oxidizer
and dough conditioner during baking [36, 37]. It is applied in treating barley during
the production of beer and improving the quality of fish paste products in Japan
[38]. Bromine oxyanions are formed in the presence of bromide Br− in natural
waters as by-product during disinfection for drinking water or oxidation of wastew-
ater treatment effluents [39, 40] using ozone. In many natural waters, low levels
of bromide (<20 mg/L) are found. It is a precursor for bromate formation. For
bromide levels in the range of 50–100 mg/L, excessive bromate formation may
already become a problem [40]. Bromate formation also occurs under favorable
conditions, when concentrated hypochlorite solutions are used to disinfect water
containing high bromide concentrations [41]. Among other factors, the conversion of
bromide to bromate during ozonation may be influenced by the presence of natural
organic matter, pH value, and temperature. It has been reported that during this
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process (ozonation), the rate of formation of bromate ions may increase with temper-
ature [42, 43] and increased alkalinity [44]. The presence of bromide in the precursor
(i.e., chlorine and sodium hydroxide) to the synthesis of sodium hypochlorite and
the high pH of the concentrated solution were also adduced to be the initiators of
the bromate formation in this regard. The formation of bromate also occurs in elec-
trolytically generated hypochlorous acid solutions, when bromide is present in the
brine [45].

Bromate concentrations that ranged between 2 and 16µg/L have been reported in
the finishedwater fromEuropeanwater utilities [41]. Health Canada [46] reported, in
different studies, an average level of 1.71µg/L,with a range of 0.55–4.42µg/L and an
average concentration of 3.17µg/L, with a range of 0.73–8.0µg/L in drinking water
from public utilities. The annual mean bromate concentration reported in the USA
in finished surface water was 2.9 µg/L, with a range of 0.2–25 µg/L. An overview
of the exposure of humans to bromate is unlikely to be significant for most people.
In the case of ozonation, as the procedure for disinfection of drinking water, intake
of bromate might range from 120 to 180 µg/day [47]. Owing to the strong oxidizing
power of bromate, it reacts with organic matter in the system to form a bromide ion.
It does not volatilize and its only slightly adsorbed onto soil or sediment in the aqua
system [47].

A large number of human poisoning from bromate occur via the ingestion of
home permanent wave solutions. When bromate is ingested, it is absorbed from the
gastrointestinal tract [48]. The reversible toxic effects of bromate salts that have
been documented include nausea, vomiting, abdominal pain, anuria and diarrhea,
central nervous system depression, haemolytic anemia, and pulmonary edema. The
irreversible effects thatmanifest in the ingestion of elevated concentration of bromide
(185–385 mg of bromate per kg of body weight) include renal failure and deafness
[49].

An acceptable level of bromate in drinking water is, according to the US EPA,
the WHO and the European Union, 10 µg/L [10, 11].

1.3.5 Carbon Oxyanions

Carbonates and bicarbonates are carbon (C) oxyanions and the salts of carbonic acid
(H2CO3) that contain the carbonate ion [CO3]2− or bicarbonate ion [HCO3]−. These
oxyanions made up of carbon (C) atom are surrounded by three oxygen atoms, in
a trigonal planar arrangement. Carbonate is the conjugate base of the bicarbonate,
which in turn is the conjugate base of carbonic acid. In aqueous system, carbonate,
bicarbonate, carbon dioxide, and carbonic acid exist together in a dynamic equilib-
rium depending on the pH value [50]. In strong basic conditions, the carbonate ion
predominates, while in weakly basic conditions, the bicarbonate ion is the domi-
nant specie. In more acid conditions, aqueous carbon dioxide, [CO2](aq), is the main
form, which is in water in equilibrium with carbonic acid, but the equilibrium lies
strongly toward the predominance of carbon dioxide [50]. Carbonates are important
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constituents of natural minerals and rocks. The most common materials are calcite
and limestone (CaCO3), dolomite ([CaMg(CO3)]2), and siderite (FeCO3) [51].

A very important issue in water chemistry has been attributed to the presence of
carbonate and bicarbonate as components in water hardness. The type of water hard-
ness caused by the presence of dissolved bicarbonate and carbonate is the so-called
temporary hardness (carbonate hardness). Carbonate minerals also yield calcium
and magnesium cations (Ca2+, Mg2+). The sum of calcium and magnesium ions
is referred as total hardness [50]. Hardness reduces the effectiveness of soaps and
detergents and contributes to scale formation in pipes and boilers, but low hardness
contributes to the corrosiveness of water. Albeit, hardness is not considered a health
hazard but hard water requires softening, by lime precipitation or ion exchange, to
broaden the applications. According to the WHO “there does not appear to be any
convincing evidence that water hardness causes adverse health effects in humans”
[52]. Bicarbonate is a vital component of the pH buffering system of the human body
[53]. The presence of hydroxyl and bicarbonate ions has been attributed to be the
main cause of alkalinity in water. Alkalinity in water has a buffer effect, stabilizes,
and prevents fluctuations in thewater pH value. Inadequate alkalinity in water system
(<80 mg/L) enhances the corrosive tendencies of the water system. High alkalinity is
also required in wastewater treatment because anaerobic digestion requires sufficient
alkalinity to ensure that the pH does not drop below 6.2, to ensure the optimal perfor-
mance of the methane bacteria. For the digestion process to operate successfully, the
alkalinity must range between 1000 and 5000 mg/L as calcium carbonate. Alka-
linity in wastewater is also important when chemical treatment is used, in biological
nutrient removal, and whenever ammonia is removed by air stripping.

In order to prevent the situation where water corrodes pipe or deposits calcium
carbonate, which produces an encrusted film, treated water is stabilized through
a process known as recarbonation (i.e., the adjustment of the ionic condition of a
water) so that it will neither corrode pipes nor deposit calcium carbonate [54]. During
or after the lime-soda ash softening process, carbon dioxide is introduced into the
water to recarbonate it. Lime softening of hard water supersaturates it with calcium
carbonate and the treated water may have a pH value that is greater than 10. In order
to correct this, pressurized carbon dioxide is bubbled into the water to lower the pH
and remove the dissolved calcium carbonate [54]. Water recarbonation also helps to
remove the bitter taste that is synonymous with treated water with high pH.

1.3.6 Chlorine Oxyanions

The oxyanions of chlorine (Cl) are hypochlorite [ClO]−, chlorite [ClO2]−, chlorate
[ClO3]− and perchlorate [ClO4]−. Perchlorates, as the oxyanions with the highest
oxidation number (+7) of chlorine, are colourless, odourless, negatively charged
molecular specie that are derived from a combination of four oxygen atom and central
chlorine atom. Generally, these inorganic salts are bonded to a positively charged
group such as ammonium or an alkali or alkaline earth metal. The perchlorate anion
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is a closed shell atom that is well protected by the four oxygen atoms surrounding
it, which makes the reaction of perchlorate to be slow.

Lithium perchlorate, which decomposes exothermically to produce oxygen, is
used in oxygen candles on spacecraft, submarines, and in other situationswhere a reli-
able backup oxygen supply is needed. The perchlorate salts that are largely produced
for commercial purposes include magnesium perchlorate, potassium perchlorate,
ammonium perchlorate, sodium perchlorate, and lithium perchlorate. The dominant
use of perchlorate is as oxidizer in propellants for rockets, fireworks and highway
flares [55]. It is used to control static electricity in food packaging, e.g., when sprayed
onto containers it stops statically charged food from clinging to plastic surfaces [56].
In smaller applications, perchlorates are used extensively within the pyrotechnic
industries, certain munitions and for the manufacture of matches.

Albeit, perchlorate is highly soluble in aqueous medium, but it also exists as a
solid in the absence of water. With the exception of potassium perchlorate, which has
low solubility in water (1.5 g in 100 ml of water at 25 °C), perchlorates dissolve and
dissociate in water to give the perchlorate anion and the associated cation from the
perchlorate salt. Owing to the fact that perchlorate salts are readily soluble in both
aqueous and non-aqueous solutions, when these salts get solvated, especially ammo-
nium perchlorate, they are capable of undergoing redox reactions and subsequent
release of gaseous contaminants.

Perchlorates are relatively stable and mobile in the environment [57]. A large
proportion of naturally occurring perchlorates have been reported in some locations
in the continent of USA (e.g., west Texas and northern Chile). Results from surveys
of groundwater, ice, and relatively unperturbed deserts have been used to estimate
a 100,000–3,000,000 tonnes “global inventory” of natural perchlorate presently on
Earth [58]. Consequent upon the ionic nature of perchlorates, they do not volatilize;
thus, they are persistent in the environment. Microorganisms found in soils and water
have been reported to reduce perchlorates to other substances but if perchlorates are
air borne, they ultimately settle out of the air, especially in rainfall.

Perchlorates in drinking water is of concern because of uncertainties about toxi-
city and health effects at low levels [59]. It is highly soluble, exceedingly mobile and
persists in the environment. It impacts on ecosystems, an indirect exposure pathway
for humans due to accumulation in vegetables [59]. Detected perchlorates in envi-
ronmental samples originate from disinfectants, bleaching agents, herbicides, and
mostly from rocket propellants. Low levels of perchlorate have been detected in
both drinking water and groundwater in 26 states in the USA in concentrations of
2–5 µg/L [57]. The direct ecological effect of perchlorate is not well known, and
its impact can be influenced by several factors (e.g., rainfall and irrigation, dilution,
natural attenuation, soil adsorption, and bioavailability) [60].

In humans, the main target organ for perchlorate toxicity is the thyroid gland
[61]. Perchlorate has been shown to partially inhibit the thyroid’s uptake of iodine, the
building block for the synthesis of the hormone. It is anticipated (not yet demonstrated
in humans) that persistent and high dosage exposure to perchlorate could lead to
reduction in the production of thyroid hormones (i.e., hypothyroidism). Premised on
the ability of perchlorates to lower thyroid hormone levels, it has been prescribed
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as a drug to manage overactive thyroid glands (i.e., hyperthyroidism). The observed
effects in a some of the treated patients include skin rashes, nausea, and vomiting. The
report of a study of adults in Nevada [61] found that the number of cases of thyroid
disease in a group of people who drank water contaminated with perchlorates was
no different from the number of cases found in a group of people who drank water
without perchlorate. This is an indication that levels of perchlorate in the water were
not the cause of the thyroid disease, and a search of the literature confirmed no
evidence of perchlorate inducing thyroid disease. In another study, it has been shown
that the effects of perchlorate in people depends on gender, the length of exposure,
and the magnitude of the ingested perchlorates.

While perchlorates are used as a chemical substance itself and be found in waters
because of its high-water solubility, the presence of chlorate [ClO3]− and chlo-
rite [ClO2]−, in water, where chlorine has an oxidation number of (+5) and (+3),
respectively, can be traced to different routes. The common route is the disinfec-
tion by-products of chlorine dioxide (ClO2). Chlorine dioxide is commonly used as
disinfectant for drinking water [62] and for odour/taste control in water. In addition
to the use as disinfectant in water industry, chlorine dioxide is a common industrial
bleaching agent (e.g., cellulose, paper pulp, flour, oils and leather). The taste and odor
threshold for chlorine dioxide in drinking water is 400 µg/L [63]. Under alkaline
condition, the stability of chlorine dioxide is very low in aqueous system. Thus, it
rapidly decomposes into chlorite, chlorate, and chloride ions in treated water, and
chlorite is the predominant species.

To achieve low concentrations of chlorate and chlorite in drinking water, a
maximum Contaminant Level Goal for 800 µg/L ClO2 was prescribed [10]. The
public health goal in the US EPA for chlorite is also 800 µg/L [10]. Other oxidants
like ozone or OH-radicals can also result in the formation chlorate, e.g., during
drinking water disinfection or treatment of trace organic chemicals [47]. In addition,
chlorate and chlorite are also generated when the solution of sodium hypochlo-
rite slowly decomposes in water. In recent studies, relatively high concentrations of
natural chlorate deposits have been reported in arid and hyper-arid regions globally
[63]. The evaluation of the chlorate level in rainfall samples showed that the amount
detected was similar to that of the perchlorate level in the same sample. Thus, it
was posited that the two oxyanions may share a common natural formation mech-
anism and could be a part of the chlorine biogeochemistry cycle [64]. Chemical
compounds containing the two anions chlorite and chlorate are also used in an array
of industrial operations. Sodium chlorite (NaClO2) is used in on-site generation of
chlorine dioxide, bleaching agent, and in the manufacture of waxes, shellacs, and
varnishes. Sodium chlorate (NaClO3) is used in the preparation of chlorine dioxide;
raw materials in dyes, matches and explosives manufacture, leather production, and
in herbicides and defoliants [65, 66].

It has been concluded that chlorite is not classifiable with respect to its carcino-
genicity to humans [67]. The primary and most consistent finding that arises from
exposure to chlorite and chlorate is oxidative stress that results in changes in the
red blood cells [68, 69]. It has been reported that a long-term study is currently in
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progress that should provide more information on the effects of chronic exposure to
these oxyanions of chorine [70].

1.3.7 Chromium Oxyanions

Chromium (Cr) is known to be a common groundwater contaminant at hazardous
waste sites, where there is subsurface contamination from industrial operations (e.g.,
metal plating, leather tanning, and pigment production). Being a transition metal, it
exists in varying oxidation state and the most common forms are Cr(0), Cr(III), and
Cr(VI). The oxyanions of chromium in the oxidation state+6 are chromate [CrO4]2−,
dichromate [Cr2O7]2−, trichromate [Cr3O10]2− and tetrachromate [Cr4O13]2− which
are all based on tetrahedral chromium. They are moderately strong oxidizing agents
and can be interconvertible in an aqueous solution [7]. The chromate and dichromate
ions are reduced during oxidation process it to oxidation state +3. In acid solution
Cr3+ ion is produced. Relative to Cr(III), the mobility and toxicity of Cr(VI) is very
high. It penetrates the cell wall easily and poison the cell itself, and it has been
fingered as a culprit in various cancer diseases [71, 72]. The EU Council Directive
and the WHO recommend a maximum concentration of 50 µg/L for total chromium
in drinking waters [11, 12], while the EPA public health goal of 100 µg/L was
recommended for total chromium [10].

The toxicity of Cr(VI) emanates from the oxidizing ability and the tendency to
form free radicals during the process of reduction of Cr(VI) to Cr(III) that occurs
inside the cell [73]. Above the permissible level, at short-term exposure it induces
skin and stomach irritation and sometimes ulceration, while at long-term exposure
it causes dermatitis, damage to liver, kidney circulation, nerve tissue damage, and
death in large doses [74, 75]. In contrast, Cr(III) is less toxic and is nearly insoluble at
neutral pH [76]. It has been listed as an essential element and micronutrient required
in maintaining good health and the normal metabolism of glucose, cholesterol, and
fat in human bodies [77]. Consequent upon the high toxicity of Cr(VI), the total
removal from aqua stream or reduction to Cr(III) are regarded as the fundamental
management strategies of Cr(VI) in aqua system.

1.3.8 Molybdenum Oxyanions

Molybdenum oxide MoO3 in the oxidation number +6 is soluble in strong alkaline
water, forming the oxyanionmolybdate [MoO4]2−, which is the simplest of a series of
molybdates. Molybdates are weaker oxidants than chromates [2]. A very large range
of molybdate oxyanions exists, whose structural features could either be discrete
or polymeric extended structures. These structurally complex oxyanions (Poly-
molybdates) such as heptamolybdate [Mo7O24]6− and octamolybdate [Mo8O26]4−
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are formed by condensation of molybdate at lower pH values. Polymolybdates can
incorporate other ions, forming polyoxometalates [78, 79].

The formation of the phosphorus-containing heteropolymolybdate P[Mo12O40]3−
is used for the spectroscopic detection of phosphorus, as the complex is dark-blue
[80]. The industrial applications ofMo ranges from themanufacture of special steels,
electrical contacts, spark plugs, X-ray tubes, filaments, screens and grids for radio
valves, and in the production of tungsten, glass-to-metal seals, non-ferrous alloys and
pigments. Molybdenum disulfide MoS2 (oxidation number +4), which is naturally
found asmolybdenite, has unique properties as a lubricant additive.MoS2 is sparingly
soluble in water and get easily oxidized to give more soluble molybdate oxyanions,
which are stable in water in the absence of a reducing agent [81].

Molybdenum compounds have also found applications in agriculture either for
the direct treatment of seeds or in fertilizer formulation to prevent molybdenum
deficiency [82]. Consequent upon the fact that molybdenum generally occurs at very
low concentrations in drinking water; it is therefore not considered necessary to set a
formal guideline value [69].Atmolybdenumconcentration of≥10mg/L, ammonium
molybdate imparts a slightly astringent taste to water [81].

The investigation of surface water samples from some major river basins in the
USA revealed the presence of Mo in 32.7% of the surface water samples at concen-
trations that range between 2 and 1500 µg/l (mean value = 60 µg/l) [83]. A survey
of the presence of Mo in groundwater samples in the USA showed concentration
values that ranged between values that are undetectable and 270 µg/L [84]. When a
survey of finished water supplies in the USA was conducted, the magnitude of Mo
detected ranged from undetectable value and 68 µg/L (median value = 1.4 µg/L)
[85]. It has been posited that the concentrations of Mo in drinking water are not
usually >10 µg/L [86], except regions that are close to Mo mining sites where the
Mo concentration in finished water was reported to be as high as 200 µg/L.

The rate of gastrointestinal absorption of Mo is influenced by its chemical form
and the animal species [87]. It has been reported that Mo+6 is readily absorbed
while Mo+4 is not readily absorbed into the physiological system [88]. In humans,
30–70% of dietary intake is absorbed from the gastrointestinal tract [89]. Following
gastrointestinal absorption,Mo rapidly appears in the blood andmost organs. Highest
concentrations are found in the liver, kidneys and bones [88], and no apparent bioac-
cumulation in human tissues has been reported. Mo is an essential trace element
in animals and humans, and safe and adequate intake dosage have been prescribed
(e.g., 0.015–0.04 mg/day for infants, 0.025–0.15 mg/day for children aged 1–10 and
0.075–0.25 mg/day for all individuals above the age of 10) for the different strata of
the populace [90]. Abnormal distribution of urinary metabolites, neurological disor-
ders, dislocated ocular lenses and failure to thrive has been found in infant with
inborn deficiency of the molybdoenzymes sulphite oxidase and xanthine dehydro-
genase [91]. Dietary Mo deficiency, which results in impaired function of the two
molybdoenzymes has been ascribed to the development of tachycardia, tachypnoea,
severe headaches, night blindness, nausea, vomiting, central scotomas, generalized
edema, lethargy, disorientation and coma in a Crohn disease patient receiving total
parenteral nutrition [92].
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1.3.9 Nitrogen Oxyanions

There are two naturally occurring oxyanions of nitrogen (N) that are part of the
nitrogen cycle: Nitrite [NO2]− with nitrogen in the oxidation state of +3 and nitrate
[NO3]− with nitrogen in the oxidation state of+5. Among the two species, the nitrate
ion is the stable form especially in surface water while the nitrite ion is relatively
unstable. Albeit, nitrate is inert but the valency/oxidation state can be reduced by
microbial actions (denitrification) to nitrogen (N2) [93]. In the case of nitrite, chem-
ical and biological actions can either transform it to various compounds or oxidize it
to nitrate [93, 94]. In domestic wastewater, nitrate and nitrite are generated when the
constituent proteins and urea in the wastewater are decomposed to ammonia, which
will be oxidized by microbial action (nitrification) to the oxyanions under aerobic
conditions [93]. Nitrification is a two-step process: (1) the oxidation of [NH4]+ to
[NO2]− by Nitrosomonas bacteria, and (2) the oxidation of [NO2]− to [NO3]− by
Nitrobacter bacteria [50, 93].

The entrants of nitrates and nitrites into the drinking water matrix (i.e., ground-
water and surface water) occur via diverse routes that spanned from agricultural
practices, industrial and municipal effluents [95]. Nitrate is one of the major compo-
nents of inorganic fertilizers, and pure potassium nitrate is an important raw material
in glass making, as an oxidizer and in the production of explosives. An additional
source of nitrate from fertilizer is nitrification of ammonium containing fertilizer
during percolation into groundwater in the soil layer. [NO3]− is not retained in the
soil and is readily infiltrated into groundwater [50].

Nitrate is secreted in saliva and then converted to nitrite by oral microflora. In
the food industry, sodium nitrite is used as a food preservative and in some cases,
nitrate is added to food as a reservoir for nitrite. In mammals, nitrate and nitrite
are formed endogenously. Nitrite is formed in drinking water distribution pipes by
Nitrosomonas bacteria during stagnation of nitrate-laden but oxygen depleted water
in galvanized steel pipes or in an uncontrolled use of chloramine as a disinfectant [96].
The concentrations of nitrite in drinking water are usually less than 0.1 mg/L, but
chloramination can enhance the concentration because of the possibility of formation
of nitrite within the distribution system. The nitrification process, initiated by the
chloramination in the distribution systems, can increase nitrite levels, usually by
0.2–1.5 mg/L of nitrite, but potentially by more than 3 mg/L of nitrite [97].

In industrial estates, the concentrations of nitrate in rainwater of up to 5mg/L have
been reported [98], but the concentrations were lower in the rural areas. In the pristine
state, the nitrate concentration in surface water is usually low (0–18 mg/L) but as a
result of pollution (e.g., agricultural runoff, refuse dump runoff or contaminationwith
human or animal wastes) the concentration becomes higher. In natural groundwater
system, under aerobic conditions, nitrate concentration is usually low. Concentration
levels that range between 4 and 9 mg/L for nitrate and values that do not exceed
0.3 mg/L for nitrite has been reported in the USA [99]. In recent years, continual
increase of nitrate levels in groundwater resource has been observed, and this has been
ascribed to the increasing use of artificial fertilizers, the disposal ofwastes (especially
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from animal husbandry), and changes in land use. At the global level, it has been
reported that in agricultural areas, individual hand-dug wells are contributors to
nitrate contamination problems and nitrate levels in water from such hand-dug wells
are often greater than 50 mg/L [96].

Nitrate poisoning is the cause of the undesirable blue baby syndrome that some-
times lead to death in infants. The human toxicity of nitrate is attributed to its
reduction to nitrite and the toxicity of nitrite stems from the oxidation of normal
haemoglobin (Hb) to methaemoglobin (metHb) [96]. The oxidized product (i.e.,
metHb) is unable to transport oxygen to the tissues and clinically manifest when
metHb concentration is at 10% of normal Hb concentrations or higher. This clinical
state is referred to as methemoglobinemia, and it manifests as cyanosis and asphyxia
at low and high concentrations, respectively. In adults, cases of methemoglobinemia
have been reported when high doses of nitrate (4–50 g of nitrate, equivalent to
67–833 mg of nitrate per kilogram of body weight) were consumed [100]. Human
toxicity have been reported when food containing nitrite was consumed, and the
oral lethal dose for humans was estimated at values that ranged between 33 and
250 mg of nitrite per kilogram of body weight [96]. The toxic dosage that gives rise
to methemoglobinemia ranges between 0.4 and 200 mg/kg of body weight [100].

In human stomach, the reaction of nitrite with nitrosatable compounds to form
N-nitroso compounds (a chemical compound that has been tested to be carcinogenic
in animals), has been confirmed. It is assumed that theN-nitroso compounds that has
been found to be carcinogenic in some animals are also carcinogenic in humans but
the data from epidemiological studies are at best, only suggestive [96]. In Australia,
consumption of water with high nitrate concentrations has been attributed (claims not
confirmed) to the cause of congenital malformations. However, no other study have
been able to establish a link between innate abnormalities and nitrate ingestion [101].
Studies that related the occurrence of cardiovascular diseases to the consumption
of nitrate-rich water gave inconsistent results [102]. Consequent upon the fact that
nitrate inhibit iodine uptake, probable link between nitrate ingestion and the influence
on thyroid was studied and both experimental and epidemiological studies indicated
antithyroid effect of nitrate in humans [96]. Using humans as a case study, it has been
reported that nitrite (0.5 mg of sodium nitrite per kilogram of body weight per day,
for 9 days) reduced the production of adrenal steroids, as reflected by the decreased
concentration of 17-hydroxysteroid and 17-ketosteroids in urine [103]. Based on
epidemiological evidences for methemoglobinemia in infants, the guideline value
for nitrate has been fixed at 50 mg/L, and based on human data on infants, the
guidelines for nitrite was fixed at 3 mg/L.

In addition to the health implications of nitrate in drinkingwater, it is also oneof the
priority pollutants that contributes to eutrophication. Nitrogen-saturated terrestrial
ecosystems contribute both inorganic and organic nitrogen to freshwater, coastal,
and marine eutrophication, where nitrogen is typically a limiting nutrient. It is also
noteworthy that the success of biological wastewater treatment systems hinges on
the presence of nitrogenous compounds, including nitrite and nitrate.

The limit values for nitrate and nitrite in drinking water are different worldwide.
The US EPA recommend a maximum contaminant level of 1 mg/L for [NO2]− and
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10 mg/L for [NO3]− in drinking water [10]. The current recommended WHO guide-
line is 3 mg/L for [NO2]− and 50 mg/L for [NO3]− [11], while the European Union
set its maximum admissible concentrations of 0.5 mg/L for [NO2]− and 50 mg/L for
[NO3]− in drinking waters [12].

1.3.10 Phosphorus Oxyanions

Phosphorus (P) has different oxyanions derived from orthophosphoric acid (H3PO4)
and from phosphorous acid (H3PO3). Phosphorous acid (oxidation number +3) is
diprotic, not triprotic and ionizes twoprotons in aquatic systems resulting in hydrogen
phosphonate (or hydrogen phosphite) [H2PO3]− and phosphonate (or phosphite)
[HPO3]2− [104]. The last hydrogen atom is bonded directly to the phosphorus atom
and is not ionizable. Phosphorous acid is an intermediate in the preparation of other
phosphorus compounds.

Orthophosphoric acid (oxidation number +5) is a triprotic acid. Its three derived
oxyanions dihydrogen phosphate [H2PO4]−, hydrogen phosphate [HPO4]2− and
orthophosphate [PO4]3− coexist according to the dissociation and recombination
equilibria. Premised on the observations that orthophosphoric acid and its oxyan-
ions could be transformed into various forms, the aqua forms of phosphorus were
classified into three types, viz. orthophosphates, pyrophosphates [P2O7]4−, triphos-
phate [P3O10]5− and metaphosphates, which are usually long linear polymers [2].
The condensed phosphates, which include pyrophosphates and metaphosphates, are
polymers of phosphate connected through a phosphoanhydride bond and serves
many biological roles, including storage of phosphate, a source of energy in anoxic
environments, and the sequestration of multivalent cations [105]. In some cases,
during treatment, water supplies are dosed with low concentration of condensed
phosphates (polyphosphates and polyphosphosilicates) pigments to prevent corro-
sion [106]. Much attention has been given to phosphate antirust pigments (mainly
aluminium tripolyphosphate and zinc phosphate) [107]. Phosphate coatings are used
to resist corrosion on steel, aluminium, zinc, cadmium, silver and tin parts and can
also be found in coatings or painting [108].

This same treatment is also applicable in the treatment of boiler waters, for indus-
trial purposes. An important ingredient of laundry detergents is phosphate in the form
of sodium tripolyphosphate [109]. One of the components of commercial fertilizer
is orthophosphates [110]. Contrary to the highly mobile nitrogen in the soil matrix,
phosphate is immobilized in the soil by a combination of biological and chem-
ical (i.e., absorption and mineralization) actions. Losses of phosphates in agricul-
tural runoff water can be a result of erosive processes under the land uses, where
extreme rainfall events contribute disproportionately to such losses. Eutrophication
due to agricultural phosphorus sources affects a relatively high proportion of rivers,
lakes, and reservoirs [111]. Phosphate concentration that exceeds about 2 µM in
water bodies is known to stimulate eutrophication. Eutrophication leads to signifi-
cant deterioration of water quality by reducing the dissolved oxygen, which not only
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kills the aquatic life but also disrupts the natural food chain web. Excessive amounts
of phosphates discharged from wastewater treatment plants effluents into aquatic
environments have become one of the main causes of water eutrophication [112].
In water treatment plant, removal technologies are chemical precipitation of phos-
phate with iron(III) or Al(III) salts and enhanced biological phosphorus removal [93,
113]. The presence of phosphates in drinking water has not been reported to be toxic
to both human and animal except when present in very high concentrations, which
could induce digestion problems. Therefore, there are no limit values for phosphate
in drinking water from WHO, US EPA, and EU.

In plants and animals, the soluble or bio-available phosphate is incorporated into
the biological system, and these key biological systems include adenosine triphos-
phate (ATP), deoxyribonucleic acid (DNA), and ribonucleic acid (RNA). These
biological systems are important in the storage and use of energy and a key stage
in the Kreb’s Cycle, forming the backbones of life (i.e., via genetics) and a key
factor controlling photosynthesis. In order to meet the EU Drinking Water Directive
Standards in the UK, domestic water is dosed with phosphate to reduce the possible
leaching of lead from the plumbing systems during water distribution. It has been
reported [114] that the presence of phosphate in the aquamatrix significantly reduces
the amount of copper in domestic sewage. The dosage of water supplies with phos-
phate greatly retarded the leaching of lead compounds from plumbing pipes, and this
procedure has been in use since the 1980s.

1.3.11 Lead (Plumbum) Oxyanions

Lead (plumbum; Pb) has several oxyanions which are in the oxidation states +
4 (plumbates) or +2 (plumbites). Plumbates are formed by the reaction of lead
oxide PbO2 with alkali. The resulting plumbate salts are the hydrated plumbate
anion, [Pb(OH)6]2− or the anhydrous anions meta-plumbate [PbO3]2− or ortho-
plumbate [PbO4]4− [7]. The plumbate (IV) salts are very strong oxidising agents.
Some hydrated plumbate (IV) salts decompose upon dehydration and by carbon
dioxide [115]. Lead trioxide Pb3O4 and lead sesquioxide Pb2O3 are thought of
as lead(II) orthoplumbate(IV) [Pb2+]2[PbO4]4− and lead(II) meta-plumbate(IV)
[Pb2+][PbO3]2−, respectively [7]. Plumbite [PbO2]2− and the hydrated anion
[HPbO2]− result as oxyanions of lead(II) oxide PbO, when PbO is dissolved in
alkali medium. Plumbite is a weak reducing agent; when it functions as one, it is
oxidized to plumbate [115].

Lead is one of the naturally occurring metals found in the Earth’s crust, and
the widespread use has resulted in extensive environmental contamination, human
exposure, and significant public health problems in many parts of the world [116].
The use of lead for water pipes is known to be a problem in areas with soft or acidic
water [116]. There are two reasons for lead contamination of drinking water pipes: If
carbon dioxide CO2 is dissolved in the water phase, it may result in the formation of
soluble lead bicarbonate Pb(HCO3)2. If water has oxygen dissolved it may dissolve
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lead as lead(II) hydroxide Pb(OH)2. Both are not oxyanions, but result in toxicity
[116].

Lead poisoning or plumbism occurs when there is prolonged (usually over a few
months and even years) accumulation of lead in the body [117]. The accumulation
of lead occurs when an individual has absorbed excessive lead by either swallowing
a lead containing substance or breathing it, such as dust, water, paint, or food. Lead
accumulation, even at low concentration, causes damage to almost every organ in
the body system. Consumption of water containing lead has been linked to reduced
cognitive development in children and an increased risk of heart disease. It has been
observed that children are more vulnerable to lead poisoning than adults and thus
suffer profound and permanent adverse health effects. The effects of lead poisoning
(e.g., risk of high blood pressure and kidney damage) in adults also manifest as a
long-term harm. Exposure of pregnant women to high levels of lead has been to
the cause of miscarriage, stillbirth, premature birth and low birth weight, and minor
malformations.

While EPA sets the action level to 15 µg/L, the maximum contaminant goal was
0 µg/L [10]. The EU Council Directive and the WHO recommended a maximum
concentration of 10 µg/L for total lead in drinking waters [11, 12].

1.3.12 Sulfur Oxyanions

Sulfur (S) forms sulfur oxoacids in water, some of which cannot be isolated and
are only known through their salts. Sulfites [SO3]2− as oxyanions in the oxidation
state +4 are related to the unstable sulfurous acid (H2SO3) while sulfates [SO4]2−
have an oxidation state of +6 and are related to sulfuric acid (H2SO4). The salts of
thiosulfates [S2O3]2− are used in photographic fixing and as reducing agents, feature
sulfur in two oxidation states. Sodium dithionite (Na2S2O4) contains the more highly
reducing dithionite anion [S2O4]2−.

A large number of ionic sulfate salts (e.g., sodium, potassium and magnesium
sulfates) which are readily soluble in water, abound. The occurrence of sulfates
in a large number of naturally occurring minerals (e.g., barite (BaSO4), epsomite
(MgSO4 · 7H2O), and gypsum (CaSO4 · 2H2O) has been reported [79]. The dissolu-
tion of sulfate containing minerals in water contribute to the mineral content of many
drinking waters. The reported taste threshold concentrations of sulfates in drinking
water are diverse and a function of the type of sulfate salt [118]. The salts, acid
derivatives, and peroxides of sulfate are important industrial chemicals. Sulfates and
sulfuric acid derivative are used in the production of a large number of industrial
products (e.g., fertilizers, chemicals, dyes, glass, paper, soaps, textiles, fungicides,
insecticides, astringents and emetics). They have also found wide applications in the
mining, wood pulp, metal and plating industries, sewage and drinking treatment and
leather processing [79].

Effluents containing sulfates are discharged into water from a large number of
industries (e.g., mines and smelters, kraft pulp and paper mills, textile mills and
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tanneries) [118]. The combustion of fossil fuels and metallurgical roasting processes
are major contributors to the atmospheric sulfur dioxide, which in turn contribute to
the sulfate content of rainwater (acid rain) as well as of surface waters [119, 120].
High sulfate concentrations in contact with concrete can cause chemical changes
to the cement, which can cause significant microstructural effects leading to the
weakening of the cement binder (chemical sulfate attack) [121]. This is relevant
when industrial wastewater will be transported by concrete sewer systems. Premised
on the report by a global network ofwatermonitoring stations (GEMS/Water), typical
sulfate concentration in fresh water is around 20 mg/L, river water ranges between 0
and 630mg/L, lakes range between 2 and 250mg/L and groundwater ranges between
0 and 230 mg/L [122].

Drinking of water containing sulfate in concentrations exceeding 600 mg/L has
been attributed to the cause of catharsis in adult but humans can adapt to higher
concentrations with time [123]. Dehydration has also been reported as a common
side effect following the ingestion of large amounts of magnesium or sodium sulfate
[124]. It has also been reported that most people experienced a laxative effect when
they drank water containing >1000 mg/L of sulfate [125]. The presence of sulfate
in drinking water can also result in a noticeable taste, and the lowest taste threshold
concentration was fixed at approximately 250 mg/L as the sodium salt. Sulfate may
also contribute to the corrosion of distribution systems [118]. Consequent upon the
inability to really ascertain the health implications of sulfate in drinking water, no
health-based guideline value has been proposed [118].

1.3.13 Selenium Oxyanions

Selenite [SeO3]2− and selenate [SeO4]2−, the oxyanion of the element selenium
(Se) in the oxidation states +4 and +6, respectively, are highly soluble in aqueous
solutions at ambient temperatures and are analogues of sulfates.Despite the proximity
in the chemistry of these anionic species, unlike sulfate, selenates exhibit very high
oxidizing ability and get easily reduced to selenite or selenium. Selenium itself
exhibits variable oxidation state and the oxidation state determine the toxicity. The
oxyanion selenate is required by organisms that need selenium as a micronutrient.
These organisms have the ability to acquire, metabolize, and excrete selenium. The
level at which selenium becomes toxic varies from species to species and is related
to other environmental factors like pH and alkalinity that influence the concentration
of selenite over selenate.

The formation of selenate from selenite is slow, and both forms exist together
in solution [126]. In acidic and reducing milieu, inorganic selenites get reduced to
elemental selenium, while in alkaline and oxidizingmilieu the formation of selenates
is favored. Consequent upon the high solubility of selenites and selenates in water,
selenium is leached fromwell-aerated alkaline soils that favor its oxidation.Although
elemental selenium and many selenides have garlicky odors, the dominant forms of
selenium found in water (i.e., selenites and selenates) are odorless [127]. The least
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reduced oxidation state of selenium is the oxyanion (i.e., selenates), and it is the
form that serves as micronutrients in biological systems. Although the biological
system can acquire, metabolize, and excrete selenium, the toxicity threshold greatly
depends on the particular biological specie and other environmental factors (e.g., pH
and alkalinity) that influence the concentration of selenite over selenate. Selenium
derivatives, including selenate, are abundant in locations where ancient seas have
evaporated. Selenium concentrations that ranged between 0.06 and 400 µg/L have
been reported in groundwater and surface water [128–130]. Selenium concentration
values, as high as 6000 µg/L, have been reported in groundwater in some localities
[131]. At the global level, the selenium concentrations in potable water samples
from public water supplies are usually much less than 10 µg/L but may exceed
50 µg/L in drinking water from a high soil selenium area [132]. Since drinking
water often contains selenium concentrations that are much lower than 10 µg/L,
except in certain seleniferous areas, drinking water rarely contribute significantly
to total selenium intake in humans [127]. Very low selenium status in humans has
been associated with a juvenile, multifocal myocarditis called Keshan disease and a
chondrodystrophy called Kashin–Beck disease [133–135].

Seleniumpoisoning of natural watersmay result whenever new agricultural runoff
courses through undeveloped lands. This process leaches natural available soluble
selenium compounds including selenates into the water. Selenium pollution of water-
ways also occurs when selenium is leached from coal flue ash, mining and metal
smelting, crude oil processing, and landfill [136].

A major health focus of selenium has been its putative role in anticarcinogenesis.
Studies have shown that the blood selenium levels are inversely linkedwith the preva-
lence of several types of cancer [137–140]. The Nutritional Prevention of Cancer
Trial [141] has shown that supplemental selenium (200 µg/day as high-selenium
yeast) reduced risks for total cancers and prostate and colorectal carcinomas. The
symptoms that have been associated with high dietary intakes of selenium include
gastrointestinal disturbances, discoloration of the skin, and decayed teeth [142]. Chil-
dren living in a seleniferous area exhibited more pathological nail changes, loss of
hair, and dermatitis in Venezuela [129]. High morbidity has been reported in china,
where endemic selenium intoxication occurred [143], and the main symptoms exhib-
ited were brittle hair with intact follicles, lack of pigment in new hair, thickened and
brittle nails and skin lesions. Symptoms of neurological disturbances have also been
reported among inhabitants of a heavily affected village; and those affected recov-
ered as soon as the diets were changed. Subsequently, they were evacuated from the
village. The average dietary intake that is associated with selenosis (hair or nail loss,
nail abnormalities, mottled teeth, skin lesions and changes in peripheral nerves) is
in excess of 900 µg/day [144, 145].

For drinking water, the WHO sets a guideline value of 40 µg/L for Se [11], the
EU Council Directive [12] sets a value of 10 µg/L for Se, and the US EPA [10]
recommended a maximum contaminant level of 50 µg/L for Se.
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1.3.14 Silicon Oxyanions

Silicon (Si) has a great number of oxyanions, which are called silicates with the
general formula [SiO4−x](4−2x)−, where 0 ≤ x < 2. The group of oxyanions includes
orthosilicate [SiO4]4− metasilicate [SiO3]2−, and pyrosilicate [Si2O7]6−. Silicate
anions are often large polymeric molecules with an extensive variety of structures,
including chains and rings (as in polymeric metasilicate [[SiO3]2−]n, double chains
[[Si2O5]2−]n, and sheets (e.g., [[Si2O5]2−]n) [79].

Silicate oxyanions are formally the conjugate bases of silicic acids, e.g., orthosil-
icate is the oxyanion of the deprotonated orthosilicic acid Si(OH)4. Silicic acids are
generally veryweak and cannot be isolated in pure form. They exist in water solution,
as mixtures of condensed and partially protonated anions, in a dynamic equilibrium
[146].

Solid silicates are generally stable and are fairly soluble in water as sodium or
potassiumsilicates. They formseveral solid hydrateswhen crystallized fromsolution.
Soluble sodium silicates and their mixtures (water glass) are important industrial and
household chemicals. Silicates of non-alkali cations, or with sheet and tridimensional
polymeric anions, generally have negligible solubility in water at normal conditions
[7]. Dissolved silicates, which are referred as silicic acid in water, are present in
surface waters in concentrations of 1–100 mg/L [147]. Few studies indicate a No
Observed Adverse Effects Level (NOAEL) of 50,000mg/L for dietary silica [Martin,
2007]. It was reported [147] that many forms of silicon and its oxyanions exist in
nature, which have beneficial effects in water. There are no limit values for drinking
water.

1.4 Choosing Being Friend or Foe-The Determinants

An overview of the features, mode of occurrence, and health implications of the
presence of oxyanions in aqua stream showed that they are multifunctional in their
roles. In a particular instance, the role exhibited by an oxyanion present in an aqua
system is a function of a number of variables. Premised on the critical review of
literatures on the role of the presence or the absence of an array of oxyanions that are
commonly found in aqua system (i.e., both water and wastewater), the determinants
of the role adopted by these oxyanions, either as a beneficial (i.e., regarded as a
friend) or a deleterious (i.e., regarded as a foe) chemical specie, were identified and
delineated below.

1.4.1 Aqua Phase Concentration Range

Oftentimes, the impact of any chemical specie on living beings hinges on the available
aqua phase concentration. Majority of the oxyanions found in aqueous system are
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required basicmicronutrients (e.g., [SeO4]2−, [PO4]3−, [NO3]−) for the sustenance of
both plants and animals. For example, phosphate and nitrate are desirable essential
nutrients that are needed for plant growth at minimal concentration range but at
elevated concentration range (e.g., values >2µM for phosphorus) in the aqua matrix,
they become undesirable because of the critical and prominent role they play in the
onset of eutrophication.

Water alkalinity is attributed to the presence of carbonates and bicarbonates of
some alkali and alkaline earth metals in the water matrix. Alkalinity in aqua system
has both, the positive and negative side, and the side it displays is strongly depen-
dent on the aquatic phase concentration range. Generally, alkalinity in water has
a buffer effect (i.e., it stabilizes and prevents fluctuations in the water pH value);
thus, at low values (<80 mg/L), enhances the corrosive tendencies of the water
system. In anaerobic digestion of wastewater, sufficient alkalinity (i.e., high values
that ranged between 1000 and 5000 mg/L as calcium carbonate) is required to ensure
the optimal performance of themethane bacteria. In somewater andwastewater treat-
ment operations (e.g., coagulation flocculation protocol, biological nutrient removal,
and ammonia removal by air stripping), sufficient water alkalinity is required for an
optimal performance. Despite the identified benefits, at higher concentrations, water
alkalinity (i.e., the presence of carbonates, bicarbonates, chlorides, and sulphates of
calcium and magnesium in water) has also been attributed to the cause of a global
water problem known as water hardness. Water hardness has been fingered in the
reduction of the effectiveness of soaps and detergents during washing operations (at
both domestic and industrial levels) and contributes to scale formation in pipes and
boilers.

The presence of molybdenum oxyanions at concentration ≥10 mg/L is known to
impart a slightly astringent taste to water. At certain concentrations, Mo is an essen-
tial trace element (i.e., micronutrient) that is required for the sustenance of both
plants and animals. Safe and adequate Mo intake (i.e., concentration range of 0.015–
0.04 mg/day for infants, 0.025–0.15 mg/day for children and 0.075–0.25 mg/day
for persons above 10 years) has been prescribed for the different categories of
humans, based on body mass. Some ailments and abnormalities (e.g., neurolog-
ical disorder, severe headache, night blindness, nausea, edema) have been traced to
the Mo deficiency in humans.

It has been reported [106–108] that the deficiency of seleniumoxyanion in humans
is responsible for some specific and identifiable health challenges (e.g., juvenile
multifocalmyocarditis and chondrodystrophy). Its putative role in anticarcinogenesis
has also been reported [109–112] and theNutritional Prevention ofCancer Trial [113]
has shown that supplemental selenium (200 µg/day as high-selenium yeast) reduced
risks for total cancers and prostate and colorectal carcinomas. Contrastingly, high
dietary intake of Se (i.e., excess of 900 µg/day) has been associated with a number
of health challenges dubbed as selenosis (i.e., hair or nail loss, nail abnormalities,
mottled teeth, skin lesions and changes in peripheral nerves) [116].

The influence of the oxyanions of boron in aqua system is also determined by the
aqua phase concentration range. Lower concentration (<2 mg/L) of borates in soils
serve as nutrients to some plants while higher values (≥2 mg/L) portends danger
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for crops. Although the higher concentration of borates is toxic, the toxicity nature
has also been harnessed as active ingredients in the formulations of bactericidal,
fungicidal, and herbicidal.

1.4.2 pH Value of the Aqua Phase

In aqua system, the pH value determines the mode of occurrence (i.e., the specia-
tion) and reactivity of the chemical species within the system. Oxyanions, like any
inorganic species, are very sensitive to variation in the pH value, and the pH value
determines the species of the available oxyanions. A peep at the hydrochemistry of
carbonates, the oxyanion that has been ascribed to the alkalinity of an aqueous system
shows that the available specie is highly dependent on the aqua phase pH value. In
any aqueous system, the presence of the carbonate species (i.e., carbonate, bicar-
bonate, carbon dioxide, and carbonic acid) exist in dynamic equilibrium. In strongly
basic conditions, carbonate ion dominates, in weakly basic conditions, bicarbonate
dominate and in more acid medium carbon dioxide (CO2(aq)) is the dominant specie.
In the strongly acidic medium, the aqueous phase carbon dioxide is in equilibrium
with carbonic acid, but the equilibrium favors carbon dioxide. This shows that at low
pH value, the carbonate species that is present enhances the corrosive tendency of
the aqua system while at higher pH value, where carbonate and bicarbonate species
are present, the possibility of water hardness is promoted.

The effect of aqueous phase pH value on the role of oxyanions is also prominent
in the aqueous phase distribution of the molybdenum species. When molybdenum
trioxide (MoO3) is dissolved in basic solution, it produces the simplest molybdate
oxyanion (i.e., [MoO4]2−), but in acidic medium, heptamolybdate [Mo7O24]6− is
the first species to be formed and at lower pH, octamolybdate [Mo8O26]4−) and
other molybdate oxyanions with, probably sixteen to eighteen (16–18) Mo atoms are
formed.

The dependence of the oxyanion of arsenic on aqua phase pH value is also a good
example of the influence of pH value on the available species of oxyanion in aqua
system. Under oxidic condition, arsenic acid (H3AsO4) dominates at pH value <2
and within a pH value range of 2–11, [H2AsO4]−, and [HAsO4]2− subsists. Under
mildly reduced conditions and low pH value, arsenious acid (H3AsO3) is formed but
as the pH value increases, it is replaced by [H2AsO3]−. When the pH value of the
aqua system exceeds 12, [HAsO3]2− forms [17]. Since it has been confirmed that all
oxyanions of arsenic are extremely toxic, it shows that despite the ease of speciation
and the dependence of the speciation on the aqua phase pH values, it does not enjoy
the benefits of choosing between being a friend or a foe, instead it remains a foe,
irrespective of the specie(s) present at a particular pH value.

The available specie of borates is also strongly dependent on the pH value. Within
the acidic pH range of water, boric acid (H3BO3 or B(OH)3), is the available specie,
but it transforms easily to tetrahydroxyborate complex [B(OH)4]−, via autopyrolysis
of water. Within the basic pH range and the aqua phase concentration that is higher
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than 0.025 mol/L, the polyhydroxoborates are formed. Although borates speciate
with changes in the pH value of the aqua system, all the forms are equally toxic.

1.4.3 Valency/Oxidation State

Chemical species with variable oxidation states are endowed with rich chemistries.
Information about the oxidation state of any chemical species provide the basis for
the prediction of the possible activities in anymedium. Consequent upon the fact that
oxyanions of a particular element can exist in more than one oxidation state, they
certainly possess rich and interesting chemistries in aqueous system. An overview
of the hydrochemistry of oxyanions showed that non-metals exhibit more than one
oxidation state which enabled them to form oxyanions with variable number of
oxygen atom attached to the central element. Therefore, oxyanions of an element
with different number of oxygen atom differ in the degree of basicity and the basicity
reduces with increasing number of oxygen atom in the oxyanion.

Aside the issue of basicity, the variable oxidation state of oxyanions is also a
big factor in the choice it adopts, either as a friend or foe to plants and animals.
A case that readily comes to mind in this respect is the differences in the role of
Cr(VI) and Cr(III) to both plants and animals. Cr(III) has been identified as one of
the essential plant and animal micronutrients for the maintenance of good health
and the metabolism of glucose, cholesterol, and fat in human bodies. Unlike Cr(III),
Cr(VI) is highly mobile and toxic and different forms of cancer diseases have been
ascribed to its accumulation in humans.

It has also been identified that one of the features of the oxyanions of the
element antimony that determines its influence on humans is the oxidation state.
Antimony(III) has been found to be more toxic than antimony(V). The toxicity
associated with antimony (III) includes gastrointestinal mucosa, abdominal cramps,
diarrhea and cardiac toxicity, optic nerve destruction, uveitides and retinal bleeding,
headache, coughing, anorexia, troubled sleep and vertigo.

Nitrate poisoning has been attributed to the cause ofmethaemoglobinaemia,which
manifest as cyanosis and asphyxia at high concentrations, respectively. A critical
analysis of the nitrate (NO3

−) poisoning showed that nitrate is not the actual culprit
but the nitrogen oxyanion in another state of oxidation (i.e., nitrite (NO2

−)).

1.5 Conclusion

Albeit, oxyanions are important and pervasive components of aqua systems (i.e., both
water andwastewater), but they all serve different purposes when they find their ways
into the food chain. The presence of oxyanions in water could either be beneficial
(i.e., as a friend) or deleterious. On this premise, the presence of oxyanions in aqua
system is likened to a double-sided coin and the side shown by the coin depends on
certain factors. Using experimental evidences (i.e., laboratory and clinical reports)
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that have been reported as a basis, some of the factors that have been identified to
influence the adopted role of aqua phase oxyanions include aqua phase concentration,
aqua phase pH values, and the valence state or the oxidation state of the oxyanions
in the aqua system.
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Chapter 2
Ecological Impacts of Oxyanion in Aqua
Systems

Y. I. Bulu and T. D. Saliu

Abstract The growth and development of organisms in aquatic ecosystem are
affected by the presence of oxyanions which are toxic even at low concentra-
tions. The presence of undesirable types of oxyanions at levels above stipulated
threshold concentrations, cause ecological imbalance and the ultimate destruction
of the ecosystem. This chapter is focused on the ecological impact of oxyanions
in aquatic system. Aside their bioaccumulation in the living organism, their direct
impacts include significant reduction in the water quality, alteration of water pH
value, which may be intolerable to plants and animals and reduction in the abun-
dance and fitness of biota. Although some oxyanions, such as selenium, nitrogen and
phosphorus, are required as nutrients in biological systems, they become toxic with
increasing concentrations. Their toxicity is associated with their ability to substitute
some important oxyanions in biological systems due to their structural similarities,
their oxidation state, mobility and the pH value of the medium in which they occur.
However, the oxyanions of arsenic, chromium and selenium are harmful because
of their nonbiodegradability, higher solubility in water and deleterious effects. The
oxyanions of nitrogen and phosphorus are associated with excessive growth of algae
and macrophytes, with the attendant effects on the structure and functioning of the
aquatic system. This study posits that the dearth of organisms (due to the toxicity
of oxyanions) or their abundance (due to nutrient enrichment by oxyanions) impact
negatively on the food web and stability of the ecosystem.
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2.1 Introduction

Pollutants released into the environments can have adverse effects on the quality
and biological communities of an aquatic ecosystem, creating ecological imbalance.
Long et al. [1] opined that the predictive criteria to evaluate risk and establish permis-
sible levels of contamination are based on species responses to the contaminants.
Toxic substances in aquatic environment can reduce organism abundance by causing
damage to their reproductive system and decrease their viability, or change the phys-
ical properties of their environment [2]. Unlike most organic pollutants which are
biodegradable, inorganic chemicals, including oxyanions, are continuously accumu-
lated in the environment [3]. They pose threat to life, due to their potential risk of entry
into the food chain. He et al. [4] noted that industrial activities, such as electroplating,
metal smelting, chemical industries, and manufacturing processes, are some of the
anthropogenic sources of heavy metals in water. Poorly treated domestic, industrial,
and agricultural wastewater also contain high concentrations of metals, which are
often discharged into the environment [5].

Oxyanions/oxoanions are polyatomic negatively charged ions [an anion]
containing oxygen, with the general formula of AxOz−

y , where A is an element
symbol, O is an oxygen atom, and x, y, and, z are integer values. Oxyanions typi-
cally have increased solubility and mobility with increasing pH value, in contrast
to metals, which show the opposite behavior. In solution, many chemical elements
form oxyanions at specific oxidation states, which may be toxic even at low concen-
trations. They find their way into living organisms via ingestion, inhalation, and skin
adsorption, causing irrevocable effects [6]. Their toxicity has been linked to their
structural similarities with some important oxyanions in biological systems [e.g.,
phosphate and sulfate] and their mobility in soils and groundwater [7]. The competi-
tive selection of such structurally similar oxyanion rather than the endogenous ones,
in biological reaction, is one of the bases for their toxicity. Themobility and retention
of oxyanions in groundwater are regularly controlled by adsorption reactions with
the solid surface, particularly in oxic groundwater system, which contain significant
amount of iron hydroxides [8].

Although some of these oxyanions are essential in trace amounts in biological
systems, yet they become toxic beyond certain threshold concentrations. Implicated
in this scenario include the oxyanions of arsenic (As), antimony (Sb), chromium
(Cr), molybdenum (Mo), and boron (B). The oxyanions of these elements are clas-
sified as harmful species because of their nonbiodegradability [6, 9] and higher
solubility in water. These species equally bioaccumulate in the food chain and envi-
ronment, thus increasing their toxicity [6]. Other oxyanions implicated as water
contaminants include sulfate, carbonates, chlorates, nitrate, and phosphates. Phos-
phates and nitrates can cause serious environmental disturbances such as increasing
the occurrence of algae bloom in aquatic ecosystem.

Oxyanions released into the environment often accumulatemost rapidly in aquatic
habitats, where they enter the biota and are subsequently transferred to higher trophic
levels and, in many cases, eventually to humans. Aside bioaccumulating in living
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organism via the food chain and web, direct effects of toxic chemicals in the aquatic
environment include significant reduction in the quality of surfacewater and drinking
water, lowering or raising ofwater pHwhichmay be intolerable to plants and animals,
reduction in organism abundance and fitness. Although some organisms are tolerant
to the toxic effects of pollutants when exposed to it, some pollutants may directly
affect source species thereby leading to changes in the abundance of associated
species [10].

2.2 The Ecological System

An ecosystem is a dynamic entity composed of a biological community and its inter-
action with the associated abiotic environment. The two major forces identified as
linking the ecosystem components [biotic and abiotic] together are the flow of energy
through the ecosystem and the cycling of nutrients within the system [11]. Often the
dynamic interactions that occur within an ecosystem are numerous and complex.
The balance between these interactions is essential for the survival, existence, and
stability of the ecosystem. Survival of all organisms is actualized by the ecological
balance that exist within various species as a result of the different relationship that
exist between them.

An ecosystem is said to be stable if following a disturbance, it returns to its
equilibrium state. Stability of an ecosystemhas therefore been characterized based on
its resistance to disturbance and its resilience (recovery) in the event of a disturbance.
While the ability of an ecosystem to resist disturbance as a result of its accumulated
structure is termed resistance, resilience infers the ability of an ecosystem to return
to a normal state, following displacement [12]. Holing [13] opined that although a
natural system has high ability to withstand different disturbances or perturbations
without modifications, the system may alter to another, in the face of excessive
disturbances. An example of this scenario is the rapid increase in the population of
algae in the aquatic ecosystem as a result of introduction of excessive nitrogen and
phosphate nutrient or oil spillage which may lead to death of hundreds of thousands
of seabirds, otters, seals, and whales [See Exxon Valdex spill in Alaska, 1989 and
Deep water horizon spill in the gulf of Mexico, 2010].

In order to assess the full range of the effects of disturbance on ecosystems, an
understanding of ecosystem-level interactions is essential. Disruption of the natural
patterns and processes in an ecosystem may have great impact because species
adaptation to these disturbances may be delayed. Ecologists have suggested that
ecosystem stability is linked to nutrient cycling characteristics and this position was
supported by Odum [14], Jordan et al. [15] and Waide et al. [16].

Energy flow in the ecosystem occur through the food chain and the food web
[17] (Fig. 2.1). Autotrophic organisms are able to convert inorganic compounds to
organic by using energy from sunlight. This autotrophic organism/producer occupies
the lowest level in the food chain. Energy stored in the producers is transferred to
the primary, secondary, and tertiary consumer in the food chain, through successive
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Fig. 2.1 Energy flow through different trophic levels [17]

feeding. In the food chain, the survival of one organism depends on the other, such
that the removal of any organism results in imbalance in the ecological system.

The foodweb is embedded in a natural ecosystem that consists of interwoven food
chains, in which individual animal or plant species function as either a predator or
prey. Apart from observable changes in the ecosystem as a result of disturbance, an
essential effect of disturbance on food chain is the removal of the keystone species.
According to Kotliar [18], Delibes-Mateos et al. [19] and Hale and Koprowski [20],
keystone species define an entire ecosystem bymaintaining its organization, stability,
and functioning. Notable examples of keystone species are sharks, African elephant,
gray wolves, otters, etc. As described by Mclaren and Peterson [21], the removal
of wolves (Canis lupus L.) from the food chain in a three-trophic-level system
comprising of Balsam fir (Abies balsamea (L.) Mill), moose (Alces alces L.) and
the wolves, allowed for over browsing of the fir tree population by elevated moose
densities.

The structure and dynamics of the food web in an ecosystem are affected by
nutrients availability [17]. Growth of organisms in aquatic ecosystem is reportedly
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hindered by one or more macronutrients such as phosphorus and nitrogen and some-
times by micronutrients such as molybdenum. Considering the need to maintain
ecological balance in an ecosystem, the presence of oxyanions, of an undesirable
type or in a detestable concentration, is bound to cause ecological imbalance and the
ultimate destruction of the ecosystem.

2.3 Sources and Pathways of Contamination

Formation of oxyanions is normally assumed to take place in an alkaline aquatic
environment. However, there is evidence that the formation of oxyanions salts can
also occur in a solid-phase high-temperature environment [22]. At specific oxidation
states, elements form oxyanions, which could exist in monomeric or polymeric form.
Monomeric oxyanions have the general formulae, AOm−

n , which is dictated by the
oxidation state of element A and its position in the periodic table. In period two of
the periodic table, carbon and nitrogen form trigonal planar structured oxyanions
nitrate (NO−

3 ) and carbonate (CO2−
3 ) when covalently bonded with oxygen. The π

bond formed between the central atoms and the oxygen atoms is favored by the simi-
larities between the bonding atoms. The oxyanions formed by metals of period three
elements include olivine minerals (Mg,Fe)SiO4, Phosphate (PO

3−
4 ), sulfate (SO2−

4 ),
and perchlorate (ClO−

4 ). Phosphorus can exist as phosphate (PO3−
4 ), hypophosphite

(PO3−
2 ), and phosphite (PO3−

3 ). Arsenic species in ground and surface waters exist
primarily as oxyanions with varying oxidation states, which are arsenate (AsO3−

4 )
and arsenite (AsO2− or AsO3−

3 ), [23] and selenium exists in the following oxidation
state: −2; 0; +2; +4; +6.

Majority of oxyanions are highly water soluble, toxic [6, 9, 24, 25], and
nonbiodegradable [6, 9]. Their high solubility makes them extremely mobile and
bioaccumulate [26–29]. Sources of these toxic oxyanions include: alkaline wastes
emanating from high-temperature operations such as thermal treatment of waste,
fossil fuel combustion, metal smelting andmetal finishing, electroplating, microelec-
tronics, battery manufacturing, tannery, fertilizer industries, agricultural processes,
and municipal wastewater [30].

Review of several studies revealed that municipal wastewater releases 100–
1400 mg/L nitrate, 15–273 mg/L phosphate, and low concentrations of metal oxyan-
ions into the environment [31–33]. Daily industrial activities release, from 100 to
4535 mg/L nitrate, 2.5–3490 mg/L phosphate into the environment [34–38]. Exam-
ples of oxyanion contamination in groundwater include: perchlorate, borate, arse-
nate, selenate, chromate, molybdate, nitrates, sulfates, carbonates, and phosphates.
Most of these oxyanions are released into the aquatic ecosystem through industrial
activities.
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2.4 Ecological Impact of Selected Oxyanions

2.4.1 Oxyanion of Selenium

Selenium [Se] is a metalloid required in trace amount in the nutrition of organisms.
Since it shares many similar properties with sulfur [39], it is considered to be the
analogue [40, 41]. Selenium enters the aquatic environment through natural and
anthropogenic processes [42]. Natural sources of selenium have been attributed to
weathering of seleniferous rocks, shales, and soils [43], while anthropogenic sources
include emission from burning of fossil fuels [44], as by-products of several activities
including electricity generation, coal ash leakages, mining [coal, copper], industrial
wastewater, as well as agricultural drainage water from irrigation [45].

Soluble inorganic Se oxyanions includes selenite (SeO3
2−) and selenate (SeO4

2−).
They account for the majority of the total Se concentration in water, with their
proportion determined by the redox potential and pH of the environment. While
selenate occurs more in an oxidizing and alkaline environment, selenite is stable
under a more reducing condition [46] (Fig. 2.2). The availability of selenate and
selenite in aquatic system is likewise affected by the kinetics of their adsorption
property. Selenite is readily adsorbed by particulate organic matter [47], oxides of
Al and Fe, clay minerals and calcite.

Many enzymes and proteins require Se for their activity. It is readily incorporated
into protein as the amino acid selenocysteine (Sec) [49, 50]. Glutathione peroxidases,

Fig. 2.2 Selenium
speciation in an aqueous
system as a function of pH
and redox potential [48]
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thioredoxin reductases, and iodothyronine deiodinases are examples of selenopro-
teins described in humans [51], while formate dehydrogenase [52, 53], selenophos-
phate, and peroxiredoxin [53] have been found in bacteria. Selenoprotein functions as
antioxidant defenses, [54], redox signaling, and immune responses in many species.
Hence, its role as cancer chemopreventive agent [55] and tendency to reduce the
expression of viral infection [56] has been suggested.

According to Ogle et al. [57], selenate is taken by active uptake process via the
sulfate membrane pathway in living aquatic organisms or plants as shown in Fig. 2.3,
while selenite has an independent uptakemechanism that is specific to it. They further
reported that selenite accumulates to greater extent and it is easily metabolized to
form organic selenium compounds, notably selenoamino acids. Two processes of
bioaccumulation of Se in the aquatic system have been pointed out by Ogle et al.
[57] as bioconcentration and biomagnification.

Fig. 2.3 Sulfate/selenate assimilation pathway in plant Red text and arrows indicate Se hyper-
accumulator processes. Asterisks indicate enzymes overexpressed via genetic engineering. Sultr,
sulfate/selenate cotransporter; APSe, adenosine phosphoselenate; APS, adenosine phosphosulfate;
GSH, glutathione; SAT, serine acetyltransferase; OAS, O-acetylserine; (Se) Cys, (seleno)cysteine;
OPH, Ophosphohomoserine; (Se)Met, (seleno) methionine; MMT, methylmethionine methyl-
transferase; DMSeP, dimethylselenoproprionate; DM(D)Se, dimethyl(di)selenide (volatile); SMT,
selenocysteine methyltransferase [58]
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Fig. 2.4 Selenium species associated with major processes occurring in the aquatic environment
and in the food web [67]

Bioconcentration of selenium occurs when there is uptake of its oxyanions,
selenate, and selenite, directly from water or sediments through respiratory or
epidermal surfaces. Biomagnification occurs as uptake through the food chain,
and it includes the uptake of both organic selenium compound, selenomethionine
(SeMet) (C5H11NO2Se), and the inorganic species, selenate and selenite. The domi-
nant pathway for selenium uptake and accumulation reported in organism is through
their diet, hence biomagnification is of high importance in the study of seleniumaccu-
mulation in aquatic organism (Fig. 2.4). Microbes such as diatoms and cyanobacteria
exist at the base of the food chain in aquatic ecosystem and these microorganisms
can bioconcentrate selenium, up to tenfold, from ambient water [59]. According to
Foda et al. [60] and Ogle et al. [57], bacteria rapidly take in seleniumwhich is readily
incorporated into amino acids and proteins in the bacteria. Subsequently, bacterial
cells may serve as sources of selenium uptake. Since selenate uptake occurs via the
sulfate transport system, it thus inhibits the uptake of sulfate in bacteria. The uptake
of selenite is however independent of the presence of sulfite. Selenate and selenite
differ in their metabolism when taken up. While selenite is immediately reduced and
metabolized, the metabolism rate of selenate appears lower in bacteria [57], giving
an indication of its propensity to inhibit the uptake of sulfate [61].

In the aqueous system, selenate competes with sulfate for uptake in algae. Due to
the adsorption of selenite tomineral and organicmatter surfaces, selenate compounds
are normally more readily bioavailable to marine and freshwater algae than selenite
compounds [62]. However, the absorption and accumulation of selenite inmicroalgae
are suggested to bemore rapid, compared to selenate [63, 64]. Freshwater green algae
take up selenite, selenate, and selenomethionine,with selenomethionine uptake being
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higher than the inorganic seleniums. Kiffney and Knight [65] reported the accumu-
lation of selenate, selenite, and selenomethionine in the cyanobacterium Anabaena
flosaquae (Lyngb.) Breb. Selenium bioconcentration in the algae was in the order of
Seleno-L-methionine > selenite > selenate.

Immediately after absorption, selenium in the algae is reduced to selenide via
the sulfur reductive assimilation pathway, which is further used as a substrate
for the synthesis of the amino acids selenocysteine (SeCys) (C3H7NO2Se) and
selenomethionine (SeMet) (C5H11NO2Se) (Fig. 2.4) [66, 67].

While some microalgae can efficiently methylate the selenoamino acid produced,
releasing volatile compounds (i.e., dimethyl selenide, dimethyl diselenide, and
dimethyl selenyl sulfide), othersmay accumulate selenium in the formof Se0 [66, 67].
For example, Luxem et al. [68] reported that in the marine algae Emiliania huxleyi
(Lohm.) Hay and Mohler, the uptake of selenite was higher, when compared with
selenate. Similar result was also observed in the Chlamydomonas reinhardtii P. A.
Dangeard, a freshwater algae, by Vriens et al. [69]. They discovered that selenite was
accumulated more than ten times selenate and the production of methylated volatile
compounds in the freshwater algae studied. Other studies that have reported the accu-
mulation ability of selenium by algae include Chlorella vulgaris Beijerinck [66],
Chara canescens Loiseleur [70], Cladophora hutchinsiae (Dillwyn) Kützing [71],
Fucus vesciculosusL., andFucus ceranoidesL. [72]. These findings provided indica-
tion that selenium methylation and bioaccumulation by microalgae could contribute
immensely to its environmental cycling.

Selenium promotes the rate of growth and photosynthesis of algae at low concen-
tration [73]. And in linewith its function as an antioxidant [54], selenite facilitated the
activities of the antioxidant enzymes, guaiacol peroxidase (GPX), catalase (CAT),
and superoxide dismutase (SOD) in C. vulgaris, at concentration lower than or at
75 mg/L [73]. However, high concentration of selenium decreases algal growth in
an aquatic ecosystem [74] and this is linked to damages in photosynthetic appa-
ratus. Other toxic effects associated with elevated concentration of selenium in algae
include inhibition of cell division and formation of malformed proteins [75]. Some
plants are tolerant to the toxic effects of selenium, by accumulating and sequestering
it in non-protein selenoamino acids. Non-selenium accumulating plants synthesizes
selenocysteine and selenomethionine from selenate uptake and the selenocysteine
formed is readily incorporated into proteins.

Selenium biomagnification in aquatic food chain was observed by Bennett et al.
[76], in algae, rotifer, and larval fish, and this was ascribed to the availability of food
and time. Selenium concentrations in the rotifers (Brachionus calyciflorus Pallas)
ranged from 46 to 91μg Se g−1 dry weight, after 5 h of feeding on selenium contam-
inated algae (Chlorella pyrenoidosa H. Chick). The feeding of the Se-contaminated
rotifers to larval fish (Pirnephales prornelasRafinesque) resulted in its accumulation
of Se to 61.1 μg Se g−1 dry weight in the 9-day-old larvae and 51.7 μg Se g−1 in
17-day-old larvae, after 7 and 9 days, respectively.

Egg-laying vertebrates at the top of aquatic food chains aremost at risk in environ-
ments with elevated aqueous selenium concentrations. Janz et al. [77] reported that
the ability of selenium to induce embryo toxicity and teratogenicity could be linked
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to its substitution of sulfur in biota during protein synthesis. Sunde [78] pointed
out that the substitution of sulfur in protein synthesis, by selenium, could result in
dysfunctional proteins that causes deformities. Study on the bioaccumulation of sele-
nium in fish revealed high concentration level of selenium in the spleen, liver, and
kidney and low concentration in the muscle tissue [57].

2.4.2 Oxyanions of Arsenic

Relative to the other oxyanion-forming elements, arsenic (As) is among the most
problematic in the environment because of its relative high mobility over a wide
range of redox conditions. Worldwide, water pollution by arsenic is one of the most
common environmental issues, resulting in high incidence of arsenicosis (Fig. 2.5)
across the world [79, 80]. Arsenic has been reported to induce black foot disease,
hyperglycemia, hyperkeratosis, as well as immune system dysfunction as a result of
its bioaccumulation in the liver and kidney with the potential of causing cancer of
the bladder, lung, kidney, and liver [81].

Several studies have shown the presence of the inorganic arsenic in large aquifers
in various parts of the world, at concentrations higher than the World Health Orga-
nization (WHO) recommendation of 10 μg/L. Notable records of As occurrence
have been reported in Argentina, Bangladesh, Chile, China, Hungary, India (West
Bengal), Mexico, Romania, Taiwan, Vietnam, and many parts of the USA (Fig. 2.6)
[83].

Arsenic is used as a doping agent in semiconductors (gallium arsenide) for solid-
state devices such as semiconductors, light-emitting diodes, lasers, and a variety of
transistors [84]. In industry, it is used to manufacture paints, fungicides, insecticides,

Fig. 2.5 Arsenical nodular keratosis disease (Indication of arsenic poisoning) [82]



2 Ecological Impacts of Oxyanion in Aqua Systems 43

Fig. 2.6 Distribution of arsenic in groundwater in major aquifers in the world [83]

pesticides, herbicides, wood preservatives, and cotton desiccants [84]. It is also used
in bronzing, pyrotechnics, and for hardening shot. Today, organoarsenic compounds
are added to poultry feed to prevent disease and improve their weight gain [85].

The degree of toxicity of arsenic in the environment was identified to depend on its
form [i.e., inorganic or organic form] and its oxidation state [86]. The predominant
form of inorganic arsenics are its oxyanions: arsenate (As (V)), as H2AsO

−
3 and

HAsO2−
4 in oxic environment, and arsenite (As (III)), as H3AsO0

3 and H2AsO
−
3 under

anoxic conditions [87]. Organic arsenic species available in contaminated surface
and groundwater aremonomethylarsenate (MMA) (CH4AsO4) and dimethylarsenate
(DMA) (C2H7AsO4) [88]. According to Smedley and Kinniburgh [83], the most
important factor controlling the inorganic arsenic species formation is redox potential
and pH of the environment. Such that in an oxidizing environment with low pH
value, H2AsO

−
4 dominates, while HAsO2−

4 dominates at high pH value. At reducing
condition however, arsenite H3AsO0

3 predominates (Fig. 2.7) [83].
Both arsenic oxyanions are reported to have different mobility levels in aquatic

environment, due to their adsorption behaviors. While arsenite (As III) is relatively
mobile, the arsenate (As V) species is strongly adsorbed onto aquifer material [89,
90], such as ferrihydrite and alumina. The adsorption vulnerability of arsenate infers
that it will pose little risk to the aquatic environment [91].

Due to its structural similarity to phosphate [83], arsenate is taken up by the
phosphate transport system in phytoplanktons and plants, leading to diminution in
phosphate uptake in a competitive way [92]. As described by Levy et al. [93], the
uptake of arsenate by these organisms may lead to the disruption of phosphorus
metabolism, because it (arsenate) is incorporated into phosphorylated compounds
that are vital for ATP cycling. Arsenite (As III) moves across plasma membrane
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via aquaglyceroporins (AQP) and hexose permeases causing toxicity by blocking
sulfhydryl groups [94, 95]. This may result in membrane degradation and cell death
through the production of reactive oxygen species.

Arsenate is readily taken up by plants because it is an analogue of phosphates. Lee
et al. [96] reported that the uptake of arsenic in the aquatic plantHydrilla verticillata
(L. f.) Royle was inhibited by the presence of high concentration of phosphate. The
study of Sanders et al. [97] elucidated the pathway of arsenic uptake and incorpo-
ration in aquatic organisms. Their findings provided evidence that phytoplankton in
estuaries readily uptake and incorporate inorganic arsenic, resulting in growth reduc-
tion, even at low concentration. Uptake of inorganic arsenic into the soft tissues of
copepod Eurytemora affinis Poppe, the barnacle Balanus improvises Darwin, and
the oyster Crassostrea virginica Gmelin do not occur from seawater but via food
chain, by feeding on arsenic contaminated phytoplankton. Their study revealed that
arsenate is accumulated in calcareous shell of the barnacles and oysters [97].

Arsenic accumulates in the tissue of organism as organo-arsenic compounds [98].
The uptake of arsenic by invertebrate is done readily in the form of arseno-sugars,
synthesized from arsenate by algae. The organo-arsenic taken in by animals is not
incorporated into their tissues but eliminated unmetabolized as the organic arsenobe-
taine and other complex organoarsenic compounds [99]. Various studies has however
affirmed that the lower trophic marine organisms are able to accumulate high level
of arsenic in their tissues, while higher animals rapidly get rid of arseno-arsenics
through urine [100].

Fig. 2.7 a Arsenite and b arsenate speciation as a function of pH (ionic strength of about 0.01 M)
[83]
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2.4.3 Oxyanion of Chromium

The common chromium (Cr) containing mineral is chromite (FeCr2O4), with
chromium occurring in the +3-oxidation state [101]. Major deposits of chromite
occur in South Africa, Kazakhstan, Turkey, India, and the western hemisphere (i.e.,
Brazil and Cuba). Chromium occurs in several oxidation states from Cr (II) to Cr
(VI), with trivalent and hexavalent states being the most stable [102]. The trivalent
form, in trace amount, is essential in human nutrition, but toxic at high concentra-
tion [103]. It forms strong complexes with various ligands, with special affinity for
ligands containing oxygen, nitrogen, and sulfur [104]. Its solubility is limited by the
formation of highly insoluble oxide, hydroxide, and phosphates.

Chromium enters natural waters by weathering of chromium containing rocks,
direct discharge from industrial operations, wet and dry depositions and leaching
from soil. Chromium (III) and chromium (VI) are regulated in different ways because
of their different toxicity. Chromium (III), in organic form, serves as a micronu-
trient essential for the growth of plant [105, 106]. In animals, including humans,
it is required for sugar and fat metabolism, with estimated safe and adequate daily
dietary intake as 50–200 μg [107]. Symptoms of deficiency in humans are reported
by Anderson [108] and are similar to the symptoms reported for non-insulin-
dependent diabetes mellitus and cardiovascular diseases. Chromium prevents and
reverses atherosclerosis [109, 110], causes decrease in total cholesterol, and helps in
controlling hypertension in rats [111].

Recently, the importance of chromium as an essential element is generating a
lot of controversies. No adverse effects on body composition, glucose metabolism,
or insulin sensitivity were observed in rats exposed to low dosage of Cr (III) when
compared with rats exposed to sufficient dosage of Cr (III) [112]. Likewise, Cr (III)
complexes accumulating in the body are reported to be potentially genotoxic [113].
The signs and symptoms of Cr (III) in man include: impaired glucose tolerance,
glycosuria, hypoglycemia, elevated circulating insulin, decrease in insulin binding,
peripheral neuropathy, encephalopathy, and low respiratory quotient [107, 108].

In the presence of excessive oxygen, it is oxidized to Cr (VI) [114], which is
soluble and very mobile in water [115]. When inhaled or ingested, the hexavalent
form is hematoxic, genotoxic, and carcinogenic [116]. The oxyanions of chromium in
the+6 oxidation state are hydrochromate HCrO−

4 , chromate CrO2−
4 , and dichromate

CrO2−
7 , which are not readily adsorbed to surfaces. The main oxyanions, chromate

and dichromate, are involved in reversible transformation reaction [117].

2CrO2−
4 + 2H3O

+ ↔ CrO2−
7 + 3H2O

Chromium speciation is determined by the redox potential and pH condition of
the environment where they occur. In an aquatic environment, Cr (VI) predominates
under oxidizing conditions andCr (III) predominates undermore reducing conditions
[118]. The species distribution of Cr (III) and Cr (VI) in an aqueous system is
presented in Fig. 2.8 [119].
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Fig. 2.8 Species distribution of Cr (III) and Cr (IV) in an aqueous system [119]

While Cr (III) is used in leather tanning because it forms stable complexes with
amino groups in organic material, Cr (VI) chemicals are extensively used for metal
plating, dyes, and paint pigments [120, 121]. Chromium (VI) is toxic to many plants
and aquatic animals [122], severely damaging drinkingwater resources and labeled as
human carcinogen [123]. Chromate (VI) species (i.e., chromate (CrO4

2−) and dichro-
mate ions (CrO7

2−) are water soluble at all pH and are more mobile in the aquatic
environment [116]. Both chromium species are adsorbed on iron and aluminum
[hydro] oxides, organic substance and clay minerals [124]. A decrease in solution
pH results in an increase in Cr (VI) and a decrease in Cr (III) adsorption [115].

Chromium (III) enters the cell of biotic organism through diffusion while
chromium (VI) easily moves across the cell membrane. Other chromate anions
are transported via the phosphate–sulfate carrier pathway [125]. Algae and plant
species are negatively affected by chromium at high concentration with the toxicity
depending on the type of algae and plant species. For instance, toxicity is reported at
1 μg/L in the diatom Thalassiosira pseudonana Cleve [126], 20 μg/L for Chlorella
pyrenoidosa, 150 μg/L for Ulothrix fimbriata Bold up to 980 μg/L for Skeletonema
costatum(Greville) Cleve [127]. The accumulation of Cr (VI) by the diatoms Phaeo-
dactylum tricornutum Bohlin and Navicula pelliculosa (Kützing) Hilse was investi-
gated by Hedayatkhah et al. [127]. The diatoms were tolerant to Cr (VI) at concen-
tration up to 1 mg/L with significant decrease in growth yield at a concentration of 5
and 10mg/L. Husien et al. [128] opined thatChlorella sorokiniana Shihira and R.W.
Krauss is a good biosorbent material of Cr (VI) from solution with an efficiency of
approximately 99.69% achieved at 100 ppm. At higher concentrations of Cr (VI) and
after three days of exposure, a reduction in chlorophyll content followed by death of
the C. sorokiniana was observed.
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Although toxicity is reported by plants when exposed to chromite and chromate,
bioaccumulation occurs with highest concentration in the root followed by the shoot
[129, 130]. Macrophytes in aquatic habitat have been shown to accumulate Cr (VI)
with highest accumulation occurring in the root. Studies on chromium accumulation
in aquatic plant show that the roots of submerged plant species accumulate more
chromium than the emerged plant species [130]. For example, Choo et al. [131]
reported that water lilies (Nymphaea spontanea L.) are capable of accumulating
Cr (VI) up to 2.119 mg/g from a 10 mg/L solution. Accumulation was highest at
the root region followed by the leaves and petioles. Jana [132] observed that out
of the estimated 19.23 × 10–6 M of Cr concentration in a solution, the roots of
the floating water hyacinth (Eichhornia crassipes (Mart.) Solms) showed as high as
18.92 μmol (g dry tissue/wt) Cr accumulation, which was about two times higher
than that in its shoots (1.5μmol (g dry tissue/wt)).Hydrilla verticillata (L. f.) Royle, a
submerged aquatic plant, is exposed to the same concentration of chromium, however
accumulated lower concentration (9 μmol (g dry tissue/wt)) is in its roots.

While morphological stress, such as yellowing and chlorosis of the leaves, was
observed in N. spontanea and correspondent reduction in chlorophyll, protein, and
sugar contents [131], E. crassipes was able to accumulate Cr without any signifi-
cant changes in the physiological and biochemical parameters such as Hill activity,
protein, and chlorophyll content [132].

Similarly, in the emergent macrophyte species, Bacopa monnieri L. and Scripus
lacustris L., Gupta et al. [5] found more uptake of Cr in the root of B. monnieri
(1600 μg/g dw) than in S. lacustris L. (739 μg/g dw) at the same concentration
and treatment duration. The translocation of chromium from the root to the shoot
increased with an increase in total accumulation in the root. The study reported that
at high concentration, the two test plants showed decrease in malondialdehyde and
chlorophyll content.

Several studies have shown that dissolved chromium moved readily through the
gill membrane of fish and accumulates in other organs of the fish. Fish has been
reported to have erratic behavior when exposed to chromium-contaminated envi-
ronment. For example, Rohu fingerlings (Labio rohita Hamilton) exhibited restless-
ness, decreased body balance, and higher rate of mucus secretions when exposed
to 56.59 mg/L concentration of chromium [117]. This finding was also reported by
Nisha et al. [133], where it was discovered that exposure of the zebra fish (Danio
rerio Hamilton) to chromium resulted in mucus secretion, erratic swimming, and
jerky movements by the fish.

Difficulty exists in distinguishing between the effects generated by Cr (VI) and
Cr (III) since the former is rapidly reduced to the latter after penetration of biological
membranes [134]. Since Cr (III) is not mobile, the reduction of Cr (VI) to Cr (III) in
cells may be non-toxic [135]. However, intermediary products released during the
reduction reaction may interrupt integrity and functioning of the cells [136]. The
reduction of Cr (VI) to Cr (III) inside of cells may be an important mechanism for
the toxicity of Cr compounds, whereas the reduction of Cr (VI) to Cr (III) outside of
cells is a major mechanism of protection.
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2.4.4 Oxyanion of Molybdenum

The oxyanions of molybdenum [Mo] are the molybdate anions and include MoO2−
4 ,

Mo2O
2−
7 [137–142] and Mo8O

4−
26 [143]. The oxidation state +V and +VI are preva-

lent in natural waters depending on the pH of the environment. According toWeidner
and Ciesielczyk [30] at pH 5–6, MoO2−

4 is the dominant anion with concentration
ranging from approximately 1 to 100 nM [144]. At lower pH, HMo O−

4 dominates.
At further lower pH and highmolybdenum concentration,Mo7O

6−
24 orMo8O

4−
26 occur

(Fig. 2.9).
In the molybdate MoO2−

4 form, molybdenum is required as a cofactor in the
synthesis of nitrogenase enzyme in nitrogen fixation and in nitrate reductase system.

Molybdenum (Mo) is a low toxic element, used as alloy material in steel produc-
tion and as an inhibitor for steel corrosion [145, 146]. The two main sources of
molybdenum are throughmining and its occurrence as a by-product of coppermining
[147]. China is the largest producer of molybdenum, producing about 130,000metric
tons, which is equivalent to almost 45% of the global output by volume in 2017
[148]. Other important producing countries are Chile, USA, Peru, andMexico [149].
Detailed overall end-use statistics ofmolybdenumby theEuropeanUnion is provided
in Fig. 2.10. Molybdenum oxidation states ranges from −2 to +6, but the +4, +5,
and +6 are the most important in the environment. The variable oxidation states are
the reason for its involvement in a variety of redox reactions. It is required in trace
amount for the growth and development of plants, animal, and humans. In mammals,
it forms part of a complex called molybdenum cofactor in the flavoprotein xanthine
oxidase and aldehyde oxidase enzymes and the heme protein sulfite oxidase enzyme
[150].

Fig. 2.9 Mo speciation as a function of pH at initial [Mo] of 10 nM [30]
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Fig. 2.10 Detailed overall end-use statistic of molybdenum [149]

While xanthine oxidase is involved in purinemetabolism, by catalyzing the oxida-
tive hydroxylation of purine substrates and a subsequent increase in the formation
of uric acid or urate, aldehyde oxidase oxidizes various aldehydes, purines, and
pyrimidines variety of heterocyclic compounds andxenobiotics [150]. Sulfite oxidase
enzyme is involved in themetabolism of sulfur-containing amino acids by converting
sulfite to inorganic sulfate [151].

Although molybdenum deficiency has not been identified in free living human or
animal species, deficiency symptoms observed in patients receiving total parenteral
nutrition include tachycardia, tachypnea, severe bifrontal headache, night blindness,
nausea, vomiting, central scotomas, periods of lethargy, disorientation, and coma
[152]. Its deficiency had also been linked to increase incidence of esophageal cancer
[153] and dental caries [154] cases in humans. High intake of molybdenum has
been associated with anemia, liver and kidney abnormalities, sterility, bone and joint
deformities in human. Also, implicated is the increase in level of uric acid in blood
and urine due to the action of the enzyme xanthine oxidase with high incidence of
gout as shown in Fig. 2.11 [155].

High dietary intake in combination with low copper is associated with molyb-
denum poisoning [156, 157] [molybdenosis or teart], a condition recognized in
grazing cattle (Fig. 2.12).
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Fig. 2.11 Gout formation in man due to elevated levels of uric acid in blood [155]

Fig. 2.12 Molybdenum toxicity: depigmented coat, alopecia, and periocular gray hair [157]

This condition includes a variety of symptoms and signs including bone disorders,
diarrhea, rough hair coat, hair color change, and in extreme cases, death [157].
Molybdenosis could however be controlled by treatment with copper sulfate [157].

Two competitive inhibitors of the transport and uptake of MoO4
2− across cells

are sulfate and tungstate that are most similar to it in structure. Shah et al. [158]
and Cole et al. [159] reported a mole-for-mole inhibition of molybdate by tungstate.
Hence, the availability of molybdenum is affected by the presence of sulfate. The
concentration of molybdenum reported in freshwater is approximately 0.001 μg/ml
[160]. Eisler [161] stated that molybdenum concentration in surface water do not
exceed 0.020 μg/ml.
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Molybdenum acts as a cofactor for nitrogenase enzyme responsible for catalyzing
nitrogen fixation, i.e., the reduction of nitrogen (N2) to ammonia (NH3) [162] and
nitrate reductase enzyme responsible for NO−

3 assimilation. Studies have shown
that N2 fixation requires more Mo than NO−

3 assimilation, while NH+
4 do not require

molybdenum for assimilation [163, 164]. The uptake of molybdenum in oxic aquatic
environment is inhibited by the presence of sulfate and tungstate. According to
Howarth and Cole [165], SO2−

4 is a competitive inhibitor of MoO2−
4 transport, thus

lowering molybdenum availability to N2 fixing organisms.
Molybdenum concentrations increase with salinity, and therefore, its concen-

trations are low in most freshwaters [<20 nM], when compared with seawater
(107 nM) [166]. This explains the high affinity for molybdenum by algae in fresh-
water ecosystem.For example, the algaeAnabaena hadoptimal growthwhen exposed
to molybdenum at concentration in the range of 50–2000 nM. Also, when exposed
to molybdenum at concentration higher than the ambient <20 nM of freshwater,
heterocystous cyanobacteria are able to accumulate molybdenum to >100 μmol/mol
without observable adverse effect [164].

The presence or absence of a molybdenum transport system in algae is reported to
have effect on its ability to assimilatemolybdenum.Chlamydomonas reinhardtiiwith
the MoO2−

4 uptake system is less susceptible to molybdenum limitation compared to
Navicula pelliculosa in aquatic system [167]. The presence of such transport system
enables organisms to cope with molybdenum limitation for longer period of time.

Toxicity effects on aquatic organisms as a result of exposure to molybdenum
have not been reported. The exposure of the marine microalgae Isochysis galbana
Parke, to dissolved molybdenum of concentration up to 9500 μg/L, did not show
any observable toxicity effect [168]. In recent studies, no adverse effect was reported
when the larvae of the barnacle Amphibalanus amphitrite Darwin were exposed to
high concentration of molybdenum (ErC10 >10 mg Mo/L) [169]. Further study with
tropical marine snail Nassarius dorsatus Röding showed that at concentration of
≤7000 μg/L Mo exposure, the survival and growth rate of the larval of the snail was
not affected adversely [170].

In generating chronic ecotoxicity data for molybdenum for freshwater and marine
species, the freshwater amphipodHyalella azteca Saussure and marine atherinid fish
Menida beryllina Cope were exposed to high concentration of molybdenum, using
sodium molybdate dihydrate as test substance [171]. No significant adverse effects
were observed on the survival of H. azteca at ≥245.1 mg Mo/L. The total weight of
H. aztecawas also not affected at concentration up to 103.6 mgMo/L. A statistically
significant effect was however observed in adult reproductive performance at highest
test concentration (1070 mgMo/L). In the test organismMenida beryllina, no statis-
tically significant differences on survival were recorded when compared with the
control at molybdenum concentration up to 1070 mg Mo/L. While overall hatching
success in the control was 93%, it ranged from 95 to 99% in the test substance
treatments. A significant reduction in standard length and blotted wet weight of M.
beryllina exposed to 265, 532, and 1070 mg Mo/L was recorded when compared to
the control (p < 0.05).
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In young Chinook salmon (Oncorhynchus tshawytscha Walbaum in Artedi),
molybdenum was not detected in fish exposed to concentrations as high as 193 μg
molybdenum/L for 90 d in well water or freshwater. These results were similar to
the findings of Ohlendorf et al. [172] and Saiki and May [173], who reported that
molybdenumwas not detected in fish fromKestersonReservoir or Salt Slough. These
results suggest that molybdenum seem not to bioaccumulate in fish, therefore may
not pose adverse effects on its populations [174].

In the observation of Saiki et al. [175], concentrations of molybdenum were
highest in detritus and lesser amounts in filamentous algae. Sediment, invertebrates,
and fishes were reported to contain uniformly low concentrations of Mo, with lowest
measurable concentrations of molybdenum occurring in water [175]. Hence, it was
postulated that molybdenum does not bioaccumulate.

2.4.5 Oxyanions of Nitrogen

The common oxyanions of nitrogen found in the environment include nitrates (NO−
3 )

and nitrite (NO−
2 ), containing a central nitrogen atom enclosed by three identically

bonded oxygen atoms in a trigonal planar organization with a net charge of −1. As
shown in the Pourbaix diagram (Fig. 2.13) [176], pH affects the forms of nitrogen

Fig. 2.13 Pourbaix diagram of nitrogen (N) representing the various forms of N in a 100 μM
solution at 25 °C as a function of Eh (in V) and pH. Diagram adapted from MEDUSA Software.
Puigdomenech 2009–2011 [176]
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Fig. 2.14 Methemoglobinemia in human [178]

that predominates in an aquatic medium. In oxidized conditions (Eh >500 mV at pH
7), the thermodynamically stable species of nitrogen is NO−

3 , whereas under reduced
or moderately oxidized conditions (Eh <400 mV at pH 7). As NO−

3 is soluble, redox
potential and pH mainly influence the form under which N is assimilated by plants.

Nitrate contamination in natural water bodies has become an increasingly serious
environmental problem around the world, mainly because of the extensive use of
chemical fertilizers, improper treatment of wastewater from industrial and municipal
sites, landfills, and animal wastes (particularly from animal farms). High levels of
nitrite and nitrate contaminants in drinking water have been linked with the blue
baby syndrome (methemoglobinemia) in children (Fig. 2.14) [177, 178].

The mechanism of the process is based on the fact that nitrate binds with
hemoglobin to formmethemoglobin (MHb), a substance that does not enable oxygen
transport to tissues, thereby causing asphyxia (lack of oxygen) and cyanosis of body
tissues. A Colombian hospital reported a case of methemoglobinemia in 1998 as
a result of preparing a baby’s food with well water contaminated with 22.9 mg/L
nitrate-N [177, 179]. Ayebo et al. [180] found methemoglobinemia incidence rates
ranging from 24 to 363 cases per 100,000 live births in the Transylvania region
of Romania between 1990 and 1994. In Poland, 90% of 239 investigated cases of
infant methemoglobinemia were reported to be associated with ingestion of nitrate-N
contaminatedwater [181]. Studies conducted in China [182], Spain [183] and Taiwan
[184] showed that long-term ingestion of nitrate-contaminated water can increase the
risk of gastric cancer.

The proposed mechanism was said to involve the conversion of nitrate to nitrite,
which is followed by the transformation of nitrite to nitrosamines. The European
studies recommended a maximum nitrate NO−

3 and nitrite NO−
2 concentration of 10

and 0.03 mg/L in aquatic system, respectively.
Apart from the toxic effect on human, excess nitrate concentration in aquatic

system causes algae boom. Mainly, excess nitrate in the aquatic system serves as
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source of fertilizer for aquatic plants and algae. In many circumstances, the amount
of nitrate in thewater iswhat determine the extent of plant and algae growth. If there is
a superfluous level of nitrates, plants and algaewill grow extremelywell. This process
reduces the dissolved oxygen in aqua system which creates stressful conditions for
aquatic life. High densities of algae also create a condition where sunlight cannot
penetrate into the water. Since aquatic lives require some sunlight, aquatic lives not
receiving enough sunlight will die off. These dead aquatic lives increase the activities
of microorganisms and organic matter in the system. The activities of microorganism
in the system further reduce the water dissolve oxygen.

2.4.6 Oxyanions of Phosphorus

Phosphate (PO4)
3−, an oxyanion of phosphorus, contains a central phosphorus atom

enclosed by four oxygen atoms in a tetrahedral arrangement. Phosphate is an impor-
tant plant nutrient andhas founduse in fertilizer production. It is alsoused as precursor
in production of many industrial products including detergents, animal feed, bever-
ages, food, surface treatment (metal coating and cleaning), water treatment, tooth
pastes, fire extinguishers among many others. It has been observed that large chunk
of the applied fertilizers is lost into water bodies, through runoffs [185]. In aquatic
system, phosphate exists in different forms as a result of the variation in the pH value
of the medium [186].

As described in Fig. 2.15, H2PO
−
4 and HPO2−

4 species occurred at pH values that
ranged between 5 and 10. The concentration of H2PO

−
4 species is higher for pH

value below 7, while HPO2−
4 species predominate over other species at pH values

that ranged between 7 and 10. At pH values that ranged between 10 and 12, HPO2−
4

dominate over PO3−
4 species, while at pH values higher than 12.5, the concentration

of PO3−
4 was more copious. Phosphate availability for plant uptake in aqua system

depends on the species of phosphorus in abundant in the system.

Fig. 2.15 Relative distribution of phosphate species as a function of pH [187]
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Fig. 2.16 Effects of phosphorus pollution on aquatic ecosystem [190, 191]

A study conducted byMekonnen andHoekstra [188] observed that human activity
discharges 1.47 Tg (1.62 million US tons) of phosphorus into the world’s freshwater
bodies annually. China was found to contribute 30% of the freshwater phosphorus
load, followed by India at 8% and the USA at 7%. The largest contribution to the
global phosphorus pollution was observed to come from domestic sewage, at 54%,
followed by agriculture, at 38%, and industry, at 8%.

Excess phosphates in water results in an enormous growth of macrophytes and
algae, which are aquatic plants that include several single-celled, free-floating plants
[189]. Extreme amounts of algae cloud the water in an effect called algal bloom
(eutrophication) (Fig. 2.16) [190, 191] which reduces the sunlight penetration into
the aquatic system and also reduce dissolved oxygen. The reduction in the available
dissolved oxygen affects aquatic lives and in severe cases, the marine lives die.When
the algae and marine lives die, the bacteria that break them down use up the residual
dissolved oxygen in the water, depriving and suffocating other aquatic life [192,
193].

2.4.7 Vanadium Oxyanions

Vanadium is a transition metal that can exist in different oxidation states that ranged
from+1 to+5,with themost commonbeing+3,+4, and+5 due to it redox-sensitive
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nature [194]. The most stable oxidation state is vanadyl salts (VO2+). Trivalent vana-
dium (V2O3) is a strong reducing agent that dissolves in acid to form a green hexa-
aqua ion. Other forms of vanadium oxyanion include metavanadate (VO−

3 ), ortho-
vanadate (H2VO

−
4 ), and pyrovanadate (V2O

−4
7 ). Vanadium exists as vanadyl (VO2+),

at pH below 3.5 while in basic medium, it occurs as orthovanadate (VO3−
4 ), which

is chemically similar to phosphates (PO3−
4 ) [195]. Vanadium occurs as H2VO

−
4 in

neutral solutions.
It has been observed that vanadium exists in different hydrolyzed species, subject

to the pH of the system [196]. In an aquatic environment, vanadium occurs mostly
in the presence of oxygen, creating several oxyanions of different oxidation states
[197]. Under acidic conditions (pH < 3), vanadium (V) exists in cationic form as
VO2

+, whereas in the neutral–alkaline (pH= 4–11) they occur in neutral (VO(OH)3)
and anionic forms, including decavanadate species (V10O26(OH)

4−
2 , V10O27(OH)5−

and V10O
6−
28 ) and mono- or polyvanadate species (e.g., (VO2(OH)

−
2 , VO3(OH)2−,

VO3−
4 , and V2O6(OH)3−, V2O

4−
7 , V3O

3−
9 V4O

4−
12 ) system (Fig. 2.17) [196].

Commercial vanadium-containing ores include varnotite (potassium uranyl vana-
date), patronite (impure vanadium sussslfide), roscoelite, and vandinite as well as
phosphate rock [30].

Vanadium has found use in industries like glass, photography, rubber, textile,
ceramic, mining, pigments, metallurgy, automobile, oil refining, and in the produc-
tion of inorganic chemicals [198, 199]. This vast area of applications results in the
production of huge amounts of vanadium polluted effluent from industries, which are
discharged into aqua systems without proper treatment. Vanadium has been recog-
nized as a potentially dangerous pollutant in the same class as lead, mercury, and
arsenic [200]. The level of vanadium in freshwater hinge on geographical difference
in leachates and effluents from both natural and anthropogenic sources. Concentra-
tions up to 220 μg V/L has been detected in rivers in the Colorado Plateau, which
contains vanadium associated with naturally occurring uranium ores [201]. Some

Fig. 2.17 Distribution of vanadium (V) species as a function of pH [196]
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water with high mineral content may contain concentrations up to 10 μg V/L, in
conjunction with other elements, such as fluorides and arsenic [201].

The only obvious documented effect of vanadium toxicity is the upper respira-
tory tract irritation, characterized by nasal hemorrhage, rhinitis, cough, wheezing,
conjunctivitis, sore throat, and chest pain [202]. These symptoms, particularly cough
and rhinitis, are noticeable in boilermakers, who are exposed to high concentrations
of V2O5 fumes during the cleaning of the boilers; hence, the name “boilermakers”
bronchitis [202]. Eight (8) case studies suggested the likelihood of asthma being
developed after heavy exposure to vanadium compounds [203].

Vanadium has been found to be weakly mutagenic [204] and there is a possibility
of carcinogenicity because vanadium interferes with mitosis and chromosome distri-
bution. In vitro studies indicated that vanadium pentoxide is not cytotoxic, but this
compound induces rapidly repairable DNA damage (single-strand breaks) [205].

It has been observed that vanadate (VO−
3 ), vanadyl (VO

2+), can have a large effect
on the function of a range of enzymes, either as an activator or inhibitor of the enzyme
functions (206). Pentavalent vanadium (V5O14) is especially harmful to human
health—it causes damage to the respiratory, gastrointestinal, and central nervous
systems and disturbs metabolism [197]. The International Agency for Research on
Cancer had classified vanadium pentoxide as a possible carcinogen. Presently, vana-
dium is on the United States Environmental Protection Agency (USEPA), Drinking
Water Contaminant Candidate List (CCL3), due to its potential carcinogenic effects
[206]. Maximum concentrations of vanadium in drinking water ranged from about
0.2 to 100 μ g/L, with typical values ranging from 1 to 6 μ g/L [196].

2.5 Conclusion

Ecological imbalance created by the introduction and accumulation of oxyanions in
the ecosystem is colossal. Although some are beneficiary at low concentration, the
predisposition to be toxic at higher concentration is high. The effects of oxyanions
on the stability of the ecological community are predicated mostly on its movement
through the food chain and the food web, accentuated by its bioaccumulation in the
biological organism. The toxicity of most oxyanions is linked to the form in which
they occur and their oxidation states. Another important factor that determines their
toxicity is the pH value of the medium in which they occur.

Removal of organisms, due to the deleterious effects of oxyanions, or addition
of organism, due to nutrient enrichment, has serious consequences on the food web
and stability of the ecosystem. Disruption and alteration of many life processes and
functioning in aquatic organisms have been linked to the toxic effects of oxyanions
at higher concentrations. The accepted level of different contaminants in aquatic
ecosystem has been published by different regulatory agencies but both natural and
human interferences tend to increase the level of oxyanions pollutants, inadvertently
in aquatic ecosystems.
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Chapter 3
Oxyanions in Groundwater
System—Prevalence, Dynamics,
and Management Strategies

Eric T. Anthony and Nurudeen A. Oladoja

Abstract Groundwater (GW) is considered one of the most critical drinking water
sources in many parts of the world. Thus, GW contributes immensely to the United
Nations clean water project. However, due to GW proximity to the ecosystem, it is
easily exposed to natural and anthropogenic pollutants. Among the pollutants that
are ubiquitous in the GW system is the oxyanions (also referred to as oxoanions).
The oxyanions contamination of the GW could be intrinsic (e.g., flooding, volcanic
activities, and geogenic processes) or extrinsic (e.g., GWmining, industrial, and agri-
cultural release). A significant number of elements form stable andmobile oxyanions
in the GW system, resulting in an impaired health condition when consumed. The
balance between the negatively charged oxyanions and GW’s physicochemical prop-
erties provides oxyanions with the ability to be easily transported effortlessly, in the
GW system. Therefore, several techniques, which have shown tremendous capacity,
have been employed for the removal of potentially harmful oxyanions from GW
before consumption. These techniques involve the alteration of the oxidation state of
the oxyanions into a more tolerable oxidation state, inducing the formation of sepa-
rable insoluble solids, and mass transfer onto another substrate. The development
or modification of nanomaterials, with high potentials for obliterating the negative
impacts of oxyanions in the GW system, is necessary to obtain high-quality potable
GW.
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3.1 Introduction

Groundwater (GW) is a delicate natural resource that is resident in a permeable
geological unit called aquifer. It is a crucial water reservoir for drinking water, irri-
gation [1] industrial applications [2], and a determining factor for food production,
water quality/quantity, and flooding [3]. Many communities rely on the use of GW
for domestic purposes without prior disinfection or treatment [4]. The availability of
GW throughout the year and the buffering potential to resist contamination, which
is lacking in other sources of water, makes it a viable and economic freshwater
resource [5, 6]. However, sustaining the pristine state of GW has become a big
challenge because of the possible entrant of both natural and human-made contami-
nants into the matrix [7]. This challenge is more precarious in the arid and semi-arid
climate [8], because of unfettered GW abstraction [9] and drilling of deeper wells
[10], which has not only impaired its quality but have also made it unsustainable.
While GW in some regions is not under immediate threat [11], others are heavily
polluted. For example, while the rate of abstraction of GW is high in Northern India,
due to extensive agriculture, the monsoon precipitation is effectively recharging the
GW in southern India [12]. Several wells and boreholes in Bangladesh [13] and
Morrocco [14] that supply water to millions of villagers have been proposed for
decommissioning due to extensive pollution.

Premised on the genesis of GW and its travails through the tortuous soil strata, it
is usually considered as a suite of chemical compounds. These chemical compounds
range from those that are nutritionally essential to those that are water contaminants.
The characterization of GW is usually based on the domineering ionic species (e.g.,
Ca–HCO3

−, HCO3
−, Cl−, SO4

2−, Ca2+, Mg2+, and Na+), which contribute to the
ionic mobilities within the system. GW is also characterized by the oxidizing or
reducing ability, which strongly correlateswith the concentration of available oxygen
(i.e., oxic, semi-oxic, and anoxic) [15]. GW redox condition determines the rate of
mineral formation, dissolution, speciation, and movement of various dissolved and
undissolved constituents present in it.

Oxyanions (also referred to as oxoonions) are negatively charged polyatomic ions
with a general formula ExOz−

y , where E is a chemical element bonded to oxygen.
Among the vast collections of chemical species present in GW, oxyanions (or oxoan-
ions) have been a constant challenge because of their diversity and rich hydrochem-
istry. For example, the GW pH value is usually near neutral to alkaline; thus, diverse
oxyanions are present in it at this pH range. However, an increase in the pH value
initiates a switch in the oxidation state of oxyanion species [16]. Thus, previously
prevalent oxyanion may be absent as GW moves from one aquifer to another.

For many GW resources, the primary source of oxyanion contamination is from
geological formations through rock–water interaction. The outcome of rock–water
interaction includes sorption, dissolution, and leaching, which are dictated by the
nature of GW, pH value, redox potential, depth, and temperature. For example,
arsenic-bearingmineral is prone to leaching, forming arsenate in the aqueous system,
at alkalinemedium and low redox conditions [17]. Adsorption attenuates the concen-
tration and mobility of oxyanions in the GW matrix, but dissolution enhances the
concentration and mobility, while leaching influences its distribution along the fluid
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pathway. In the same manner, precipitation restores GW quantity and quality in
aquifers, while evaporation concentrates the oxyanions. The presence of natural gas
(methane) in aquifers can also improve GW quality, due to the anaerobic microbial
demeaning of methane [18]. The synergic contribution of these factors results in an
alarming concentration of oxyanions in GW. For instance, a high level of oxyan-
ions, majorly arsenite, chromate, and nitrate, were confirmed in locations devoid of
industrial activities [19], a strong indication of natural contamination. Anthropogenic
activities (e.g., mining, exploration, agricultural practices, poor waste management,
and sanitation) are secondary sources of oxyanions in GW [20]. Upon release from
the source, oxyanionsmove through surfacewater and are eventuallymixedwithGW
[21]. Oxyanions may also sink directly into GW or adsorb onto a selective surface or
compete with similar oxyanions or ions for transport sites. When reaction conditions
favor the latter, geological materials/minerals (volcanic glass, sediments, and rocks)
dictate oxyanions bio-availability.

3.2 Prevalence of Oxyanions in GW System

Oxyanions are present in GW as one of the determinants of the intrinsic proper-
ties (e.g., the values of conductivity and salinity) and the possible end-use. At low
concentrations, they are present as an essential dietary requirement, while at elevated
concentrations, they are contaminants. Oxyanions in GW exhibit different properties

Fig. 3.1 Regional distribution of oxyanions (Source Scopus)
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that range from serious health implications (e.g., arsenic) to severe environmental
threats (e.g., phosphate) and in some cases, both negative ecological and health
impacts (e.g., nitrate). The prevalence of oxyanions (Fig. 3.1) in GW stemmed from
two broad sources, which are natural and anthropogenic.

3.2.1 Natural Occurrence

Oxyanions are transported from the environment into the GW system; thus, raw GW
is repletewith different oxyanion species.Arsenic oxyanions (H3AsO3 andH3AsO4),
dominated by arsenite (HAsO2−

3 ) and arsenate (H2AsO
−
4 ), are primary examples. In

natural water systems, arsenic (Eqs. 3.1–3.3) and chromium (Eqs. 3.4–3.9) redox
reactions are induced by magnesium, iron, sulfite, and reactive-radical species [22,
23].

MnO2 + H3AsO3 → 2MnOOH∗ + H3AsO4 (3.1)

MnOOH∗ + H3AsO4 + 4H+ → 2Mn2+ + H3AsO4 + 3H2O (3.2)

2Mn − OH + H3AsO4 → (MnO2)AsOOH + 2H2O (3.3)

3Mn(III) + Cr(III) → 3Mn(II) + Cr(VI) (3.4)

3Mn(IV) + 2Cr(III) → 3Mn(II) + Cr(VI) (3.5)

3·OH + Cr(III) → 3OH− + Cr(VI) (3.6)

3As(III) + 2Cr(VI) → 3As(V) + 2Cr(III) (3.7)

3Fe2+ + Cr6+ ↔ 3Fe3+ + Cr3+ (3.8)

4HSO−
3 + 2Cr(VI) + 6H+ → 2Cr(III) + 2SO2−

4 (3.9)

The role of GWflooding in elevating the levels of oxyanions in theGWsystem has
been established [24]. It has also been posited that GW systems with an initial low
concentration of arsenic soon experience a concentration surge because of natural
weathering and leaching from arsenic-rich aquifer minerals [25, 26].

Volcanic glass, rock, and sediment have been identified as the primary natural
sources of arsenic in GW. For instance, arsenopyrite and pyrite are the sources of
arsenic oxyanion contamination in the GW of Bolgatanga area of Ghana [27]. In
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Peninsula Valdes, Argentina, volcanic shards and iron oxides are the major arsenic-
rich geo-materials [28]. During the interaction of GW with geological materials,
especially in the presence of NaHCO3, at pH value >6.5, arsenic is released into
the GW as oxyanions (i.e., arsenite and arsenate) [19]. In dry climate, loess-type
aquifer pyroclastic sediment serves as the source of arsenic in GW. This enrichment
is ascribed to the leaching of the volcanic glass that is enhanced at high pH value (9.2)
and elevated bicarbonate (HCO3) level [29]. In a supporting study, Mukherjee et al.,
(2019) presented more insight into the origin and pathway of aquifer contamination
by arsenic oxyanions [30]. Arsenic is contained in the hot metasomatic fluid, and
during deep crustal processes, the bulk phase arsenic migrates to the surface. The
surgical migration of arsenic is accompanied by extrusion or spread of particulates
containing arsenic, and the subsequent leaching into the aquifer. This occurrence is
mostly associated with the deep underground system [30].

Similarly, geogenic processes have been ascribed to the distribution of chromium
oxyanions in the GW system around North Carolina, USA. The concentration of
Cr(VI) anions was associated with the rock lithology, weathering [31], and leaching
of rock-bearing chromium [32]. The elevated concentrations of chromium oxyanions
detected in different wells in California, USA, were attributed to silicate weathering,
which significantly shifted the pH value toward alkalinity, enhanced leaching from
rock, and creating an oxic conditions [33]. Leaching of volcanic glass has been
ascribed to an elevated concentration of seleniumoxyanion inGWsystem of Poitiers,
France. In a batch leaching test, at pH < 2.0, a reduced form of Se (IV) anion was
dissolved from apatite and argillaceous minerals. Between pH value of 2.0 and 7.5,
Se (VI) oxyanion (selanate) was dominant, while above pH 7.5, Se(IV) oxyanion
(selenite) predominated. Generally, leaching was most favorable at pH 11.0 [34].

The ingestion of elevated levels of vanadium oxyanions causes cancer growth
and neurological disorder. In shallow GW, the inorganic oxides of iron, aluminum,
lead, copper, uranium, and thorium, and other rare earth metals, bearing vanadium
and dissolved organic carbon colloidal pool are the main factors contributing to the
distribution of vanadium oxyanions [35]. In two separate locations around the USA,
Nevada, and Texas, geological mafic phenocrysts were identified as the source of
vanadium oxyanions in GW. The oxygen-rich alkaline GW (pH > 7.8) in Nevada
favors the dissolution of vanadium as H2VO

−
4 and HVO2−

4 from the aquifer rocks.
The concentration of vanadium oxyanions in Texas GW decreased due to the forma-
tion of insoluble mineral species. In California, vanadium contamination in GW
was attributed to the release from the mafic and andesitic rock under favorable
geochemical conditions [36].

Molybdenum, though an essential trace element in dietary, can cause diarrhea
at elevated concentration. In northern Jordan, molybdenum was leached (up to
1.44 mg/L) from oil–shale rock samples [37]. Studies have shown that the natural
occurrence of molybdenum oxyanion in British GW was below 2 µg/L [38]. In
Chile, up to 475 µg/L was detected at ore deposit in the Atacama Desert [39] and
perchlorate was also in abundant in the same deposit [40].

Aquifers provide a perfect ecosystem for slow-growing bacterial, for example,
anaerobic ammonium oxidizing bacterial. This is because of the high residence time,
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slow rate of water mixing, and low organic carbon [41]. These anaerobic ammonium
oxidizing bacteria contribute to the occurrence of nitrate in GW. Nitrate is mainly
known to cause methameglobinaemia and carcinogenic nitrosoamine. In Japan, the
variations in the concentrations of oxyanions of molybdenum, vanadium, and tung-
sten were ascribed to the high microbial activities. The microbial activities dominate
at the operating pH value, which eventually increased the solubility of vanadium, as
HVO2−

4 . The concentration of vanadium oxyanions in the shallow section of the GW
was 1.6–3.7 times higher than the deep part [42].

3.2.2 Human Activities

Oftentimes, anthropogenic activity‘s footprints are more disturbing than natural
contribution to the oxyanions contamination of GW [43]. Many aquifers have been
overexploited above 3.5 times, and an estimated 1.7 billion people live in a location
where GW is currently under threat [44]. In a study conducted by Wilkin et al. [45],
theminimumvalue of arsenic concentration detected in abandoned smelting facilities
was 2mg/L [45] (Table 1). Considering that the permissible level published byWHO
was 0.01 mg/L, concentration that exceeded 122 mg/L was detected in the GW at the
abandoned smelting factories. GWmining, such as well installation, can also disturb
the equilibrium state of minerals in the aquifers and the subsequent distribution of
oxyanions in the GW matrix. It has been reported that the concentrations of arsenic
oxyanions in recently installed wells increased over one year by at least 16% [46].
The mining process, during well installation, leads to the release of arsenic from the
weathering of arsenic—rich rocks.

High concentration of chloride in GW (205–3310mg/L) is an indication of human
activities. Chloride enters into groundwater due to mineral reserves; seawater inter-
ference; airborne sea spray; agricultural waste; industrial and urban wastewater [47].
Due to inadequacies in the disposal of solid waste from chromate factory in Leon
Valley,Mexico, high concentrations of chloride (up to 2000mg/L) and chromitewere
detected in the GW [48]. In Southern India, due to the improper disposal of tannery
effluent in the open channels, chromium oxyanion with an average concentration of
0.04 mg/L was detected in the GW [49].

In a survey, the prevalence of molybdenum in British GW, above 2 µg/L, signi-
fied urban and industrial pollution of the system [38]. The GW was characterized
as CaHCO3, NaHCO3

− and Na2SO4, with a mildly reducing condition, containing
Fe and Mn minerals. The conditions of the GW did not contribute to the release of
the total molybdenum oxyanions. Water–oil–shale interaction induces the leaching
of molybdenum into the GW systems and agricultural waste also adds a significant
percentage of molybdenum into the GW system. Similarly, due to mining, over-
exploitation, and industrialization, elevated levels of molybdenum oxyanions have
been reported in the Mongolia, Russia, [50] and Qatar (103 µg/L) GW system.

Although perchlorate
(
ClO−

4

)
occurs naturally in GW system, it is however

confined to arid and semi-arid environments. At present, anthropogenic activities
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Table 1 The minimum and maximum concentration of some reported oxyanions around the world

Oxyanions Conc Min Conc Max (mg/L) Location Reference

Cr(VI) 0.012 22.9 North Carolina, USA [1]

Strontium 0.25 3426 North Carolina, USA [1]

Arsenic 0.11 0.46 Quebec, Canada [2]

Perchlorate - 800 Israel [3]

Selenium 0.5 4.07 Colorado, USA [4]

Arsenic 0.01 0.40 Peninsula Valdes,
Argentina

[5]

Arsenic 0.001 0.141 Bolgatanga, Ghana [6]

Selenium Molybdenum
Arsenic

0.8
0.457
0.278

Atacama Desert,
Chile

[7]

Arsenic 0.0114 1.66 Tucuman, Argentina [8]

Arsenic 0.0006 0.19 Main Ethiopian Rift,
Ethiopian

[9]

Arsenic 0.0013 0.11 Bihar, India [10]

Arsenic 0.0602 0.13 Pampean, Argentina [11]

Chromium 0.00 0.0032 California, USA [12]

Chlorite ClO3- 0.01 38.0 Ferrara Province,
Italy

[13]

Arsenic 2.0 112.0 USA [14]

Selenium 0.005 7.94 USA [14]

Arsenic 0.0001 2.09 Sindh and Punjab,
Pakistan

[15]

Molybdenum DL 0.10 Northern region,
Qatar

[16]

Arsenic 0.01 4.87 Yuncheng Basin,
China

[17]

Vanadium 0.003 0.07 California, USA [18]

Molybdenum 0.0001 0.12 Skagafjordur, Iceland [19]

Nitrate 0.1 96.0 Yemen [20]

Arsenic 0.002 0.029 Arizona, USA [21]

Arsenic 0.0008 0.0086 South East India,
India

[22]

Tungsten 0.00027 0.74 Nevada, USA [23]

Arsenic
Vanadium
Chromium

0.011
0.037
0.129

1.66
0.30
0.25

Nevada, USA [24]

Molybdenum 0.07 1.44 Northern Jordan,
Jordan

[25]

(continued)
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Table 1 (continued)

Oxyanions Conc Min Conc Max (mg/L) Location Reference

Arsenic 0.00053 0.45 Hetao Basin,
Mongolia

[26]

Arsenic 0.01 0.05 Nepal [27]

Perchlorate - 800.0 Israel [28]

Arsenic 0.001 0.0048 South Korea [27]

contribute to the current significant presence in the GW. Exposure to perchlorate
results in birth defects, impaired mental state, diabetes, and thyroid tumors [40].
Perchlorate can compete with the uptake of iodine in the tissue, due to the similarities
in the charge and ionic radius of the two chemical species [51]. Perchlorate occur-
rence in GW around California and Nevada was attributed to industrial discharge
[52].

3.3 The Dynamics of Oxyanions in GW System

The complex mode of oxyanion distribution in GW system could be attributed to
the diversity of the constituent ionic species in the system. Although both dissolved
and undissolvedminerals participate in the de/stabilization, solubilization, and distri-
bution of oxyanions within the GW system, pathogen also plays a significant role.
Many oxyanions co-exist and interact in the GW systems with other major andminor
ionic species. The tendency of oxyanions to act as ligands in the formation of stable
geological mineral complex in the GW is directly related to the abundance of these
oxyanions in the aqueous phase. The oxyanions in the GW system influence the
system pH value, available dissolved oxygen, and electrical conductivity. They also
contribute, significantly, to the total carbon, nitrogen, and phosphorous content, thus,
imparting color, taste, and overall water acceptability. Therefore, the dynamics of
oxyanions in GW are controlled, most importantly, by the biological, physical, and
chemical parameters of the aqueous system.

3.3.1 Physical Factors

The physical factors that dictate the dynamics of oxyanions in GW system; include
residence time, over-withdrawal/recharge, and flow pathway. These parameters are
associated with GW depth, mining, recharge, and water–rock interaction (mixing)
[53]. For instance, elevated carbonate content signals–water interaction with calcite
and dolomite. Low concentrations of major ions (e.g., Na+, K+, Mg2+, Ca2+, Cl−,
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SO2−
4 ) and total dissolved solids are associated with water flow path in least miner-

alized zone and HCO3
− GW type. In contrast, GW containing high concentration

of major ions and total dissolved solids flowed through over-saturated mineralized
Ca–SO4 water [54]. Saline GW is distinguished by its high Cl−, Na+, SO2−

4 , Ca2+,
and Sr2+ content [55], which is a product of the mixing of GW with seawater [56].
The flow of GW influences the availability of oxygen in it and dictates the oxic zone
of the GW system. The volume of oxic condition in GW is lower for a steady stream
flow, relative to the unsteady flow [57].

The impact of mining and recharge is mostly visible in a long-term study. In the
fifteen (15) years of a systematic survey, the concentrations of arsenic and selenium
oxyanions reduced over time. Themobile oxyanions were sorbed onto GWminerals,
resulting in diminishing oxyanions concentration over the period; since with no
fresh contamination occurred. The initial level of arsenic and selenium oxyanions
consistently diminished during the 15 years study period [45]. Concerning the GW
recharge source and estimated residence time, GW could take over four decades to
recharge [58]. Thus, the continuous pumping (usage) ofGWhas potentially increased
the threat posed by arsenic oxyanions in the San Joaquin Valley of California GW.
The concentration of arsenic detected is proportional to the rate of mining [59].

The mining of GW involves drilling through the earth’s crust—soil, sediment,
and rock degradation and disintegration occur. Thus, GW may be encountered at
different earth crust layers. Therefore, at a different depth, GW is exposed to specific
rock-type and water conditions. Thus, different GW depths may favor the adsorption
or desorption of oxyanion from rock-sediment-bearing oxyanions. This an indication
that the distribution of oxyanions inGW is also depth-related. The high concentration
of oxyanions in shallow GW is associated with a high rate of evaporation, due to the
immediate impact of temperature at GW surface. In deep waters, the elevated level
of oxyanions is related to the dissolution of volcanic glass [60].

Similarly, in shallowGW, oxyanions contaminationmay be related to the residuals
from anthropogenic activities. For example, the concentration of arsenic oxyanions
in GW in the West Bengal, India, was highest at a superficial level. The frequency
reduced with depth, due to carbonate mineral dissolution [61]. In the Bengal commu-
nity, shallow GW has been decommissioned for other GW wells of greater depth
(>150 m) due to arsenic contamination. This is because, the deeper GW conformed
with theWHOguideline for the concentration of arsenic inGW[62]. The immobiliza-
tion of arsenic by the GW sediment is responsible for the low level of arsenic-bound
oxyanions in some deep well. It is suggested that the abstraction of GW, due to
increasing water demand, can also reverse the situation. In any case, GWmining can
cause arsenic oxyanions to migrate to more bottomless wells [63].

A contrasting trend has been reported which showed that the concentration of
arsenic oxyanions increased with increasing GW depth [64]. This is an indication
that the leaching of underground rock contributes to the level of arsenic concentration
in GW. At shallow GW, arsenic oxyanions are unavailable due to the oxidation
of arsenite to arsenate, and subsequent precipitation as ferric arsenate or sorption
onto ferric hydroxide. Beneath 70 m and at pH > 6.0, the oxidation of arsenic-
sulfide minerals is favored and sorption onto ferric hydroxide becomes unfavorable.
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The local GW temperature is also a defining factor that influences the mobility and
solubility of GW bound oxyanions. In the arid region, the local temperature of GW
is as high as 40 °C which leads to evaporation and subsequent concentration of
the oxyanions. For example, the concentration of molybdenum oxyanions increased
linearly with increasing GW temperature (>30 °C), due to enhanced dissolution of
plagioclase, pyroxene, and augite minerals [65], while in Nevada, tungsten oxyanion
in GW was ascribed to the evaporation process [66].

3.3.2 Chemical Perturbation

The hydrochemistry of GW is a critical factor that controls the prevalence, specia-
tion, and distribution of oxyanion-forming elements. Some of the factors related to
chemical perturbation that influences the dynamics of oxyanions in GW systems are
discussed below.

3.3.2.1 Bonding

The investigation of the dynamics of GW bound oxyanions has been studied exten-
sively, but knowledge on the influence of the oxyanion-geological mineral bonding
strength on the mobility of oxyanions is often overlooked. Meanwhile, the distribu-
tion of oxyanions in GW depends on the ease of release from the harboring minerals
[61]. Typically, oxyanions bonded to geological minerals via weak forces are prone
to leaching at the slightest change in hydrochemistry. Thus, the distribution of such
oxyanions occurs via horizontal or vertical transportation. For example, the bonding
of molybdenum with oxygen requires little heat of fusion and fission [37]. Thus,
Mo-oxyanions are easily released from the minerals [67] into the GW at the slightest
pH change. The weak bonded sulfide-bearing arsenic minerals were responsible
for the high concentration of arsenic oxyanions detected in Quebec (Canada) GW
[68]. Arsenic-bearing minerals (i.e., arsenopyrite and gersdorffite) are susceptible
to oxidative reaction, followed by the adsorption of the resulting sulfide-containing
arsenic onto Fe–Mn oxyhydroxides and claymaterials. The soluble arsenic oxyanion
is transported through the fractured geomaterial, and the final distribution of arsenic
oxyanions in the GW is achieved via the reduction of Fe–Mn oxyhydroxides [68].
In another study that explored opposite banks (i.e., freshwater), the concentration
of arsenic oxyanions was low and high in the west and east, respectively [69]. The
sources of arsenic oxyanions in the GW system were ascribed to the silicate weath-
ering in thewest and carbonate dissolution in the east. Carbonateminerals are suscep-
tible to a slight change in aqueous anionic character. The east bank displayed a more
anoxic behavior, with elevated Cl−, SO2−

4 , and NO−
3 , which possibly suppressed

the bonding of arsenic onto the mineral rocks, thereby ensuring the mobility of the
arsenic oxyanions in the GW. The stable complex formation between EDTA-acetic
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acid and arsenic was employed for the preservation of dominant arsenic speciation
in GW samples [70] while tungstate adsorbed strongly to hematite [71].

Common ionic species in the GW system may also contribute to the mobilization
and the enrichment of arsenic oxyanions, due to the bond formation tendencies.
In Yuncheng Basin, China, elevated concentration of arsenic oxyanions (mainly,
HAsO2−

4 ) in shallow and deep GW correlated strongly with Na-rich and Ca-poor
GW system, especially at a high Na/Ca ratio and a pH (>7.8), which is an indication
of desorption from arsenic-bearing hydrous metal oxides and cation exchange [25].
Even though trivalent Al and Ga failed to form a ternary complex with arsenic and
selenium oxyanions in the presence of humic acid, trivalent Cr and Fe formed stable
ternary complexes [72].

3.3.2.2 Geochemical Process

Several geochemical processes that have been employed to predict the mode of
distribution of oxyanions in GW include oxidation/reduction [73, 74], competitive
adsorption/desorption [75], infiltration [76], and biogeochemical processes [77]. The
redox condition in GW is dictated by the interaction between an electron donor
(organic carbon) and electron acceptors (O2, NO3

−, SO4
2−, and CO2) [78]. It can

be used to understand water quality and predict microbial activities [79]. In redox
influenced GW system, the dominant oxyanions respond to the slightest change
in the GW redox potential. For instance, in an abandoned lead and zinc smelting
factory, redox potentialwas themain factor controlling the distribution and speciation
of arsenic and selenium oxyanions in the GW [45]. In a hand dug well, arsenic
prevailed as arsenite at the slightly reducing condition (i.e., 75 < Eh < 275 mV), pH
6.1–7.9, and low Ca/Na ratio [45]. Under this condition, the solubilities of Fe and
Mn arsenic-bound minerals were high. At increased reducing potential (i.e., mild
oxidizing condition), in the range 300–490 mV, arsenate dominated and showed a
high adsorption rate toward geological minerals. Since the arsenate mobility was
restricted, the total concentration of arsenic oxyanions in the GW reduced over the
15 years, due to enhanced adsorption at the oxidizing condition.

The predominant oxyanion in Ethiopian Rift Valley GWwas arsenate with≈80%
prevalence [80]. The GW, characterized by positive redox potential, elevated total
dissolved solids, dissolved oxygen and HCO−

3 , near neutral-alkaline pH (>6.8),
exhibited poor mineral (Fe and Mn) solubility. These features suggested that the
GW is in oxidizing condition. In reducing condition, elevated concentration of Fe
andMn was detected in the aquifer and the concentration of ClO−

4 fluctuates through
the aquifer as ClO−

3 and ClO−
2 , due to its vulnerability to reducing agents, including

NO−
3 [81].
In view of the role of selenium, as a vital essential nutrient, USEPA allowed

50 µg/L [82] in drinking water. Above this concentration, it is most toxic, espe-
cially to the liver and lungs. Oxidizing medium is favorable for the distribution of
selenium oxyanions in the GW system. The dissolved oxygen and nitrate in GW
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are two important naturally occurring molecules that influence the oxidation of sele-
nium oxyanion process. Although selenium oxyanions are released from geological
minerals in Colorado, USA, high nitrate concentration was one of the major factors
that promoted their mobility in the aquifer. Selenium oxyanions were released as
Na2(SeO4)x(SO4)x and Mg(SeO4)x(SO4)x in the shale and alluvial materials, even
at low dissolved nitrate concentration in non-irrigated soil [83].

The redox chemistry of GWmay be classified as oxic and anoxic conditions. The
oxic condition is characterized by appreciable dissolved oxygen and low concen-
tration of Fe and Mn, while anoxic condition is distinguished by a minimal or no
dissolved oxygen and high Mn and Fe concentration. An establishment of equi-
librium between oxic/anoxic conditions is characterized by an elevated level of
dissolved oxygen and the presence of Fe and Mn [84]. Therefore, the domineering
oxyanion species differs in each water condition. For instance, in oxic states, arsenic
is present in GW as H3AsO4, H2AsO4

−, HAsO4
2−, and AsO4

3−, which are highly
pH dependent [85]. In anoxic GW system, below pH 9.2, arsenic oxyanions are
dominant as H3AsO3 [45]. In the environment, inorganic selenium exhibits four
oxidation states: selenide (Se(II)), selenium (Se(0)), selenite (Se(IV)), and selenate
(Se(VI)). Depending on the redox condition and pH, selenate (SeO4

2−) is dominant
at the oxic state in a broad pH range (acidic to alkaline). In oxic/anoxic conditions,
selenite (SeO3

2−) and biselenite (HSeO3
−) predominated, depending on the pH of

the medium [83].
The dynamics of deep GW were characterized in three hydrogeological condi-

tions, viz: recharge oxic, flow-moderate reducing zone, and flow-reducing region
[86]. In the oxic state, the adsorption of arsenic onto Fe mineral prevailed and the
concentration of arsenic oxyanions drastically reduced (<0.05mg/L). In the reducing
zone, the desorption of arsenic from Fe/Mn oxyhydroxides/oxides was dominant
(0.244mg/L), recharge, andmixing increased, and the concentration ofAs-oxyanions
was above 0.3 mg/L [86].

During competitive de/sorption, ionic charge plays a significant role. Due to the
complex ionic nature ofGW, ionic species are displaced and replaced by other species
that possess similar ionic radii and character. For example, dissolved natural organic
matters are negatively charged species, which are in continuous competition for sorp-
tion sites on aquifer minerals and may displace weakly bonded oxyanions, enhanced
complex formation, and ultimately influence redox chemistry [87].

Pyrite, a significant deposit of arsenic around the globe, is among the geolog-
ical materials that contribute to arsenic oxyanion contamination in GW systems. The
release of arsenic from aquifer rock (arsenian pyrite) has been reported to be strongly
related to bicarbonate ion concentration. Bicarbonate ion (HCO3

−) could displace
sulfur fromAsS3 to formstable arsenic carbonateAs(CO3)+/As(CO3)2− [88].Oxyan-
ions that share similar chemistry can co-exist or exhibit absolute domination in GW.
Chromium oxyanions co-occurred with vanadium, selenium, and uranium oxyan-
ions and GW rich in nitrate also co-select chromate [33]. Sulfate is a significant
interference for the adsorption of inorganic As(V) oxyanion onto GWminerals [85].

Due to chemisorption and desorption, the concentration of vanadium in Texas
and Nevada GW varies. In oxic and alkaline conditions (pH > 7.8), GW in Nevada
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favors the dissolution of vanadium as H2VO4
− and HVO4

2− from the aquifer rocks.
Thus, the concentration of vanadium oxyanions increased along theGWflow path. In
contrast, the level of vanadium oxyanions in Texas GW decreased along the distribu-
tion channels, due to the Fe(III) and SO4

2− reduction zones. The oxidized V(V) and
V(IV) species are adsorbed onto the Fe(III) and Mn(IV) minerals and the dissolved
organic matter (DOM) in the sediments [89]. The prevalence and solubility of vana-
diumoxyanions in San JoaquinValley of CaliforniaGWwere redox-dependent. In an
oxic condition, vanadium existed as H2VO4

− and the concentration increased with
increasing pH, suggesting increasing solubility as a result of adsorption/desorption
reaction. In a sub-oxic condition, vanadium predominated as oxo-cation (V(OH)3+),
thus, the concentration of oxyanions reduced with increasing pH value. In anoxic
GW, vanadium hydroxide (V(OH)3) is dominated, due to precipitation of V3+ or as
Fe3+ mineral [90].

The ionic charge on the oxyanions enhances their mobility and bond-forming
tendencies. For example, oxyanions interact with the natural organic matter, by
bridging cations (Fe3+), to forma complex compound. The stability of such a complex
is a function of pH, which is used to predict its mobility and speciation [91]. Simi-
larly, tungsten and molybdenum form stable neutral Ca-complexes in alkaline pH
and oxyanions in acidic pH region [92]. Thus, in the alkaline medium, the toxicity
of molybdenum is minimal.

3.3.3 Biological Activities

In addition to the physicochemical characteristics of GW, lower food-chain micro-
organism played a significant role in the bio-availability of major and minor ions.
The contribution of micro-organism in the balance of GW nutrients and oxyanions
is essential for food cycle. It helps in the transformation of organic and inorganic
compounds [93]. For example, Stygofauna is capable of degrading natural organic
matter and improving GW purity [94] and strain of pseudomonas spp., could reduce
selenate to selenite in the aqueous system [95].

Leakage from leachate and flooding can cause microbial enrichment of the
aquifers [96, 97], resulting inmicrobial-inducedGWcondition andpathogenic imbal-
ance. Characterization results ofmicrobial communities inGWsystem showed that it
is depth-dependent. In the near-surfaceGW (1–2 cm),Bradyrhizobiaceae andComa-
monadaceae were prevalent, while deeper wells were characterized by Rhodocy-
claceae [98]. Microbial-induced reductive dissolution of the sedimentary iron-
oxyhydroxides mineral was identified as the source of high concentration (>10µg/L)
of As-oxyanions in anoxic GW [99]. Further studies showed that the initial stage of
the release of arsenite involves the reduction of arsenate by iron-reducing bacteria,
and subsequent reduction by ammonia-producing bacteria [100]. Bio-elements asso-
ciatedwith oxyanion-forming elements aremostly affected bymicro-organism, since
they assimilate oxyanions in the form of an essential nutrient. The reduction in the
concentration of oxyanion-forming vanadium toward GW surface was attributed to
microbial action [50].
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3.4 Management Strategies

The management strategies that have been employed for the treatment of oxyanion
contaminated GW systems are diverse and often specific to oxyanion genre. For
example, Fe(II)-bound minerals (e.g., chlorite and biotite) are natural reductant for
Cr(VI) to Cr(III) in GW [101]. Micro-organism renders potentially toxic oxyanion
harmless by switching its oxidation state or enhancing the rate of mobilization on
potential substrate [102]. Nanotechnology can recover bulk GW bound oxyanions
onto movable substrate or limit the mobility through healthy bond formation or
exchange [103]. The discussion in this section shall focus more on bulk removal and
redox reaction as a tool for the management of oxonions in GW.

3.4.1 Adsorption

Adsorption-based approaches have been extensively explored for the treatment of
GW pollution. As a cheap, sustainable, and non-toxic material, the potential appli-
cation of clay as adsorbent for oxyanion removal from GW systems has been inves-
tigated [104]. The physicochemical characteristics of clays (e.g., sizeable specific
surface area and point of ion exchange) enabled them for application in this regard,
without prior modification. For example, an anionic clay, layered double hydroxide
(LDH), known as hydrotalcite, [Mg2Al(OH)6]2CO3.H2O has been used for the atten-
uation of oxyanions in GW samples. The LDH possesses exchangeable CO2−

3 anions
within its matrix and a net positively charged surface as a result of the substitution
of Al3+ for Mg2+. Therefore, oxyanions in the GW matrix can displace CO2−

3 in the
hydrotalcite lattice. Bare hydrotalcite was used as an adsorbent for the treatment
of chromium oxyanion simulated water. The hydrotalcite adsorbent showed poor
removal efficiency (<50%) for chromium VI oxyanion at the GW pH value [105].

In order to enhance the uptake and selectivity of oxyanions from GW, clay mate-
rials are usuallymodified.Modification can be physical or chemical, or a combination
of both processes. Calcination is a simple and effective method to cause both phys-
ical and chemical disorder within clay material. While physical modification causes
surface re-orientation, chemical modification incorporates a guest species into the
framework of the adsorbent matrix. For example, the fabrication of hydrocalumite
[106] and calcium/iron oxide [107], using a gastropod shell as a precursor produced a
highly reactive adsorbent for phosphate removal fromwater.When the exchangeable
anions in a synthesized LDH were exchanged with NO3 and glycine; it was used for
the removal of rapheme, arsenate, and chromate fromaqueous solution [108]. Though
glycine-LDH displayed larger pore volume, average pore size, and surface area than
NO3-LDH; however, at the GW pH, both adsorbent exhibited similar removal effi-
ciency. Chloride (Cl−) containing LDH was more effective in the removal borate
B(OH)−4 from aqueous solution than carbonate-LDH [109]. The adsorption capacity
of carbonate-LDH and chloride LDH was 10–14 mg/g and <2 mg/g, respectively.
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This is because carbonate showed a diminished anionic exchange capacity due to its
high affinity toward positively charged molecules.

The tendency of oxyanions and aquifer (rock-sediment) minerals to interact has
unlocked another potential class of appropriate adsorbent for the removal of oxyan-
ions from GW matrix. Iron minerals (hematite, goethite, magnetite, and zero-valent
iron) are abundant and eco-friendly adsorbent that have been studied for oxyanion
removal from aqueous solution. The removal efficiency of goethite, magnetite, and
zero-valent iron minerals for arsenate was <20%. The removal efficiency of hematite
(Fe2O3) displayed 50% removal efficiency [110]. Iron modified peat showed <40%
for the recovery of vanadium [111] from simulated GW. Poor adsorption efficiency
of many adsorbent has been attributed to competitive adsorption. GW is rich in ions,
so during the adsorption process, these ionic species compete with the oxyanions for
the adsorbate surface. Phosphate was the primary competing anion, causing a 70%
reduction in the removal of arsenic (V), using silica/iron oxide (SiO2/Fe3O4) func-
tionalized adsorbent [112]. Adjusting the operational pH value to neutral, reduced
the silica, carbonate, and phosphate interferences [113]. Carbonate is also impeded
the adsorption of arsenite and arsenate onto hematite [114]. Increasing the iron
loading on silica/iron oxide composite enhanced the removal of arsenic oxyan-
ions containing water at GW pH [115]. The adsorption capacity increased from
approximately 70 mg/g to 300 mg/g, at 1 g and 5 g iron content, respectively.

Pure and modified biochar (blended with different metals) has also been receiving
increasing attention as sustainable adsorbents for oxyanion removal from GW [116,
117]. Modifications improved were found to improve biochar microporosity and
macroporosity, which was evident in its increased adsorption efficiency. Mg(OH)2-
biochar and AlCl3-biochar showed high adsorption capacity toward phosphate
(250mg/g) and arsenate (14mg/g), respectively. Snail shell, a sustainable agricultural
waste, was used for the fabrication of nanosized calcium oxide for the removal of
chromate from aqueous solution. Both snail shells [118] and the nanosized calcium
oxide showed high adsorption capacity (125 mg/g) for the removal of chromate in a
broad pH range [119].

Though several kinetic and isotherm equations have been used to model and
interpret the process of oxyanion adsorption from aqueous solution. However, the
use of requisite analytical instrumentation has been suggested to provide a more
valid reaction pathway. During the immobilization of an oxyanion on an adsorbent,
the mechanism of the reaction has been shown to be by a combination of several
processes, typically, surface adsorption, ion exchange, and precipitation. In a column
experiment, for the removal of chromate from stimulated groundwater using acid-
washed zero-valent iron [116]. The X-ray photoelectron spectroscopy (XPS) spectra
showed that the removal of chromate occurred via reductive precipitation of chromate
as chromite on acid-washed zero-valent iron. Fourier transformed infrared (FTIR)
and XPS analysis were used to describe the complete removal of chromate onto
polyaniline-ethyl cellulose adsorbent [117]. The FTIR adsorption peak of chromate
laden-polyaniline-ethyl cellulose adsorbent at 3520 cm−1 (–NH) decreased, and the
intensity of the peaks at 1580 and 1482 cm−1, reduced with increasing chromate
concentration. The XPS analysis showed that chromate was present in a reduced
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form (i.e., chromite) on the surface of the adsorbent at pH 3. The reduction was
ascribed to the presence of amine functional group on the surface of the adsorbent.

Surface adsorption is driven by columbic attraction between oppositely charged
species. The removal of chromate usingCO3-LDHwas influenced by the electrostatic
force of attraction between negatively charged chromate and borate and the abundant
cationic species (Mg2+ and Al3+) and the exchange of CO2−

3 with the oxyanions [120,
121] (Eq. 3.10).

Mg6Al2CO3(OH)164H2O + Cr2O
2−
7 → Mg6Al2(Cr2O7)

2−(OH)164H2O (3.10)

Oxyanions can also be treated as guest anions in the adsorbent lattice, which
is peculiar to adsorbent with replaceable anion, and the intercalated oxyanions can
be desorbed using an appropriate solvent. Chromate, arsenate, and rapheme in GW
systems were guest anions during allophane synthesis [122]. ZrO2 microsphere was
effective in the removal of SeO2−

3 and TeO2−
3 from aqueous system via ion exchange

to form monodentate or bidentate surface chelates [123]. This was confirmed by the
enhanced FTIR peaks, which is a representation of Se(IV)–O and Te(IV)–O bond.

The uptake of adsorbate on an adsorbent can proceed via both physical and chem-
ical interaction in a synergistic manner. In the removal of selenite and rapheme from
simulated GW, using polymeric engineered material [124], the reaction proceeded
by a combination of ligand exchange, between surface hydroxyl group on the poly-
meric material and selenium oxyanions, and columbic interaction, between posi-
tively charged amine on the polymeric material and negatively charged selenium
oxyanions. During deprotonation, at alkaline pH range, electrostatic force becomes
redundant and the adsorption capacity is lowered. The electrostatic force of attraction
was suspected to be the mechanism when Fe3O4-chitosan composite was employed
for the removal of phosphate from aqueous solution [125]. The removal of phosphate
was pH dependent and at pH above 4.0, and the adsorption process was adversely
impacted. Competing ions (especially anions) and ionic strength greatly undermined
the adsorption process, when it was governed by the electrostatic force of attraction.
This is due to competition for active sites on the adsorbent, while ionic strength
can impede ionic activities, thus, reducing electrostatic interaction and adsorbent
aggregation is induced.

Chitosan and polyethyleneimine were fused with rapheme oxide for the removal
of selenium (IV). The composite was rich in –OH and –COOH functionality and
the removal efficiency for selenite was pH dependent. The efficiency reduced from
pH 3 to pH 8, from approximately 83 to 18% [126]. As shown in Eq. 3.11, selenite
was predominant as HSeO−

3 at the operational pH range. At the operational pH
range, the surface functional groups (i.e., –OH and –COOH) of the composite got
protonated, thereby enhancing the electrostatic force of attraction between adsorbent
and adsorbate. The zeta potential analysis of the adsorbent at pH 3–8 showed that
the composite displays positive charge surface density.

H2SeO3 → H+ + HSeO−
3 , pKa = 2.46 (3.11)
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The uptake of phosphate on zinc-aluminum-zirconium (ZnAlZr) ternary LDH,
occurred through outer-sphere complexation, which resulted in the formation of
stable crystalline hopeite minerals Zn3(PO4)3.4H2O. The atomic ratio of the LDH
was the primary factor that influenced the precipitation of phosphate onto the
LDH. The decrease in the atomic ratio of the LDH constituent enhanced surface
precipitation [127]. Similarly, the uptake of phosphate using CaO synthesized from
gastropod shell formed a mixed stable complexes of Ca3PO4, Ca5(PO4)3OH, and
Ca2P2O7.2H2O [120] (Eq. 3.12).

2Ca2+(aq) + 3PO3−
4 + OH−

(aq) ↔ Ca5(PO4)3OH(s) (3.12)

3.4.2 Coagulation

Coagulation is a cost-efficient water management process that has been extensively
explored in the treatment of oxyanion contaminated GW. Fe2(SO4)3 and FeCl3 were
investigated as coagulants for the treatment of molybdate contaminated water [121].
Within the pH value range of 4 and 5, Fe2(SO4)3 was more effective than FeCl3,
due to the low agglomeration of Fe flocs. The anionic portion (SO2−

4 ) on Fe2(SO4)3
possesses higher charge to compress the electric double layers and neutralize the
opposite charge. Similarly, the bi-ionic charge possesses a more attractive force
toward negatively charged molybdate. Thus, the iron flocs formed faster and became
more stable than FeCl3. However, at pH value between 6 and 9, both coagulants
showed similar removal efficiency. The presence of commonGW ions influenced the
process, thus, increasing concentrations of calcium, silicate, phosphate, and humic
acid compete with the molybdate oxyanion. On the other hand, increasing ntimoni
ion concentration from 1 to 5 mM at pH 4 enhanced the coagulation process.

The coagulation performance of FeCl3, AlCl3, and polyaluminum chloride (PACl)
was compared for the removal of ntimoni and selenite in aqueous solution [128]. At
a coagulant dosage of 0.2 and 1.2 mmol/L, the removal efficiency of selenite and
ntimoni by FeCl3 was approximately 90% and 98%, and 30% and 98%, respectively.
Both ntimonit-based coagulants showed poor removal efficiency. The maximum
removal of 78 and 40% was achieved with PACl, at coagulant dosage of 1.2 mmol/L
for selenite and ntimoni. The removal efficiency of AlCl3 was generally poor (<45%
removal). Competing anions that formed inner-sphere (o-plane) surface complexes,
which are barely affected by the change in ionic strength, played a major role in the
coagulation process, because they bind strongly with metal hydroxides. Even though
phosphate is firmly bonded to metal hydroxide (active sites), ntimoni formed weak
bonds with reactive sites [129].

Unlike ntimonite, antimonite was preferably removed by FeCl3 coagulant, at low
dosage, wide pH range, and in the presence of phosphate and humic acids [130].
Similarly, arsenic responded differently to FeCl3 coagulation treatment. Increasing
coagulant dose enhanced the removal of arsenite, whereas the removal of arsenate
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depended on the solution pH and zeta potential [131]. The removal of arsenate using
Fe(III)-(oxyhydr)oxides as a coagulant, in a complex mixture of silicate, phosphate,
natural organicmatter, and calcium showed that phosphate and silicate reduced coag-
ulation efficiency by competitively adsorbing onto Fe(III)-precipitates. Whereas,
natural organic matter impeded coagulation efficiency is due to the formation of
highly mobile and non-floc forming Fe(III)-natural organic matter complex [132].

In the remediation of GWarsenic, arsenite, amore toxic inorganic form of arsenic,
is oxidized to arsenate, which is less toxic, prior to coagulation with an in situ gener-
ated coagulant species. Ferrate (FeO4

2−) has been described as the right candidate
for oxyanion removal from aqueous solution due to its redox potentials, 2.20 and
0.72 V, in acidic and basic solutions, respectively. Fe(VI) is simultaneously reduced
to Fe(III) during the oxidation of arsenite to arsenate and the Fe(III) produced, in situ,
served as a coagulant for the removal of arsenate from solution [133].

The initial arsenic oxyanion concentration often dictates the optimum coagulant
dosage. At a high initial arsenic concentration, the use of high coagulant dosage
was detrimental to the removal of arsenate, using ntimonit ntimoni. At lower initial
concentration, a high coagulant dosage enhanced the removal efficiency [134]. The
use of coagulant aids was employed to enhance the coagulation process [135, 136].
In the presence of ntimonit ntimoni coagulant, the use of polyelectrolyte as coagulant
aid was more beneficial than the use of anionic or non-ionic coagulant aid [134].

In the coagulation-flocculation of oxyanions, using inorganic coagulants, three
reaction pathways have been highlighted, thus: (1) precipitation and formation
of insoluble-oxyanion containing compounds; (2) co-precipitation into growing
hydroxide; (3) adsorption of oxyanions onto the formed hydroxide flocs. The removal
of selenite from the aqueous phase via coagulation using Fe-based coagulant was
governed by precipitation at low concentration and adsorption onto metal hydroxide
flocs at higher levels [128]. The removal of ntimoni using ntimonit-based coagu-
lants followed a similar mechanism; adsorption on formed hydroxide flocs [137].
The removal efficiency was dependent on Al speciation, and in situ formed Al13 was
more effective in the removal of ntimoni than preformed Al13.

Similarly, the mechanism for the removal of arsenic oxyanion in the presence
of humic acids depends on arsenic speciation. The removal of arsenate followed its
adsorption onto preformed ferric oxides.However, the removal of arsenite is followed
precipitation and co-precipitation [131].

Ferric chloride was more effective than alum for the removal of antimony in
drinking water. The soluble species antimony was incorporated into the growing
hydroxide phase due to adsorption–inner-sphere surface complex model (13–14)
[130]. Precipitation and co-precipitation mechanism route was excluded because
initial antimony concentration and interfering ion affected the coagulation process,
and the result from the adsorption process was similar to the overall reaction. That
is, reaction via co-precipitation should be selective toward antimonite or ntimonite.

FeOH + Sb(OH)2 ↔ FeOSb(OH)2 + H2O (3.13)

FeOH + Sb(OH)−6 ↔ FeOSb(OH)−5 + H2O (3.14)
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3.4.3 Membrane Separation

Membrane filtration is one of the most practical and sustainable technology for water
managements, especially in communities, where end-users are responsible for water
treatment. Currently, straws and filters are available and encouraged by the WHO
for use. The design of membrane filter varies from organic to inorganic materials.
CuO nanoparticles were synthesized via co-precipitation for the removal of arsenic
oxyanions in GW [138]. On the filter surface, the CuO nanoparticles simultaneously
oxidized arsenite to arsenate and immobilized the residual arsenite. Since the filter
composition can interfere with oxyanions during the filtration process, filters could
be designed to influence the oxidation state of the oxyanions and subsequently filter
the product.

Commercially available nanofilter (NE 90, a negatively charged polyamide filter)
has been tested for the removal of arsenic oxyanion from water [139]. In addi-
tion to Donnan repulsion due to negative charge oxyanions (arsenite and arsenate),
removal of arsenic oxyanions occurred through steric exclusion. Monovalent arse-
nate was more effectively retained than bivalent arsenite, due to Donnan exclusion.
This was enhanced in the presence of Cl− and deteriorated when SO2−

4 was added.
Another commercial nanofilter (192-NF 300) was tested for the removal of arsenate
from synthetic natural water [140]. The removal of arsenate increased from 93 to
99%, with increasing initial concentration of arsenate from 100 to 382 µg/L. The
removal efficiency was independent of transmembrane pressure, crossflow velocity,
and temperature.

The factors that govern the performance of membrane during the filtration of
oxyanions in GW, include the molecular weight and size of oxyanion, membrane
filter compactness, filter composition, charge density, solution pH, and pressure.

Charged species are retained than neutral species and the change in solution pH
can influence the oxyanion speciation. These factors are the determinants of the
ionic radii of the oxyanions and the removal efficiencies of oxyanions [141]. For
example, the speciation of As(V) changes from monovalent H2AsO4

− to bivalent
HAsO4

2−, as the solution pH increases from 4 to 10. Such change can improve
the removal efficiencies of arsenic oxyanion in aqueous solutions, due to steric and
columbic effects. Similarly, the difference in pH can affect the surface chemistry of
the membrane filter. A commercial membrane filter NE 90 contains both amine and
carboxylic functional groups. Thus, the surface NE 90 would be positively charged
below the isoelectric point, due to the protonation of amine, while it is negatively
charged above the isoelectric point, due to the deprotonation of the carboxyl group
[139]. A negatively charged membrane surface is repulsive to oxyanions, and an
enhanced exclusion efficiency occurs during filtration process.

Polyhedral oligomeric silasesquioxane (POSS) polyamide thin-film nanofilter
membrane was fabricated for the removal of arsenic and selenium oxyanions from
aqueous solution [142]. The exclusion of common GW ions followed the order:
MgSO4 > Na2SO4 > MgCl2 > NaCl. In addition to the average diameter of the
nanofilter, and the presence of –COO− on the surface of the membrane filter resulted
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in the repulsion of the highly negatively charged ions, SO2−
4 , than mono-valence Cl.

According to Eqs. 3.15 and 3.16, the removal of selenium oxyanions and arsenate
according to their hydrated diameter and charge follows the order: HAsO2−

4 > SeO2−
4

> SeO2−
3 > HSeO−

3 [142].

H2SeO3 ↔ HSeO−
3 + H+ pKa = 2.6 (3.15)

HSeO−
3 ↔ SeO2−

3 + H+ pKa = 7.3 (3.16)

3.4.4 Oxidation–Reduction

GW remediation via redox-based approach is a robust water management process
because it incorporates broad water treatment methods. The process includes the use
of chemical reagents, (photo)catalysts and photons, as oxidants and reductants. The
simplest form of such reaction involves the use of KMnO4, a potent oxidizing agent.
For instance, theWaynesvillewater system utilizesKmnO4 for the removal of arsenic
contamination in GW that is rich in nitrate and iron [143]. When appropriate oxidant
dosage is employed, iron/arsenate and Mn are filtered out as insoluble particulates.

In an heterogenous solution, nitrate reduction to gaseous nitrogen was found to
depend on the concentration, the reductant, and the acid type [144]. The reduc-
tion of nitrate in the presence of the reductants and acid trends was followed, thus:
formate > oxalate > citrate and HCl > H2SO4 > H3BO3 > H3PO4 for organic and
inorganic acids, respectively. Citrate and phosphate are strong ligand that can bind
strongly to impede reduction reaction.

The Fenton process is also a process that induces the oxidation–reduction reaction
of oxyanions through the use of H2O2 and iron species. However, due to varying GW
physiochemical properties, adjusting the operation parameters is essential to achieve
a toxic-free oxyanion GW. Fenton process involves multiple stages that include
redox, precipitation, and adsorption. In the treatment of arsenic-contaminated GW,
resulting arsenate from the oxidation of arsenite at pH value that ranged between 6
and 8 was coprecipitated as insoluble ferric arsenate [145]. Commercially available
micro-scale zero-valent iron was used as Fe(II) source, in the presence of H2O2 for
the oxidation of As(III) to As(V) in aerated simulated GW [146]. Complete oxidation
of arsenite was achieved in 2 h in the presence of micro-scale zero-valent iron. The
addition ofH2O2,which enhanced the oxidant concentration, increased reaction rate,
and the complete oxidation of As(III) was achieved in 8 min. It should be noted that
As(III) was preferentially selected for oxidation over Fe(II) [147]. At pH 6–7, the
oxidation of As(III) inhibited the formation of lepidocrocite, goethite, andmagnetite.
Light energy can be incorporated with the Fenton system to promote the reaction
rate [148].
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It should be noted that the redox species for the reaction can also be generated
in situ, using photon energy, and in the presence of semiconductor catalyst [149].
The heat from the photons solely induced a redox reaction, while the photon caused
the excitation of electron in the unfilled valence band of the semiconductor. Thus, the
excited particle is used for a series of redox reactions [150]. TiO2 is amodel photocat-
alyst that has been explored in many photons-assisted oxidation of GW oxyanions.
In a comparative study, the oxidation of arsenite to arsenate was compared, using UV
energy and UV-assisted TiO2 [151]. The UV-assisted TiO2 oxidation showed similar
oxidation efficiency (97%) with that of photolysis (90%). Natural light (7.5 KJUV/L)
was also employed for the oxidation of arsenite to arsenate at an initial concentration
of 1000 µg/L [152] and the oxidation of As(III) was completed in 8 h.

The coupling of semiconductors or metal oxide usually enhances photocatalysis
reaction. ZnO/CuO demonstrated improved arsenite oxidation in the presence of
irradiation than bare ZnO or CuO. At the initial arsenite concentration of 30 mg/L,
photolysis accounted for 8% oxidation in 4 h, photo-oxidation with bare CuO in the
presence of irradiation accounted for 20%, while it was 55% for pure ZnO, in the
presence of photons. However, when ZnO was coupled with CuO, the reaction was
completed at the same reaction time interval [153].

However, since oxidation and reduction reactions occur simultaneously, the in situ
generated reactive species are highly responsive and tend to reactwith each otherwith
the liberation of heat. In order to obviate this shortcoming, hole/electron scavengers
are usually introduced to increase the lifetime of redox species. In the reduction of
chromate to chromite, humic acid was used as an electron scavenger to accelerate
the photoreduction rate and the humic acid was oxidized concurrently [154]. Doping
[155] and the creation of homo/hetero-junctions can also be used to achieve a similar
purpose [156].

The mechanism of oxidation and reduction reaction solely depends on electron
transferwithin the reactingmedium [157]. Electron transfer is initiated due to entropy
change within the system [158]. Energy from photons is used to initiate electron
transfer or the addition of catalyst (homogenous and heterogeneous). The oxidation
or reduction of oxyanions in GW is initiated with H2O2, a homogenous system. It
can also be initiated in a mixed system using an iron species, according to Eqs. 3.17
and 3.18;

H2O2(aq) + H2SeO3(aq) → H2O(l) + H2SeO4(aq) (3.17)

NO−
3(aq) + 4Fe0(s) + 10H+ ↔ NH+

4(aq) + 4Fe2+(s) + 3H2O(l) (3.18)

The photocatalysis reaction involves the oxidation or reduction of the adsorbed
oxyanion by reactive species (electron and hole), which was initially generated on
the surface of the photocatalyst. Therefore, some other physiochemical factors, aside
from the availability of reactive species, can also predict the reaction pathways [159].
For example, crystallinity, surface area and light source [160].
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Redox reaction occurs concurrently, therefore, multicomponent GW impurities
can be removed simultaneously. For example, the direct redox reaction of chromate
and arsenite is prolonged (Eq. 3.19).

2HCr6+O−
4 + 3HAs3+O2 + 5H+

→ 2Cr3+ + 3H2As
+5O−

4 + 2H2O, �G = −467.95 kJ/mol (3.19)

In lieu of this, highly unselective redox species is introduced. Graphitic carbon
nitride was used for the conversion of arenite to arsenate and chromate to chromite
[161]. The photogenerated e− and h+ were the primary reduction and oxidation
species for chromate and arsenite, respectively. These species are generated when
semiconductor (graphitic carbon nitride) adsorbed energy (photon) that is equal or
greater than the bandgap. The light-assisted generated e− induced the reduction of
adsorbed oxygen or water to form superoxide radical (·O−

2 ) or hydrogen peroxide
(H2O2) (Eqs. 3.20 and 3.21) and the subsequent oxidation to arsenate (Eq. 3.22).
Similarly, the conversion of arsenite can result from the oxidation of adsorbing water
molecule by photogenerated h+ (Eq. 3.23), by direct oxidation (Eq. 3.24) or using
the product from Eq. 3.23.

O2 + e− → ·O−
2 (3.20)

O2 + 2e− + 2H+ → H2O2 (3.21)

As3+ + ·O−
2 + 2H+ → As+5 + H2O2 (3.22)

H2O + h+ → ·OH + H+ (3.23)

As3+ + 2h+ → As+5 (3.24)

As3+ + ·OH + H+ → As4+ + H2O (3.25)

As4+ + ·OH + H+ → As5+ + H2O (3.26)

3.4.5 Natural Processes

Natural processes are significant in the remediation of GW contamination. This
is viable through adsorption onto minerals and microalgae or precipitation with
dissolved nutrient or redox processes. Fe(II)-bearing minerals, chlorite, and biotite
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were identified as natural reductants in aquifers [101]. These minerals can
reduce chromate to chromite. The stability of the Cr(III) precipitate formed
(CrxFe(1−x)(OH)3) increased with aging, as it is transformed from the amorphous
state to the crystalline state. Biogenic manganese oxide, in the presence of oxidizing
bacteria, is efficient for the removal of arsenite/arsenate at low concentration
(35/42 µg/L), as insoluble manganese-arsenate complex [162]. The removal mech-
anism involved the oxidation of Mn(II), Fe(II), and As(III) to Mn(IV), Fe(III), and
As(V) by dissolved oxygen and bacteria, respectively. A significant proportion of
As(III) was also oxidized by Mn(IV) and the As(V) produced is adsorbed onto
Mn(IV).

Green marine algae have also been explored as sustainable biosorbent.
Cladophora sericea and Ulva rigida green algae have shown promise as biosor-
bent for the removal of antimony oxyanions [163]. The uptake of antimonate was
higher than antimonite for both biomasses, with Cladophora sericea showing more
sorption efficiency than Ulva rigida due to the abundant hydroxyl sites. The higher
carboxylic group content on Ulva rigida is susceptible to deprotonation at pH 5,
thereby, impacting negatively on the adsorption process.

Micro-organism can directly reduce high valent oxyanions in GW system.
Dechloromonas sp. has shown to be a good candidate for the reduction of perchlo-
rate [164]. The addition of an electron donor improves the reduction reaction. In the
presence of acetate, Dechloromonas sp. completely degraded 100 mg/L perchlorate
in 10 h, whereas 22 h were required to achieve a similar result in the absence of
acetate.

Althoughbacterial are capable of expunging toxic oxyanions from theGWsystem,
but the efficiency canbe enhancedby the addition of inorganic ions. Selenate reducing
bacterial, Citrobacter braakii, was used for the removal of selenate as zero-valent
selenium or organic selenium [165]. The residual selenate after the reduction experi-
ment, at 1000 µg/L, initial concentration was 550 µg/L during an 8 day experiment.
The incorporation of zero-valent iron with Citrobacter braakii improved the rate of
reaction; thus, the total removal of selenate was completed in less than 3 days.

Perchlorates are prone to reduction in the presence of bacterial; thus, the reduc-
tion of perchlorate was achieved (85%) at neutral pH (7–7.5) in the presence of
proteobacterial species (Dechloromonas spp., methyloversatilis spp., and ferribac-
terium spp.). The presence of chloride and sulfate was beneficial to the reduction
processes. However, due to the faster reduction rate of nitrate in the presence of
the bacterial, the dissolved nitrate negatively impacted the magnitude of perchlorate
reduction [166].

3.5 Conclusion

GW is a valuable and abundant natural resource that is threatened by pollutants from
human and natural sources. Oxyanions are among the natural and man-made GW
pollutants that remained dominant in the GW system, by switching valency state or
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forming soluble and insoluble species. Consequent upon the environmental, health,
and economic impacts of oxyanions, its removal from theGWsystem is paramount to
the production of an eco-friendly, sustainable, and hygienic potable water. Different
strategies for the removal of oxyanions have been designed to improve the GW
qualities and acceptability. The state of research in water science and technology has
shown that complete removal of toxic oxyanions is achievable. The overall removal
efficiency of oxyanions in GW can be enhanced by improved material science and
engineering and the adjustment of process parameters and reaction variables.

References

1. Madramootoo CA (2012) Sustainable groundwater use in agriculture. Irrig Drain 61:26–33.
https://doi.org/10.1002/ird.1658

2. Alagbe SA (2002) Groundwater resources of river Kan Gimi Basin, north-central, Nigeria.
Environ Geol 42:404–413. https://doi.org/10.1007/s00254-002-0544-9

3. Qiu J, Zipper SC, Motew M, Booth EG, Kucharik CJ, Loheide SP (2019) Nonlinear
groundwater influence on biophysical indicators of ecosystem services. Nature Sustainability
2:475–483. https://doi.org/10.1038/s41893-019-0278-2

4. MacDonald AM, CarlowRC,MacDonald DMJ, DarlingWG, Dochartaigh BÉÓ (2009)What
impactwill climate change have on rural groundwater supplies inAfrica?Hydrol Sci J 54:690–
703. https://doi.org/10.1623/hysj.54.4.690

5. Taylor RG, Todd MC, Kongola L, Maurice L, Nahozya E, Sanga H, Macdonald AM (2013)
Evidence of the dependence of groundwater resources on extreme rainfall in East Africa. Nat
Clim Change 3:374–378. https://doi.org/10.1038/nclimate1731

6. Van der Gun J (2012) Groundwater and global change: trends, opportunities and
challenges. International Groundwater Resources Assessment Centre, Paris: UNESCO,
2012, France, 2012. https://www.un-igrac.org/resource/groundwater-and-global-change-tre
nds-opportunities-and-challenges.

7. Aeschbach-Hertig W, Gleeson T (2012) Regional strategies for the accelerating global
problem of groundwater depletion. Nat Geosci 5:853–861. https://doi.org/10.1038/ngeo1617

8. Gurdak JJ (2017) Climate-induced pumping 1. www.nature.com/naturegeoscience.
9. MacDonald AM, Bonsor HC, Ahmed KM, Burgess WG, Basharat M, Calow RC, Dixit A,

Foster SSD, Gopal K, Lapworth DJ, Lark RM,Moench M, Mukherjee A, RaoMS, Shamsud-
duha M, Smith L, Taylor RG, Tucker J, Van Steenbergen F, Yadav SK (2016) Groundwater
quality and depletion in the Indo-GangeticBasinmapped from in situ observations.NatGeosci
9:762–766. https://doi.org/10.1038/ngeo2791

10. Perrone D, Jasechko S (2019) Deeper well drilling an unsustainable stopgap to groundwater
depletion. Nat Sustain 2:773–782. https://doi.org/10.1038/s41893-019-0325-z

11. Rayne S, Forest K (2011) Temporal trends in groundwater levels from Saskatchewan, Canada.
Nat Precedings. https://doi.org/10.1038/npre.2011.6696.1

12. AsokaA,Gleeson T,WadaY,MishraV (2017) Relative contribution ofmonsoon precipitation
and pumping to changes in groundwater storage in India. Nat Geosci 10:109–117. https://doi.
org/10.1038/ngeo2869

13. Sanchez TR, Levy D, Shahriar MH, Uddin MN, Siddique AB, Graziano JH, Lomax-Luu A,
van Geen A, Gamble MV (2016) Provision of well-water treatment units to 600 households
in Bangladesh: a longitudinal analysis of urinary arsenic indicates fading utility. Sci Total
Environ 563–564(2016):131–137. https://doi.org/10.1016/j.scitotenv.2016.04.112

14. Moyé J, Picard-Lesteven T, Zouhri L, El Amari K, Hibti M, Benkaddour A (2017) Ground-
water assessment and environmental impact in the abandoned mine of Kettara (Morocco).
Environ Pollut 231(2017):899–907. https://doi.org/10.1016/j.envpol.2017.07.044

https://doi.org/10.1002/ird.1658
https://doi.org/10.1007/s00254-002-0544-9
https://doi.org/10.1038/s41893-019-0278-2
https://doi.org/10.1623/hysj.54.4.690
https://doi.org/10.1038/nclimate1731
https://www.un-igrac.org/resource/groundwater-and-global-change-trends-opportunities-and-challenges
https://doi.org/10.1038/ngeo1617
http://www.nature.com/naturegeoscience
https://doi.org/10.1038/ngeo2791
https://doi.org/10.1038/s41893-019-0325-z
https://doi.org/10.1038/npre.2011.6696.1
https://doi.org/10.1038/ngeo2869
https://doi.org/10.1016/j.scitotenv.2016.04.112
https://doi.org/10.1016/j.envpol.2017.07.044


3 Oxyanions in Groundwater System—Prevalence, Dynamics … 93

15. Tesoriero AJ, Terziotti S, Abrams DB (2015) Predicting redox conditions in groundwater at a
regional scale. Environ Sci Technol 49:9657–9664. https://doi.org/10.1021/acs.est.5b01869

16. Zhu M, Zeng X, Jiang Y, Fan X, Chao S, Cao H, Zhang W (2017) Determination of arsenic
speciation and the possible source of methylated arsenic in Panax Notoginseng. Chemosphere
168:1677–1683. https://doi.org/10.1016/j.chemosphere.2016.10.093

17. Shafiquzzaman M, Azam MS, Nakajima J, Bari QH (2010) Arsenic leaching characteristics
of the sludges from iron based removal process. Desalination 261:41–45. https://doi.org/10.
1016/j.desal.2010.05.049

18. Darvari R, Nicot JP, Scanlon BR, Mickler P, Uhlman K (2018) Trace element behavior in
methane-rich and methane-free groundwater in north and east texas. Groundwater 56:705–
718. https://doi.org/10.1111/gwat.12606

19. del PilarAlvarezM,CarolE (2019)Geochemical occurrence of arsenic, vanadiumandfluoride
in groundwater of Patagonia,Argentina: sources andmobilization processes. J SouthAmEarth
Sci 89(2019):1–9. https://doi.org/10.1016/j.jsames.2018.10.006

20. Mukherjee A, Duttagupta S, Chattopadhyay S, Bhanja SN, Bhattacharya A, Chakraborty S,
Sarkar S, Ghosh T, Bhattacharya J, Sahu S (2019) Impact of sanitation and socio-economy
on groundwater fecal pollution and human health towards achieving sustainable development
goals across India from ground-observations and satellite-derived nightlight. Sci Rep 9:1–11.
https://doi.org/10.1038/s41598-019-50875-w

21. Telfeyan K, Breaux A, Kim J, Kolker AS, Cable JE, Johannesson KH (2018) Cycling of
oxyanion-forming trace elements in groundwaters from a freshwater deltaic marsh. Estuar
Coast Shelf Sci 204:236–263. https://doi.org/10.1016/j.ecss.2018.02.024

22. Manning BA, Fendorf SE, Bostick B, Suarez DL (2002) Arsenic(III) oxidation and arsenic(V)
adsorption reactions on synthetic birnessite. Environ Sci Technol 36:976–981. https://doi.org/
10.1021/es0110170

23. Lin CJ (2002) The chemical transformations of chromium in natural waters—a model study.
Water Air Soil Pollut 139:137–158. https://doi.org/10.1023/A:1015870907389

24. MacDonald D, Dixon A, Newell A, Hallaways A (2012) Groundwater flooding within an
urbanised flood plain. J Flood Risk Manag 5:68–80. https://doi.org/10.1111/j.1753-318X.
2011.01127.x

25. Currell M, Cartwright I, Raveggi M, Han D (2011) Controls on elevated fluoride and arsenic
concentrations in groundwater from the Yuncheng Basin China. Appl Geochem 26:540–552.
https://doi.org/10.1016/j.apgeochem.2011.01.012

26. Van Geen A, Bostick BC, Trang PTK, Lan VM, Mai NN, Manh PD, Viet PH, Radloff K,
Aziz Z, Mey JL, Stahl MO, Harvey CF, Oates P, Weinman B, Stengel C, Frei F, Kipfer
R, Berg M (2013) Retardation of arsenic transport through a Pleistocene aquifer. Nature
501(2013):204–207. https://doi.org/10.1038/nature12444

27. Smedley PL (1996)Arsenic in rural groundwater inGhana. J Afr Earth Sc 22:459–470. https://
doi.org/10.1016/0899-5362(96)00023-1

28. Sosa NN, Kulkarni HV, Datta S, Beilinson E, Porfido C, Spagnuolo M, Zárate MA, Surber
J (2019) Occurrence and distribution of high arsenic in sediments and groundwater of the
Claromecó fluvial basin, southern Pampean plain (Argentina). Sci Total Environ 695:(2019).
https://doi.org/10.1016/j.scitotenv.2019.133673

29. Nicolli HB, Bundschuh J, García JW, Falcón CM, Jean JS (2010) Sources and controls for the
mobility of arsenic in oxidizing groundwaters from loess-type sediments in arid/semi-arid dry
climates—evidence from the Chaco-Pampean plain (Argentina). Water Res 44:5589–5604.
https://doi.org/10.1016/j.watres.2010.09.029

30. MukherjeeA,Gupta S, Coomar P, FryarAE,Guillot S, Verma S, Bhattacharya P, Bundschuh J,
Charlet L (2019) Plate tectonics influence on geogenic arsenic cycling: from primary sources
to global groundwater enrichment. Sci Total Environ 683:793–807. https://doi.org/10.1016/
j.scitotenv.2019.04.255

31. Vengosh A, Coyte R, Karr J, Harkness JS, Kondash AJ, Ruhl LS, Merola RB, Dywer GS
(2016) Origin of hexavalent chromium in drinking water wells from the piedmont aquifers of
North Carolina. Environ Sci Technol Lett 3:409–414. https://doi.org/10.1021/acs.estlett.6b0
0342

https://doi.org/10.1021/acs.est.5b01869
https://doi.org/10.1016/j.chemosphere.2016.10.093
https://doi.org/10.1016/j.desal.2010.05.049
https://doi.org/10.1111/gwat.12606
https://doi.org/10.1016/j.jsames.2018.10.006
https://doi.org/10.1038/s41598-019-50875-w
https://doi.org/10.1016/j.ecss.2018.02.024
https://doi.org/10.1021/es0110170
https://doi.org/10.1023/A:1015870907389
https://doi.org/10.1111/j.1753-318X.2011.01127.x
https://doi.org/10.1016/j.apgeochem.2011.01.012
https://doi.org/10.1038/nature12444
https://doi.org/10.1016/0899-5362(96)00023-1
https://doi.org/10.1016/j.scitotenv.2019.133673
https://doi.org/10.1016/j.watres.2010.09.029
https://doi.org/10.1016/j.scitotenv.2019.04.255
https://doi.org/10.1021/acs.estlett.6b00342


94 E. T. Anthony and N. A. Oladoja

32. Morrison JM, Goldhaber MB, Mills CT, Breit GN, Hooper RL, Holloway JAM, Diehl SF,
Ranville JF (2015) Weathering and transport of chromium and nickel from serpentinite in the
Coast Range ophiolite to the Sacramento Valley, California, USA. Appl Geochem 61:72–86.
https://doi.org/10.1016/j.apgeochem.2015.05.018

33. Izbicki JA, Wright MT, Seymour WA, McCleskey RB, Fram MS, Belitz K, Esser BK (2015)
Cr(VI) occurrence and geochemistry in water from public-supply wells in California. Appl
Geochem 63:203–217. https://doi.org/10.1016/j.apgeochem.2015.08.007

34. Bassil J, Naveau A, Bueno M, Razack M, Kazpard V (2018) Leaching behavior of selenium
from the karst infillings of the Hydrogeological Experimental Site of Poitiers. Chem Geol
483:141–150. https://doi.org/10.1016/j.chemgeo.2018.02.032

35. PourretO,DiaA,GruauG,DavrancheM,Bouhnik-LeCozM(2012)Assessment of vanadium
distribution in shallow groundwaters. Chem Geol 294–295:89–102. https://doi.org/10.1016/
j.chemgeo.2011.11.033

36. Wright MT, Belitz K (2010) Factors controlling the regional distribution of vanadium in
groundwater. Ground Water 48:515–525. https://doi.org/10.1111/j.1745-6584.2009.00666.x

37. Al Kuisi M, Al-Hwaiti M,Mashal K, Abed AM (2015) Spatial distribution patterns of molyb-
denum (Mo) concentrations in potable groundwater inNorthern Jordan. EnvironMonit Assess
187:1–26. https://doi.org/10.1007/s10661-015-4264-5

38. Smedley PL, Cooper DM, Ander EL, Milne CJ, Lapworth DJ (2014) Occurrence of molyb-
denum in British surface water and groundwater: distributions, controls and implications for
water supply. Appl Geochem 40:144–154. https://doi.org/10.1016/j.apgeochem.2013.03.014

39. LeybourneMI, Cameron EM (2008) Source, transport, and fate of rhenium, selenium, molyb-
denum, arsenic, and copper in groundwater associated with porphyry-Cu deposits, Atacama
Desert, Chile. Chem Geol 247:208–228. https://doi.org/10.1016/j.chemgeo.2007.10.017

40. Cao F, Jaunat J, Sturchio N, Cancès B, Morvan X, Devos A, Barbin V, Ollivier P (2019)
Worldwide occurrence and origin of perchlorate ion in waters: a review. Sci Total Environ
661:737–749. https://doi.org/10.1016/j.scitotenv.2019.01.107

41. Wang S, Zhu G, Zhuang L, Li Y, Liu L, Lavik G, Berg M, Liu S, Long XE, Guo J, Jetten
MSM, Kuypers MMM, Li F, Schwark L, Yin C (2019) Anaerobic ammonium oxidation is a
major N-sink in aquifer systems around the world. ISME J. https://doi.org/10.1038/s41396-
019-0513-x

42. Harita Y, Hori T, Sugiyama M (2005) Release of trace oxyanions from littoral sediments and
suspended particles induced by pH increase in the epilimnion of lakes. Limnol Oceanogr
50:636–645. https://doi.org/10.4319/lo.2005.50.2.0636

43. Fendorf S, Benner SG (2016) Indo-Gangetic groundwater threat. Nat Geosci 9:732–733.
https://doi.org/10.1038/ngeo2804

44. Gleeson T, Wada Y, Bierkens MFP, Van Beek LPH (2012) Water balance of global aquifers
revealed by groundwater footprint. Nature 488:197–200. https://doi.org/10.1038/nature11295

45. Wilkin RT, Lee TR, Beak DG, Anderson R, Burns B (2018) Groundwater co-contaminant
behavior of arsenic and selenium at a lead and zinc smelting facility. Appl Geochem 89:255–
264. https://doi.org/10.1016/j.apgeochem.2017.12.011

46. Erickson ML, Malenda HF, Berquist EC, Ayotte JD (2019) Arsenic concentrations after
drinking water well installation: time-varying effects on arsenic mobilization. Sci Total
Environ 678:681–691. https://doi.org/10.1016/j.scitotenv.2019.04.362

47. BrandtMJ, JohnsonKM,ElphinstonAJ, RatnayakaDD (2017)Chapter 7—Chemistry,micro-
biology and biology of water. In: Brandt MJ, Johnson KM, Elphinston AJ, Ratnayaka DD
(eds) Butterworth-Heinemann, Boston, pp 235–321. https://doi.org/10.1016/B978-0-08-100
025-0.00007-7

48. Armienta MA, Rodriguez R, Quere A, Juarez F, Ceniceros N, Aguayo A (1993) Groundwater
pollution with chromium in Leon valley, Mexico. Int J Environ Anal Chem 54:1–13. https://
doi.org/10.1080/03067319308044422

49. Kanagaraj G, Elango L (2019) Chromium and fluoride contamination in groundwater
around leather tanning industries in southern India: implications from stable isotopic
ratio �53Cr/�52Cr, geochemical and geostatistical modelling. Chemosphere 220:943–953.
https://doi.org/10.1016/j.chemosphere.2018.12.105

https://doi.org/10.1016/j.apgeochem.2015.05.018
https://doi.org/10.1016/j.apgeochem.2015.08.007
https://doi.org/10.1016/j.chemgeo.2018.02.032
https://doi.org/10.1016/j.chemgeo.2011.11.033
https://doi.org/10.1111/j.1745-6584.2009.00666.x
https://doi.org/10.1007/s10661-015-4264-5
https://doi.org/10.1016/j.apgeochem.2013.03.014
https://doi.org/10.1016/j.chemgeo.2007.10.017
https://doi.org/10.1016/j.scitotenv.2019.01.107
https://doi.org/10.1038/s41396-019-0513-x
https://doi.org/10.4319/lo.2005.50.2.0636
https://doi.org/10.1038/ngeo2804
https://doi.org/10.1038/nature11295
https://doi.org/10.1016/j.apgeochem.2017.12.011
https://doi.org/10.1016/j.scitotenv.2019.04.362
https://doi.org/10.1016/B978-0-08-100025-0.00007-7
https://doi.org/10.1080/03067319308044422
https://doi.org/10.1016/j.chemosphere.2018.12.105


3 Oxyanions in Groundwater System—Prevalence, Dynamics … 95

50. Mochizuki A, Murata T, Hosoda K, Katano T, Tanaka Y, Mimura T, Mitamura O, Nakano
S, Okazaki Y, Sugiyama Y, Satoh Y, Watanabe Y, Dulmaa A, Ayushsuren C, Ganchimeg D,
Drucker VV, Fialkov VA, Sugiyama M (2018) Distributions and geochemical behaviors of
oxyanion-forming trace elements and uranium in the Hövsgöl–Baikal–Yenisei water system
of Mongolia and Russia. J Geochem Explor 188:123–136. https://doi.org/10.1016/j.gexplo.
2018.01.009

51. Urbansky ET (2002) Perchlorate as an environmental contaminant. Environ Sci Pollut Res
9:187–192. https://doi.org/10.1007/BF02987487

52. Herman DC, Frankenberger WT (1998) Microbial-mediated reduction of perchlorate in
groundwater. J Environ Qual 27:750–754. https://doi.org/10.2134/jeq1998.004724250027
00040004x

53. Al-Mikhlafi AS (2010) Groundwater quality of Yemen volcanic terrain and their geological
and geochemical controls. Arab J Geosci 3:193–205. https://doi.org/10.1007/s12517-009-
0068-7

54. Mora A, Mahlknecht J, Rosales-Lagarde L, Hernández-Antonio A (2017) Assessment of
major ions and trace elements in groundwater supplied to the Monterrey metropolitan area,
Nuevo León,Mexico. EnvironMonit Assess 189. https://doi.org/10.1007/s10661-017-6096-y

55. Giménez-Forcada E, Vega-Alegre M (2015) Arsenic, barium, strontium and uranium
geochemistry and their utility as tracers to characterize groundwaters from the Espadán-
Calderona Triassic Domain Spain. Sci Total Environ 512–513:599–612. https://doi.org/10.
1016/j.scitotenv.2014.12.010

56. NogueiraG, Stigter TY,ZhouY,MussaF, JuizoD (2019)Understanding groundwater saliniza-
tion mechanisms to secure freshwater resources in the water-scarce city of Maputo, Mozam-
bique. Sci Total Environ 661:723–736. https://doi.org/10.1016/j.scitotenv.2018.12.343

57. Galloway J, Fox A, Lewandowski J, Arnon S (2019) The effect of unsteady streamflow
and stream-groundwater interactions on oxygen consumption in a sandy streambed. Sci Rep
9:1–11. https://doi.org/10.1038/s41598-019-56289-y

58. Lapworth DJ, MacDonald AM, Krishan G, Rao MS, Gooddy DC, Darling WG (2015)
Groundwater recharge and age-depth profiles of intensively exploited groundwater resources
in northwest India. Geophys Res Lett 42:7554–7562. https://doi.org/10.1002/2015GL065798

59. Smith R, Knight R, Fendorf S (2018) Overpumping leads to California groundwater arsenic
threat. Nat Commun 9:1–6. https://doi.org/10.1038/s41467-018-04475-3

60. Nicolli HB, García JW, Falcón CM, Smedley PL (2012) Mobilization of arsenic and other
trace elements of health concern in groundwater from the Salí River Basin, Tucumán
Province, Argentina. Environ Geochem Health 34:251–262. https://doi.org/10.1007/s10653-
011-9429-8

61. BiswasA,Majumder S, Neidhardt H,HalderD, Bhowmick S,Mukherjee-GoswamiA,Kundu
A, Saha D, Berner Z, Chatterjee D (2011) Groundwater chemistry and redox processes: depth
dependent arsenic release mechanism. Appl Geochem 26:516–525. https://doi.org/10.1016/
j.apgeochem.2011.01.010

62. Burgess WG, Hoque MA, Michael HA, Voss CI, Breit GN, Ahmed KM (2010) Vulnerability
of deep groundwater in the Bengal aquifer system to contamination by arsenic. Nat Geosci
3:83–87. https://doi.org/10.1038/ngeo750

63. Radloff KA, Zheng Y, Michael HA, Stute M, Bostick BC, Mihajlov I, Bounds M, Huq MR,
Choudhury I, Rahman MW, Schlosser P, Ahmed KM, Van Geen A (2011) Arsenic migration
to deep groundwater in Bangladesh influenced by adsorption and water demand. Nat Geosci
4:793–798. https://doi.org/10.1038/ngeo1283

64. Chidambaram S, Thilagavathi R, Thivya C, Karmegam U, Prasanna MV, Ramanathan A,
Tirumalesh K, Sasidhar P (2017) A study on the arsenic concentration in groundwater of a
coastal aquifer in south-east India: an integrated approach. Environ Dev Sustain 19:1015–
1040. https://doi.org/10.1007/s10668-016-9786-7

65. Arnórsson S, Óskarsson N (2007) Molybdenum and tungsten in volcanic rocks and in surface
and <100 °C ground waters in Iceland. Geochim Cosmochim Acta 71:284–304. https://doi.
org/10.1016/j.gca.2006.09.030

https://doi.org/10.1016/j.gexplo.2018.01.009
https://doi.org/10.1007/BF02987487
https://doi.org/10.2134/jeq1998.00472425002700040004x
https://doi.org/10.1007/s12517-009-0068-7
https://doi.org/10.1007/s10661-017-6096-y
https://doi.org/10.1016/j.scitotenv.2014.12.010
https://doi.org/10.1016/j.scitotenv.2018.12.343
https://doi.org/10.1038/s41598-019-56289-y
https://doi.org/10.1002/2015GL065798
https://doi.org/10.1038/s41467-018-04475-3
https://doi.org/10.1007/s10653-011-9429-8
https://doi.org/10.1016/j.apgeochem.2011.01.010
https://doi.org/10.1038/ngeo750
https://doi.org/10.1038/ngeo1283
https://doi.org/10.1007/s10668-016-9786-7
https://doi.org/10.1016/j.gca.2006.09.030


96 E. T. Anthony and N. A. Oladoja

66. Seiler RL, Stollenwerk KG, Garbarino JR (2005) Factors controlling tungsten concentrations
in groundwater, CarsonDesert, Nevada. Appl Geochem 20:423–441. https://doi.org/10.1016/
j.apgeochem.2004.09.002

67. McEwan AG, Ridge JP, McDevitt CA, Hugenholtz P (2002) The DMSO reductase family of
microbial molybdenum enzymes; molecular properties and role in the dissimilatory reduction
of toxic elements. Geomicrobiol J 19:3–21. https://doi.org/10.1080/014904502317246138

68. BonduR,CloutierV, BenzaazouaM,Rosa E, BouzahzahH (2017) The role of sulfideminerals
in the genesis of groundwater with elevated geogenic arsenic in bedrock aquifers fromwestern
Quebec, Canada. Chem Geol 474:33–44. https://doi.org/10.1016/j.chemgeo.2017.10.021

69. Mukherjee A, Fryar AE, Eastridge EM, Nally RS, Chakraborty M, Scanlon BR (2018)
Controls on high and low groundwater arsenic on the opposite banks of the lower reaches
of River Ganges, Bengal basin, India. Sci Total Environ 645:1371–1387. https://doi.org/10.
1016/j.scitotenv.2018.06.376

70. Samanta G, Clifford DA (2005) Preservation of inorganic arsenic species in groundwater.
Environ Sci Technol 39:8877–8882. https://doi.org/10.1021/es051185i

71. Rakshit S, Sallman B, Davantés A, Lefèvre G (2017) Tungstate (VI) sorption on hematite: an
in situ ATR-FTIR probe on the mechanism. Chemosphere 168:685–691. https://doi.org/10.
1016/j.chemosphere.2016.11.007

72. Martin DP, Seiter JM, Lafferty BJ, Bednar AJ (2017) Exploring the ability of cations to
facilitate binding between inorganic oxyanions and humic acid. Chemosphere 166:192–196.
https://doi.org/10.1016/j.chemosphere.2016.09.084

73. Das D, Samanta G, Mandal BK, Chowdhury TR, Chanda CR, Chowdhury PP, Basu GK,
Chakraborti D (1996) Arsenic in groundwater in six districts of West Bengal, India. Environ
Geochem Health 18:5–15. https://doi.org/10.1007/BF01757214

74. Bhattacharyya R, Jana J, Nath B, Sahu SJ, Chatterjee D, Jacks G (2003) Groundwater As
mobilization in the Bengal Delta Plain, the use of ferralite as a possible remedial measure—a
case study. Appl Geochem 18:1435–1451. https://doi.org/10.1016/S0883-2927(03)00061-1

75. Bauer M, Blodau C (2006) Mobilization of arsenic by dissolved organic matter from iron
oxides, soils and sediments. Sci Total Environ 354:179–190. https://doi.org/10.1016/j.scitot
env.2005.01.027

76. Harvey CF, Swartz CH, Badruzzaman ABM, Keon-Blute N, Yu W, Ali MA, Jay J, Beckie R,
Niedan V, Brabander D, Oates PM, Ashfaque KN, Islam S, Hemond HF, Ahmed MF (2002)
Arsenic mobility and groundwater extraction in Bangladesh. Science 298:1602–1606. https://
doi.org/10.1126/science.1076978

77. Gault AG, Islam FS, Polya DA, Charnock JM, Boothman C, Chatterjee D, Lloyd JR (2005)
Microcosm depth profiles of arsenic release in a shallow aquifer, West Bengal. Mineral Mag
69:855–863. https://doi.org/10.1180/0026461056950293

78. McMahon PB,Chapelle FH,Bradley PM (2011) Evolution of redox processes in groundwater.
ACS Symp Ser 1071:581–597. https://doi.org/10.1021/bk-2011-1071.ch026

79. ShenY, Huang PC, Huang C, Sun P,Monroy GL,WuW, Lin J, Espinosa-Marzal RM, Boppart
SA, Liu WT, Nguyen TH (2018) Effect of divalent ions and a polyphosphate on composition,
structure, and stiffness of simulated drinkingwater biofilms.NpjBiofilmsMicrobiomes 4:1–9.
https://doi.org/10.1038/s41522-018-0058-1

80. RangoT,VengoshA,DwyerG,BianchiniG (2013)Mobilization of arsenic and other naturally
occurring contaminants in groundwater of themain ethiopian rift aquifers.WaterRes 47:5801–
5818. https://doi.org/10.1016/j.watres.2013.07.002

81. Mastrocicco M, Di Giuseppe D, Vincenzi F, Colombani N, Castaldelli G (2017) Chlo-
rate origin and fate in shallow groundwater below agricultural landscapes. Environ Pollut
231:1453–1462. https://doi.org/10.1016/j.envpol.2017.09.007

82. Shultz CD, Bailey RT, Gates TK, Heesemann BE, Morway ED (2018) Simulating selenium
and nitrogen fate and transport in coupled stream-aquifer systems of irrigated regions. JHydrol
560:512–529. https://doi.org/10.1016/j.jhydrol.2018.02.027

83. Mills TJ,MastMA,Thomas J, KeithG (2016)Controls on seleniumdistribution andmobiliza-
tion in an irrigated shallow groundwater system underlain by Mancos Shale, Uncompahgre

https://doi.org/10.1016/j.apgeochem.2004.09.002
https://doi.org/10.1080/014904502317246138
https://doi.org/10.1016/j.chemgeo.2017.10.021
https://doi.org/10.1016/j.scitotenv.2018.06.376
https://doi.org/10.1021/es051185i
https://doi.org/10.1016/j.chemosphere.2016.11.007
https://doi.org/10.1016/j.chemosphere.2016.09.084
https://doi.org/10.1007/BF01757214
https://doi.org/10.1016/S0883-2927(03)00061-1
https://doi.org/10.1016/j.scitotenv.2005.01.027
https://doi.org/10.1126/science.1076978
https://doi.org/10.1180/0026461056950293
https://doi.org/10.1021/bk-2011-1071.ch026
https://doi.org/10.1038/s41522-018-0058-1
https://doi.org/10.1016/j.watres.2013.07.002
https://doi.org/10.1016/j.envpol.2017.09.007
https://doi.org/10.1016/j.jhydrol.2018.02.027


3 Oxyanions in Groundwater System—Prevalence, Dynamics … 97

River Basin, Colorado, USA. Sci Total Environ 566–567:1621–1631. https://doi.org/10.1016/
j.scitotenv.2016.06.063

84. National Water Quality Assessment Program Redox conditions in selected principal aquifers
of the United States (2009). https://doi.org/10.3133/fs20093041

85. SigristM, AlbertengoA, Brusa L, BeldoménicoH, TudinoM (2013) Distribution of inorganic
arsenic species in groundwater from Central-West Part of Santa Fe Province, Argentina. Appl
Geochem 39:43–48. https://doi.org/10.1016/j.apgeochem.2013.09.018

86. LiuS,GuoH,LuH,ZhangZ,ZhaoW(2019)The provenance of deep groundwater and its rela-
tion to arsenic distribution in the northwestern Hetao Basin, Inner Mongolia. Environmental
Geochemistry and Health. https://doi.org/10.1007/s10653-019-00433-0

87. Wang S, Mulligan CN (2006) Effect of natural organic matter on arsenic release from soils
and sediments into groundwater. Environ Geochem Health 28:197–214. https://doi.org/10.
1007/s10653-005-9032-y

88. Kim MJ, Nriagu J, Haack S (2000) Carbonate ions and arsenic dissolution by groundwater.
Environ Sci Technol 34:3094–3100. https://doi.org/10.1021/es990949p

89. Telfeyan K, Johannesson KH, Mohajerin TJ, Palmore CD (2015) Vanadium geochemistry
along groundwater flow paths in contrasting aquifers of the United States: Carrizo Sand
(Texas) and Oasis Valley (Nevada) aquifers. Chem Geol 410:63–78. https://doi.org/10.1016/
j.chemgeo.2015.05.024

90. Wright MT, Stollenwerk KG, Belitz K (2014) Assessing the solubility controls on vanadium
in groundwater, northeastern San Joaquin Valley, CA. Appl Geochem 48:41–52. https://doi.
org/10.1016/j.apgeochem.2014.06.025

91. Peel HR, Martin DP, Bednar AJ (2017) Extraction and characterization of ternary complexes
between natural organic matter, cations, and oxyanions from a natural soil. Chemosphere
176:125–130. https://doi.org/10.1016/j.chemosphere.2017.02.101

92. Torres J, Tissot F, Santos P, Ferrari C, Kremer C, Kremer E (2016) Interactions of W(VI)
and Mo(VI) Oxyanions with metal cations in natural waters. J Solution Chem 45:1598–1611.
https://doi.org/10.1007/s10953-016-0522-6

93. AnantharamanK, BrownCT,Hug LA, Sharon I, Castelle CJ, Probst AJ, Thomas BC, SinghA,
Wilkins MJ, Karaoz U, Brodie EL,Williams KH, Hubbard SS, Banfield JF (2016) Thousands
of microbial genomes shed light on interconnected biogeochemical processes in an aquifer
system. Nat Commun 7:1–11. https://doi.org/10.1038/ncomms13219

94. Smith RJ, Paterson JS, Launer E, Tobe SS, Morello E, Leijs R, Marri S, Mitchell JG (2016)
Stygofauna enhance prokaryotic transport in groundwater ecosystems. Sci Rep 6:1–7. https://
doi.org/10.1038/srep32738

95. Morita M, Uemoto H, Watanabe A (2007) Reduction of selenium oxyanions in wastewater
using two bacterial strains. Eng Life Sci 7:235–240. https://doi.org/10.1002/elsc.200620188

96. Xiang R, Xu Y, Liu YQ, Lei GY, Liu JC, Huang QF (2019) Isolation distance between
municipal solid waste landfills and drinking water wells for bacteria attenuation and safe
drinking. Sci Rep 9:17881. https://doi.org/10.1038/s41598-019-54506-2

97. Gowrisankar G, Chelliah R, Ramakrishnan SR, Elumalai V, Dhanamadhavan S, Brindha K,
Antony U, Elango L (2017) Data descriptor: chemical, microbial and antibiotic susceptibility
analyses of groundwater after a major flood event in Chennai. Sci Data 4:1–13. https://doi.
org/10.1038/sdata.2017.135

98. Yu R, Gan P, MacKay AA, Zhang S, Smets BF (2010) Presence, distribution, and diversity of
iron-oxidizing bacteria at a landfill leachate-impacted groundwater surface water interface.
FEMS Microbiol Ecol 71:260–271. https://doi.org/10.1111/j.1574-6941.2009.00797.x

99. NaseemS,McArthur JM (2018)Arsenic and otherwater-quality issues affecting groundwater,
Indus alluvial plain, Pakistan. Hydrol Process 32:1235–1253. https://doi.org/10.1002/hyp.
11489

100. Jiang Z, Li P, Wang Y, Liu H, Wei D, Yuan C, Wang H (2019) Arsenic mobilization in a
high arsenic groundwater revealed by metagenomic and Geochip analyses. Sci Rep 9:1–10.
https://doi.org/10.1038/s41598-019-49365-w

https://doi.org/10.1016/j.scitotenv.2016.06.063
https://doi.org/10.3133/fs20093041
https://doi.org/10.1016/j.apgeochem.2013.09.018
https://doi.org/10.1007/s10653-019-00433-0
https://doi.org/10.1007/s10653-005-9032-y
https://doi.org/10.1021/es990949p
https://doi.org/10.1016/j.chemgeo.2015.05.024
https://doi.org/10.1016/j.apgeochem.2014.06.025
https://doi.org/10.1016/j.chemosphere.2017.02.101
https://doi.org/10.1007/s10953-016-0522-6
https://doi.org/10.1038/ncomms13219
https://doi.org/10.1038/srep32738
https://doi.org/10.1002/elsc.200620188
https://doi.org/10.1038/s41598-019-54506-2
https://doi.org/10.1038/sdata.2017.135
https://doi.org/10.1111/j.1574-6941.2009.00797.x
https://doi.org/10.1002/hyp.11489
https://doi.org/10.1038/s41598-019-49365-w


98 E. T. Anthony and N. A. Oladoja

101. Zhao J, Al T, Chapman SW, Parker BL,Mishkin KR, Cutt D,Wilkin RT (2017) Determination
of Cr(III) solids formed by reduction of Cr(VI) in a contaminated fractured bedrock aquifer:
evidence for natural attenuation of Cr(VI). Chem Geol 474:1–8. https://doi.org/10.1016/j.che
mgeo.2017.10.004

102. Shakya AK, Paul S, Ghosh PK (2019) Bio-attenuation of arsenic and iron coupled with
nitrate remediation in multi-oxyanionic system: batch and column studies. J Hazard Mater
375:182–190. https://doi.org/10.1016/j.jhazmat.2019.04.087

103. Li M, Dopilka A, Kraetz AN, Jing H, Chan CK (2018) Layered double hydroxide/chitosan
nanocomposite beads as sorbents for selenium oxoanions. Ind Eng Chem Res 57:4978–4987.
https://doi.org/10.1021/acs.iecr.8b00466

104. Omorogie MO, Agunbiade FO, AlfredMO, Olaniyi OT, Adewumi TA, Bayode AA, Ofomaja
AE, Naidoo EB, Okoli CP, Adebayo TA, Unuabonah EI (2018) The sequestral capture of
fluoride, nitrate and phosphate by metal-doped and surfactant-modified hybrid clay materials.
Chem Pap 72:409–417. https://doi.org/10.1007/s11696-017-0290-9

105. Terry PA (2004)Characterization ofCr ion exchangewith hydrotalcite. Chemosphere 57:541–
546. https://doi.org/10.1016/j.chemosphere.2004.08.006

106. Oladoja NA, Adelagun ROA, Ololade IA, Anthony ET, Alfred MO (2014) Synthesis of nano-
sized hydrocalumite from a Gastropod shell for aqua system phosphate removal. Sep Purif
Technol 124:186–194. https://doi.org/10.1016/j.seppur.2014.01.018

107. Oladoja NA, Ahmad AL (2013) Gastropod shell as a precursor for the synthesis of binary
alkali-earth and transition metal oxide for Cr(VI) Abstraction from Aqua System. Sep Purif
Technol 116:230–239. https://doi.org/10.1016/j.seppur.2013.05.042

108. Asiabi H,Yamini Y, ShamsayeiM (2017)Highly selective and efficient removal of arsenic(V),
chromium(VI) and selenium(VI) oxyanions by layered double hydroxide intercalated with
zwitterionic glycine. J Hazard Mater 339:239–247. https://doi.org/10.1016/j.jhazmat.2017.
06.042

109. Koilraj P, Srinivasan K (2011) High sorptive removal of borate from aqueous solution using
calcined ZnAl layered double hydroxides. Ind Eng Chem Res 50:6943–6951. https://doi.org/
10.1021/ie102395m

110. Mamindy-Pajany Y, Hurel C, Marmier N, Roméo M (2011) Arsenic (V) adsorption from
aqueous solution onto goethite, hematite, magnetite and zero-valent iron: effects of pH,
concentration and reversibility. Desalination 281:93–99. https://doi.org/10.1016/j.desal.2011.
07.046

111. ZhangR,LeiviskäT, Tanskanen J,GaoB,YueQ (2019)Utilization of ferric groundwater treat-
ment residuals for inorganic-organic hybrid biosorbent preparation and its use for vanadium
removal. Chem Eng J 361:680–689. https://doi.org/10.1016/j.cej.2018.12.122

112. Bringas E, Saiz J, Ortiz I (2015) Removal of As(V) from groundwater using functionalized
magnetic adsorbent materials: effects of competing ions. Sep Purif Technol 156:699–707.
https://doi.org/10.1016/j.seppur.2015.10.068

113. Holm TR (2016) Journal (American Water Works Association). Am Water Works Assoc
94:174–181

114. Brechbühl Y, Christl I, Elzinga EJ, Kretzschmar R (2012) Competitive sorption of carbonate
and arsenic to hematite: combined ATR-FTIR and batch experiments. J Colloid Interface Sci
377:313–321. https://doi.org/10.1016/j.jcis.2012.03.025

115. El-Moselhy MM, Ates A, Çelebi A (2017) Synthesis and characterization of hybrid iron
oxide silicates for selective removal of arsenic oxyanions from contaminated water. J Colloid
Interface Sci 488:335–347. https://doi.org/10.1016/j.jcis.2016.11.003

116. Lai Keith CK, Lo IMC (2008) Removal of chromium (VI) by acid-washed zero-valent iron
under various groundwater geochemistry conditions. Environ Sci Technol 42:1238–1244.
https://doi.org/10.1021/es071572n

117. Qiu B, Xu C, Sun D, Yi H, Guo J, Zhang X, Qu H, Guerrero M, Wang X, Noel N, Luo Z,
Guo Z, Wei S (2014) Polyaniline coated ethyl cellulose with improved hexavalent chromium
removal. ACS Sustain Chem Eng 2:2070–2080. https://doi.org/10.1021/sc5003209

118. Oladoja NA, Ahmad AL, Adesina OA, Adelagun ROA (2012) Low-cost biogenic
waste for phosphate capture from aqueous system. Chem Eng J 209:170–179. Doi:
10.1016/j.cej.2012.07.125

https://doi.org/10.1016/j.chemgeo.2017.10.004
https://doi.org/10.1016/j.jhazmat.2019.04.087
https://doi.org/10.1021/acs.iecr.8b00466
https://doi.org/10.1007/s11696-017-0290-9
https://doi.org/10.1016/j.chemosphere.2004.08.006
https://doi.org/10.1016/j.seppur.2014.01.018
https://doi.org/10.1016/j.seppur.2013.05.042
https://doi.org/10.1016/j.jhazmat.2017.06.042
https://doi.org/10.1021/ie102395m
https://doi.org/10.1016/j.desal.2011.07.046
https://doi.org/10.1016/j.cej.2018.12.122
https://doi.org/10.1016/j.seppur.2015.10.068
https://doi.org/10.1016/j.jcis.2012.03.025
https://doi.org/10.1016/j.jcis.2016.11.003
https://doi.org/10.1021/es071572n
https://doi.org/10.1021/sc5003209


3 Oxyanions in Groundwater System—Prevalence, Dynamics … 99

119. Oladoja NA, Ololade IA, Olaseni SE, Olatujoye VO, Jegede OS, Agunloye AO (2012)
Synthesis of Nano calcium oxide from a gastropod shell and the performance evaluation
for Cr (VI) removal from aqua system. Ind Eng Chem Res 51:639–648. https://doi.org/10.
1021/ie201189z

120. Oladoja NA, Ololade IA, Adesina AO, Adelagun ROA, Sani YM (2013) Appraisal of
gastropod shell as calcium ion source for phosphate removal and recovery in calcium phos-
phate minerals crystallization procedure. Chem Eng Res Des 91:810–818. https://doi.org/10.
1016/j.cherd.2012.09.017

121. Zhang X, Ma J, Lu X, Huangfu X, Zou J (2015) High efficient removal of molybdenum from
water by Fe2(SO4)3: effects of pH and affecting factors in the presence of co-existing back-
ground constituents. J Hazard Mater 300:823–829. https://doi.org/10.1016/j.jhazmat.2015.
08.026

122. Opiso E, Sato T, Yoneda T (2009) Adsorption and co-precipitation behavior of arsenate,
chromate, selenate and boric acid with synthetic allophane-like materials. J Hazard Mater
170:79–86. https://doi.org/10.1016/j.jhazmat.2009.05.001

123. Wu X, Guo X, Zhang L (2019) Fabrication of porous zirconia microspheres as an efficient
adsorbent for removal and recovery of Trace Se(IV) and Te(IV). Ind Eng Chem Res 58:342–
349. https://doi.org/10.1021/acs.iecr.8b04288

124. Lu Z, Yu J, Zeng H, Liu Q (2017) Polyamine-modified magnetic graphene oxide nanocom-
posite for enhanced selenium removal. Sep Purif Technol 183:249–257. https://doi.org/10.
1016/j.seppur.2017.04.010

125. FuC-C, TranHN,ChenX-H, JuangR-S (2019) Preparation of polyaminated Fe3O4@chitosan
core-shell magnetic nanoparticles for efficient adsorption of phosphate in aqueous solutions.
J Ind Eng Chem. https://doi.org/10.1016/j.jiec.2019.11.033

126. Bandara PC, Perez JVD, Nadres ET, Nannapaneni RG, Krakowiak KJ, Rodrigues DF (2019)
Graphene oxide nanocomposite hydrogel beads for removal of selenium in contaminated
water. ACS Appl Polym Mater 1:2668–2679. https://doi.org/10.1021/acsapm.9b00612

127. Koilraj P, Kannan S (2010) Phosphate uptake behavior of ZnAlZr ternary layered double
hydroxides through surface precipitation. J Colloid Interface Sci 341:289–297. https://doi.
org/10.1016/j.jcis.2009.09.059

128. Hu C, Chen Q, Chen G, Liu H, Qu J (2015) Removal of Se(IV) and Se(VI) from drinking
water by coagulation. Sep Purif Technol 142:65–70. https://doi.org/10.1016/j.seppur.2014.
12.028

129. Goh K-H, Lim T-T (2004) Geochemistry of inorganic arsenic and selenium in a tropical
soil: effect of reaction time, pH, and competitive anions on arsenic and selenium adsorption.
Chemosphere 55:849–859. https://doi.org/10.1016/j.chemosphere.2003.11.041

130. Guo X, Wu Z, He M (2009) Removal of antimony(V) and antimony(III) from drinking water
by coagulation–flocculation–sedimentation (CFS). Water Res 43:4327–4335. https://doi.org/
10.1016/j.watres.2009.06.033

131. PallierV, Feuillade-CathalifaudG,SerpaudB,Bollinger J-C (2010)Effect of organicmatter on
arsenic removal during coagulation/flocculation treatment. J Colloid Interface Sci 342:26–32.
https://doi.org/10.1016/j.jcis.2009.09.068

132. Ahmad A, Rutten S, Eikelboom M, de Waal L, BruningH, Bhattacharya P, van der Wal
A (2020) Impact of phosphate, silicate and natural organic matter on the size of Fe(III)
precipitates and arsenate co-precipitation efficiency in calcium containing water. Sep Purif
Technol 235:116117. https://doi.org/10.1016/j.seppur.2019.116117

133. Lee Y, Um IH, Yoon J (2003) Arsenic(III) oxidation by iron(VI) (Ferrate) and subsequent
removal of arsenic(V) by iron(III) coagulation. Environ Sci Technol 37:5750–5756. https://
doi.org/10.1021/es034203+

134. Bilici Baskan M, Pala A (2010) A statistical experiment design approach for arsenic removal
by coagulation process using aluminum sulfate. Desalination 254(2010):42–48. https://doi.
org/10.1016/j.desal.2009.12.016

135. Oladoja NA, Aliu YD, Ofomaja AE (2011) Evaluation of snail shell as a coagulant aid in
the alum precipitation of aniline blue from aqueous solution. Environ Technol 32:639–652.
https://doi.org/10.1080/09593330.2010.509868

https://doi.org/10.1021/ie201189z
https://doi.org/10.1016/j.cherd.2012.09.017
https://doi.org/10.1016/j.jhazmat.2015.08.026
https://doi.org/10.1016/j.jhazmat.2009.05.001
https://doi.org/10.1021/acs.iecr.8b04288
https://doi.org/10.1016/j.seppur.2017.04.010
https://doi.org/10.1016/j.jiec.2019.11.033
https://doi.org/10.1021/acsapm.9b00612
https://doi.org/10.1016/j.jcis.2009.09.059
https://doi.org/10.1016/j.seppur.2014.12.028
https://doi.org/10.1016/j.chemosphere.2003.11.041
https://doi.org/10.1016/j.watres.2009.06.033
https://doi.org/10.1016/j.jcis.2009.09.068
https://doi.org/10.1016/j.seppur.2019.116117
https://doi.org/10.1021/es034203+
https://doi.org/10.1016/j.desal.2009.12.016
https://doi.org/10.1080/09593330.2010.509868


100 E. T. Anthony and N. A. Oladoja

136. Oladoja NA (2016) Advances in the quest for substitute for synthetic organic polyelectrolytes
as coagulant aid in water and wastewater treatment operations. Sustain Chem Pharm 3:47–58.
https://doi.org/10.1016/j.scp.2016.04.001

137. Hu C, Liu H, Chen G, Qu J (2012) Effect of aluminum speciation on arsenic removal
during coagulation process. Sep Purif Technol 86:35–40. https://doi.org/10.1016/j.seppur.
2011.10.017

138. McDonaldKJ, ReynoldsB,ReddyKJ (2015) Intrinsic properties of cupric oxide nanoparticles
enable effective filtration of arsenic from water. Sci Rep 5:1–10. https://doi.org/10.1038/sre
p11110

139. NguyenCM,BangS,Cho J,KimK-W(2009) Performance andmechanismof arsenic removal
from water by a nanofiltration membrane. Desalination 245:82–94. https://doi.org/10.1016/j.
desal.2008.04.047

140. Saitúa H, Campderrós M, Cerutti S, Padilla AP (2005) Effect of operating conditions in
removal of arsenic fromwater by nanofiltrationmembrane.Desalination 172:173–180. https://
doi.org/10.1016/j.desal.2004.08.027

141. Urase T, Oh J, Yamamoto K (1998) Effect of pH on rejection of different species of arsenic
by nanofiltration. Desalination 117:11–18. https://doi.org/10.1016/S0011-9164(98)00062-9

142. HeY,TangYP,ChungTS (2016)Concurrent removal of seleniumand arsenic fromwater using
polyhedral oligomeric silsesquioxane (POSS)–polyamide thin-film nanocomposite nanofil-
tration membranes. Ind Eng ChemRes 55:12929–12938. https://doi.org/10.1021/acs.iecr.6b0
4272

143. Chen ASC, Wang L, Lytle DA, Sorg TJ (2018) Arsenic/iron removal from groundwater with
elevated ammonia and natural organic matter. J AmWater Works Assoc 110:E2–E17. https://
doi.org/10.5942/jawwa.2018.110.0020

144. Su C, Puls RW (2004) Nitrate reduction by zerovalent iron: effects of formate, oxalate, citrate,
chloride, sulfate, borate, and phosphate. Environ Sci Technol 38:2715–2720. https://doi.org/
10.1021/es034650p

145. Banerjee K, Helwick RP, Gupta S (1999) Treatment process for removal of mixed inorganic
and organic arsenic species from groundwater. Environ Prog 18:280–284. https://doi.org/10.
1002/ep.670180415

146. Katsoyiannis IA, Voegelin A, Zouboulis AI, Hug SJ (2015) Enhanced As(III) oxidation and
removal by combined use of zero valent iron and hydrogen peroxide in aerated waters at
neutral pH values. J Hazard Mater 297:1–7. https://doi.org/10.1016/j.jhazmat.2015.04.038

147. Han X, Song J, Li Y-L, Jia S-Y, Wang W-H, Huang F-G, Wu S-H (2016) As(III) removal
and speciation of Fe (Oxyhydr)oxides during simultaneous oxidation of As(III) and Fe(II).
Chemosphere 147:337–344. https://doi.org/10.1016/j.chemosphere.2015.12.128

148. Zhou Q, Niu W, Li Y, Li X (2020) Photoinduced fenton-simulated reduction system based on
iron cycle and carbondioxide radicals production for rapid removal ofCr(VI) fromwastewater.
J Cleaner Prod 120790. https://doi.org/10.1016/j.jclepro.2020.120790

149. Oladoja NA, Anthony ET, Ololade IA, Saliu TD, Bello GA (2018) Self-propagation combus-
tion method for the synthesis of solar active Nano Ferrite for Cr(VI) reduction in aqua system.
J Photochem Photobiol A 353:229–239. https://doi.org/10.1016/j.jphotochem.2017.11.026

150. Fujishima A, Honda K (1972) Electrochemical photolysis of water at a semiconductor
electrode. Nature 238:37–38. https://doi.org/10.1038/238037a0

151. Fontana KB, Lenzi GG, Seára ECR, Chaves ES (2018) Comparision of photocatalysis and
photolysis processes for arsenic oxidation in water. Ecotoxicol Environ Saf 151:127–131.
https://doi.org/10.1016/j.ecoenv.2018.01.001

152. Mac Mahon J, Gill LW (2016) Development of a continuous flow solar oxidation process for
the removal of arsenic for sustainable rural water supply. J Environ Chem Eng 4:1181–1190.
https://doi.org/10.1016/j.jece.2016.01.027

153. Samad A, Furukawa M, Katsumata H, Suzuki T, Kaneco S (2016) Photocatalytic oxidation
and simultaneous removal of arsenite with CuO/ZnO photocatalyst. J Photochem Photobiol
A: Chem 325:97–103. https://doi.org/10.1016/j.jphotochem.2016.03.035

https://doi.org/10.1016/j.scp.2016.04.001
https://doi.org/10.1016/j.seppur.2011.10.017
https://doi.org/10.1038/srep11110
https://doi.org/10.1016/j.desal.2008.04.047
https://doi.org/10.1016/j.desal.2004.08.027
https://doi.org/10.1016/S0011-9164(98)00062-9
https://doi.org/10.1021/acs.iecr.6b04272
https://doi.org/10.5942/jawwa.2018.110.0020
https://doi.org/10.1021/es034650p
https://doi.org/10.1002/ep.670180415
https://doi.org/10.1016/j.jhazmat.2015.04.038
https://doi.org/10.1016/j.chemosphere.2015.12.128
https://doi.org/10.1016/j.jclepro.2020.120790
https://doi.org/10.1016/j.jphotochem.2017.11.026
https://doi.org/10.1038/238037a0
https://doi.org/10.1016/j.ecoenv.2018.01.001
https://doi.org/10.1016/j.jece.2016.01.027
https://doi.org/10.1016/j.jphotochem.2016.03.035


3 Oxyanions in Groundwater System—Prevalence, Dynamics … 101

154. Cid LdC, Grande Mdc, Acosta EO, Ginzberg B (2012) Removal of Cr(VI) and humic acid by
heterogeneous photocatalysis in a laboratory reactor and a pilot reactor. Ind Eng Chem Res
51:9468–9474. https://doi.org/10.1021/ie2010687

155. Chen X, Burda C (2008) The electronic origin of the visible-light absorption properties of
C-, N- and S-doped TiO2 nanomaterials. J Am Chem Soc 130:5018–5019. https://doi.org/10.
1021/ja711023z

156. Nogueira AE, Lopes OF, Neto ABS, Ribeiro C (2017) Enhanced Cr(VI) photoreduction in
aqueous solution using Nb2 O5/CuO heterostructures under UV and visible irradiation. Chem
Eng J 312:220–227. https://doi.org/10.1016/j.cej.2016.11.135

157. Szabó M, Bellér G, Kalmár J, Fábián I (2017) Chapter One—The kinetics and mechanism of
complex redox reactions in aqueous solution: the tools of the trade. In: van Eldik R, C.D.B.T.-
A, Hubbard IC (eds) Inorg React Mech. Academic Press, pp 1–61. https://doi.org/10.1016/
bs.adioch.2017.02.004

158. Richardson DE, Sharpe P (1993) Vibrational and electronic contributions to entropy changes
for oxidation-reduction reactions of metal complexes. Inorg Chem 32:1809–1812. https://doi.
org/10.1021/ic00061a043

159. Ma Z, Zhang M, Guo J, Liu W, Tong M (2018) Facile synthesis of ZrO2 coated BiOCl0.5I0.5
for photocatalytic oxidation-adsorption ofAs(III) under visible light irradiation.Chemosphere
211:934–942. https://doi.org/10.1016/j.chemosphere.2018.08.003

160. Vaiano V, Iervolino G, Sannino D, Rizzo L, Sarno G (2016) MoOx/TiO2 immobilized on
quartz support as structured catalyst for the photocatalytic oxidation of As(III) to As(V) in
aqueous solutions. Chem Eng Res Des 109:190–199. https://doi.org/10.1016/j.cherd.2016.
01.029

161. Wang Z, Murugananthan M, Zhang Y (2019) Graphitic carbon nitride based photocatalysis
for redox conversion of arsenic(III) and chromium(VI) in acid aqueous solution. Appl Catal
B: Environ 248:349–356. https://doi.org/10.1016/j.apcatb.2019.02.041

162. Katsoyiannis IA, Zouboulis AI, Jekel M (2004) Kinetics of bacterial As(III) oxidation and
subsequent As(V) removal by sorption onto biogenic manganese oxides during groundwater
treatment. Ind Eng Chem Res 43:486–493. https://doi.org/10.1021/ie030525a

163. UngureanuG, Filote C, Santos SCR, Boaventura RAR,Volf I, BotelhoCMS (2016) Antimony
oxyanions uptake by green marine macroalgae. J Environ Chem Eng 4:3441–3450. https://
doi.org/10.1016/j.jece.2016.07.023

164. Song W, Gao B, Zhang X, Li F, Xu X, Yue Q (2019) Biological reduction of perchlorate
in domesticated activated sludge considering interaction effects of temperature, pH, electron
donors and acceptors. Process Saf Environ Prot 123:169–178. https://doi.org/10.1016/j.psep.
2019.01.009

165. Zhang Y, Frankenberger WT (2006) Removal of selenate in river and drainage waters by
Citrobacter braakii enhanced with zero-valent iron. J Agric Food Chem 54:152–156. https://
doi.org/10.1021/jf058124o

166. Song W, Gao B, Xu X, Zhang T, Liu C, Tan X, Sun S, Yue Q (2015) Treatment of dissolved
perchlorate by adsorption-microbial reduction. Chem Eng J 279:522–529. https://doi.org/10.
1016/j.cej.2015.05.063

167. Dieguez-Alonso A, Anca-Couce A, Frišták V, Moreno-Jiménez E, Bacher M, Bucheli TD,
CimòG, Conte P, HagemannN,Haller A, Hilber I, HussonO,KammannCI, Kienzl N, Leifeld
J, Rosenau T, Soja G, Schmidt HP (2019) Designing biochar properties through the blending
of biomass feedstock with metals: impact on oxyanions adsorption behavior. Chemosphere
214:743–753. https://doi.org/10.1016/j.chemosphere.2018.09.091

168. Chao HP, Wang YC, Tran HN (2018) Removal of hexavalent chromium from groundwater
byMg/Al-layered double hydroxides using characteristics of in-situ synthesis. Environ Pollut
243:620–629. https://doi.org/10.1016/j.envpol.2018.08.033

169. Gal H, Weisbrod N, Dahan O, et al (2009) Perchlorate accumulation and migration in the
deep vadose zone in a semiarid region. J Hydrol 378:142–149. https://doi.org/10.1016/j.jhy
drol.2009.09.018

https://doi.org/10.1021/ie2010687
https://doi.org/10.1021/ja711023z
https://doi.org/10.1016/j.cej.2016.11.135
https://doi.org/10.1016/bs.adioch.2017.02.004
https://doi.org/10.1021/ic00061a043
https://doi.org/10.1016/j.chemosphere.2018.08.003
https://doi.org/10.1016/j.cherd.2016.01.029
https://doi.org/10.1016/j.apcatb.2019.02.041
https://doi.org/10.1021/ie030525a
https://doi.org/10.1016/j.jece.2016.07.023
https://doi.org/10.1016/j.psep.2019.01.009
https://doi.org/10.1021/jf058124o
https://doi.org/10.1016/j.cej.2015.05.063
https://doi.org/10.1016/j.chemosphere.2018.09.091
https://doi.org/10.1016/j.envpol.2018.08.033
https://doi.org/10.1016/j.jhydrol.2009.09.018


102 E. T. Anthony and N. A. Oladoja

170. KumarM,RamanathanAL,RahmanMM,NaiduR (2016)Concentrations of inorganic arsenic
in groundwater, agricultural soils and subsurface sediments from the middle Gangetic plain
of Bihar, India. Sci Total Environ 573:1103–1114. https://doi.org/10.1016/j.scitotenv.2016.
08.109

171. Shahid M, Niazi NK, Dumat C, et al (2018) A meta-analysis of the distribution, sources and
health risks of arsenic-contaminated groundwater in Pakistan. Environ Pollut 242:307–319.
https://doi.org/10.1016/j.envpol.2018.06.083

172. KuiperN, Rowell C, ShomarB (2015)High levels ofmolybdenum inQatar’s groundwater and
potential impacts. J Geochemical Explor 150:16–24. https://doi.org/10.1016/j.gexplo.2014.
12.009

173. Vinson DS, Mcintosh JC, Dwyer GS, Vengosh A (2011) Arsenic and other oxyanion-forming
trace elements in an alluvial basin aquifer: Evaluating sources and mobilization by isotopic
tracers (Sr, B, S, O, H, Ra). Appl Geochemistry 26:1364–1376. https://doi.org/10.1016/j.apg
eochem.2011.05.010

174. Park JD, Choi SJ, Choi BS, et al (2016) Arsenic levels in the groundwater of Korea and
the urinary excretion among contaminated area. J Expo Sci Environ Epidemiol 26:458–463.
https://doi.org/10.1038/jes.2016.16

175. Levakov I, Ronen Z, Dahan O (2019) Combined in-situ bioremediation treatment for perchlo-
rate pollution in the vadose zone and groundwater. J Hazard Mater 369:439–447. https://doi.
org/10.1016/j.jhazmat.2019.02.014

https://doi.org/10.1016/j.scitotenv.2016.08.109
https://doi.org/10.1016/j.envpol.2018.06.083
https://doi.org/10.1016/j.gexplo.2014.12.009
https://doi.org/10.1016/j.apgeochem.2011.05.010
https://doi.org/10.1038/jes.2016.16
https://doi.org/10.1016/j.jhazmat.2019.02.014


Chapter 4
Occurrence and Management
of Selenium Oxyanions in Water

Chidinma G. Ugwuja, Ajibola A. Bayode, Damilare Olorunnisola,
and Emmanuel I. Unuabonah

Abstract Selenium is a metalloid and an essential micronutrient needed by animals
and humans at low concentrations but extremely toxic at high concentrations. It is
found in the natural environment and can be present in soil, food, air, plant, and
water. The chemistry of Se is linked to its different chemical forms. Se mobility and
toxicity are strongly dependent on its redox state; from highly soluble oxyanions
like selenate, selenite, and hydroselenite to elemental Se. However, selenate and
selenite are the two predominant Se species in the water system because of their high
solubility and low adsorption by sediments and soil. This provides most techniques
the platform to focus on the removal of both selenite and selenate among other Se
species. This chapter is focused on the occurrence and effective management of
Selenate and Selenite in water.

Keywords Selenite · Selenate · Occurrence · Management · Water

4.1 Introduction

Selenium (Se) is one of the sixth main group elements called chalcogens in the peri-
odic table. As an element, Se occurs naturally in the environment with anthropogenic
sources contributing to its presence in the environment. Examples of natural sources
include volatilization of water bodies and plants, terrestrial weathering, and volcanic
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activities [1, 2], while fossil fuels, mining, oil refining, and fossil fuel combustion
are examples of anthropogenic sources.

Selenium can be found in many environmental matrices around the world,
including plants, soil, food, air, and drinking water, but it is generally detected at
very low concentrations in drinking water [3]. It is an essential micronutrient needed
by animals and humans at low concentrations, but extremely toxic at high concentra-
tions in water, atmosphere, and soil [4]. For instance, acute exposure to compounds
of Se may lead to neurological challenges and severe respiratory problems. Inves-
tigations have pointed out that high exposure to Se, through drinking water, is the
cause of low blood glutathione peroxidase activity, signifying an unexpected inverse
relationship occurring between enzymatic activity and Se intake [5]. Besides, high
Se intake decreases sperm movement in healthy men [6], increases the rate of some
cancer development like pancreatic and skin cancers, and increases the risk of type-2
diabetes due to its negative impact on insulin signaling [7]. Health challenges asso-
ciated with both Se deficiency and toxicity have been reported in different parts of
the world, because of the narrow range that exists between dietary deficiency (<40
ug/day) and toxic levels (>400 ug/day) [2, 8]. So, the nutritional and toxicological
properties of Se have generated strong interest and argument between the general
public and the scientific community [9]. On this basis, the United States Environ-
mental ProtectionAgency (USEPA) and theWorldHealth Organization (WHO) have
set the maximum acceptable concentration of Se in drinking water to be between 40
and 50 ppb, while in Europe and Japan, the permissible limit is 10 ppb [10].

The elimination of Se from the contaminated water has attracted tremendous
research. The toxicity and mobility have been found to be strongly dependent on its
redox state. In nature, Se is commonly observed as selenate [SeO2−

4 , Se(VI)], selenite
[SeO2−

3 Se(IV)], selenide [Se2; Se(II)], and elemental selenium as seen in Fig. 4.1
[11].

The principal aqueous forms of inorganic selenium are selenate and selenite.
Selenate is typically more difficult to remove from water because it predominates in
oxidizing environments as SeO2−

4 , while selenite is present in moderately reducing
conditions as SeO2−

3 or HSeO3. In acidic medium, selenium remains in the oxyanion
form of selenite, while at the neutral and alkaline range, selenate predominates [12].
It is, therefore, the goal of this chapter, to compile several management techniques
that have been used for to the removal of Se from aqua systems based on its aqueous
chemistry.

4.2 Occurrence and Sources of Selenium Oxyanions
in Water

Themajor precursor of selenate and selenite,which is selenium, is naturally occurring
and it is rarely recovered in a free state. The chemistry of selenium is similar to that of
sulfur and tellurium, and it occurs in the environment in different forms. The species
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of selenium that occur in water are the oxidized water-soluble forms and they exhibit
the oxidation state of +6 (selenate) and +4 (selenite) [13, 14].

The main source of selenate and selenite in water stems from selenium, and they
gain access into water bodies through natural and anthropogenic sources. As shown
in Fig. 4.2, leachates fromSe-laddened rock andwaste streams, runoffs from landfills
containing e-wastes and agricultural irrigation, mineral ore deposit, runoffs due to
downpour from rainfall and from process tailings derived from the mining activities,
and metal smelting have greatly contributed to the dispersion of Se in downstream
environments [15]. The selenium in water further undergoes redox reaction, to get
converted to selenate and selenite.

The behavior, fate, and mobility of selenate and selenite in water are mostly influ-
enced by various biological, geological, and chemical processes such as precipitation,
complexation, sorption, oxidation–reduction, and biomethylation [16–17]. These
processes are susceptible to different environmental factors like pH, redox condi-
tions, natural organic matter, selenium concentration, competing anions, biological
and microbial activity [18–19].

The oxidation and reduction of selenium are influenced by the redox potential
and the pH value of water. Under reducing conditions and in the presence of acidic
mine effluent deposited into water, with redox potential ranging from 0 to 200 mV,
selenites are the predominant species. When the redox potential increases to values
above 200 mV, it is oxidized to selenate, and above 400 mV redox potential, selenite
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Fig. 4.2 Schematic diagram showing the pathway to which selenium gets into the water system

species dominates by 80% [19, 20]. It is safe to say that selenium mobility and
bioavailability are inhibited in aqueous systems that are acidic in nature.

The mobility of selenate and selenite is related to their adsorption, either on
organic matter or mineral surfaces. The adsorption is mediated by its oxidation state.
Thus, selenate has a greater adsorption capacity than selenite, with a good affinity
for metallic oxide and hydroxide [21]. Competition from natural organic matter and
anions, such as SO4

2−, PO4
3−, CO3

2−, and Cl− affects the number of adsorption sites
available which invariably influences the mobility and bioavailability of selenite in
water [22, 23].

Generally, pH value is considered an important parameter that control the ion
distribution between a solid–liquid interface during an adsorption process. It does
not only affect the selenium species in solutions, but also changes the surface charge
of the adsorbent [2].

[
SeO2−

4

] [
SeO2−

3

]
Selenium remains in oxyanion form of SeO2−

3

at acidic condition, but at neutral and alkaline range, SeO2−
4 is the dominant form.

Se oxyanion species are water soluble and, especially, the selenate is prone to less
adsorption onto the soil surface and hence more tendency to leach into the aqueous
phase. However, mobility, bioavailability, and speciation of selenium species are
highly dependent on the pH value and redox conditions [24].

Although, several studies have reported that Se(IV) species in aqueous solution
include selenious acid (H2SeO3), biselenite (HSeO3), and selenite SeO2−

3 , the bise-
lenite ion is the predominant ion in water between pH 3.5 and 9.0. Above pH 9.0,
selenite species dominates, but at solution pHbelowpH3.5, selenious acid dominates
[25]. For example, Zhu et al. [26] conducted an experiment on species distribution
of Se oxyanions as a function of pH. As presented in Fig. 4.3, the percentage of
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Fig. 4.3 Speciation of Se(IV) and Se(VI) as a function of pH values [26]

HSeO3
−and SeO2−

3 are 95% and 5% at pH 7.0, respectively, while SeO2−
3 dominates

at pH 8.5 (63%). On the other hand, Se (VI) was present as only one specie, SeO2−
4 ,

above the pH value of 8.5. For this reason, the charge of Se oxyanions species greatly
depends on pH values [26].

Furthermore, the removal of Se oxyanions has a strong correlation with variation
in pH value of the medium. Several studies on the adsorption of Se oxyanions have
established that the adsorption is highly favorable in acidic medium, while its effi-
ciency decreases rapidly in basic medium [12, 25, 26]. For instance, Meher et al.
[12] reported that the removal of selenite [SeO2−

3 ] was reduced from 80.35% at pH
of 4.0 to 38.22% at pH of 9.0. Similar trend was observed in the case of selenate,
as the adsorption efficiency was drastically reduced from 72.34 to 37.35%, with a
change in the solution pH value from 4.0 to 9.0 [12].

In another study by El-Shafey [25], it was reported that high percentage removal
of SeO2−

3 was achieved at pH 1.5, but a decrease in efficiency was observed with
increasing solution pH to 7.0 [25]. In addition, Zhang et al. [27] stated that the removal
efficiency of iron-coated granular adsorbent for SeO2−

3 was not significantly affected
within a pH range of 2.0–8.0, but a decrease in the removal efficiencywas observed at
pH greater than 8.0, which then decreases to zero removal efficiency at pH 12.0 [27].
Again, Chen et al. [28] established the impact of pH on oxyanion removal by taking
into account the diverse species of Se in aqueous solution as a function of pH. The
surface of the adsorbent Mg–FeCO3 layered double hydroxide (LDH) is positively
charged when pH < pHpzc (point of zero charge ofMg–FeCO3 LDH); pHpzc= 8.78
[29], aiding the adsorption of the oxyanions. However, at pH > pHpzc, the LDHs
surface becomes negatively charged, which repel the oxyanions and consequently
cause low adsorption.

In literature, for most of the adsorbents, the adsorption capacity for Se oxyanion is
drastically reduced in alkaline pH [23, 30–31]. The lowering of adsorption efficiency
at the alkaline pH range may be due to the competition between the Se oxyanions
and OH− for the active sites on the adsorbent, resulting in enhanced repulsion toward
the anionic selenium species [12]. This results in the decrease of adsorption capacity
[26].
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4.3 Management of Selenium Oxyanion in Water

The treatment of Se-contaminated water is challenging because speciation, mobility,
and bioavailability of Se species are highly dependent on their redox state and pH
conditions of the contaminated water [32, 33]. While selenite and selenates are
the most common form of Se in aqueous systems and they are water soluble, the
elemental Se is insoluble and not biologically active. Hence, most removal tech-
nology is focused on the removal of selenite and selenate. Due to the bioavail-
ability and higher solubility of selenite, it is more toxic than selenate and organo-Se
compounds.

A graphical illustration of the different methods reviewed in this chapter for the
management of Se oxyanions is presented in Fig. 4.4.

4.3.1 Selenium Removal by Reduction Technique

One of the most widely applied nanomaterials for the remediation and treatment of
groundwater, soil, and wastewater is the nanoscale zero-valent iron (nZVI) [34]. This
nano-material has being employed for the detoxification of a wide range of pollu-
tants in water including azo dyes, perchlorate, halogenated hydrocarbons, hexavalent
chromium, nitroaromatic compounds, radionuclides, antibiotics, and heavy metal
ions [35–36]. Zero-valent iron can be used as a reducing agent for aqueous selenium
species (selenate and selenite) in a way that the iron acts as both a catalyst and an
electron donor for the reduction reaction. Basically, the ZVI surface is oxidized,

Fig. 4.4 Graphical illustration depicting the various techniques used for Se management in water
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providing both ferric and ferrous iron adsorption sites for aqueous Se oxyanions.
The ZVI surface is known as green rust, which is the Fe form of ZVI needed to
chemically reduce both selenite and selenate to elemental Se. For example, selenate,
which is more recalcitrant of the two species, is first reduced to selenite by green
rust, which in turn is either adsorbed on the ferrihydrite amorphous solids created,
via the redox reaction with ZVI, or further reduced to elemental Se [37].

According to a study carried out by Olegario et al. [38], the reduction of
water-soluble selenate [Se(VI)] to insoluble selenide [Se(II)] was achieved using
ZVI nanoparticles. From kinetic studies, it was observed that the rate of reduction
of Se(VI) was four times greater with ZVI than with conventional Feo powder. The
reduction in the oxidation state of the oxyanionwas confirmed from theX-ray absorp-
tion near-edge structure (XANES) spectroscopy, where it was revealed that Se(VI)
was successfully reduced to Se(II) [38].

Das et al. [39] also investigated the removal of dissolved Se(VI) in simulated
miningwater via a reductionmethod using three commercial zero-valent irons (ZVIs)
materials under oxic conditions. The experiment was carried out in the presence of
NO3

− and SO4
2−, to create a water system impacted by mining activities. Results

from the batch experiments revealed a reduction in the removal rate of Se(VI) in the
presence of NO3

− and SO4
2−. However, all the three ZVI materials displayed the

ability to partially remove NO3
− by adsorption and/or reduction mechanism, and the

kinetic studies, showed that the process followed a first-order reaction. The XANES
analysis revealed that the Se(VI) was reduced to a mixture of Se(IV) and Se(0) linked
with nZVI solids [39].

Ling et al. [34] reported the use of nanoscale zero-valent iron for the removal
of selenite [Se(IV)] from water, where 5 g/L of nZVI removed 1.3 mM of selenite,
by reduction, within 3 min. The process mechanism was elucidated by scanning
transmission electron microscope (STEM) incorporated with energy-dispersive X-
ray spectroscopy (EDX). The STEM-EDX analysis (Fig. 4.5) revealed that Se(IV)
was reduced to Se(II) and Se(0), which accumulated on the iron oxide and Fe(0)
interface and formed a thin (~0.5 nm) layer of reduced Se. Penetration or diffusion of
Se(IV) across the Fe oxide layer is accelerated by its chemical reduction, mediated by
ferrous and/or Fe(0),with the reduced products [i.e., Se(−II) andSe(0)] accumulating
on the oxide/Fe(0) interface.

Additionally, the STEM mapping is also revealed that defects on the surface
layer of the nZVI increased the diffusion of Se oxyanions, which further enhanced
the capacity of the nZVI material for Se sequestration. This study showed that the
reduction and sequestration mechanisms accounted for the rapid removal of Se(IV)
and the large capacity of nZVI material for Se sequestration.

4.3.2 Adsorption

The adsorption process is one of the most promising techniques for Se removal from
water. It is also a preferred method for Se management due to the process simplicity,
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Fig. 4.5 STEM-EDX images nZVI nanoparticle collected from a reactor after 48-h reactions with
1.3 mM selenite (a) of Fe-Se reactions: a HAADF image with XEDS-STEM elemental line scans
of the Fe(yellow), Se(green), O(red) over a defect area (the red circle), b Fe, c O, d Se, e Fe + Se,
f Fe + O + Se. Signals collected from nZVI after 48-h reactions with 1.3 mM selenite [34]

economy, and efficiency. Adsorption onto various surfaces such as powdered acti-
vated carbon, activated alumina, chitosan-clay composites, activated double hydrox-
ides, nano-TiO2, and granular activated carbon have been investigated for the removal
of Se oxyanions in aqueous systems.

Activated alumina has been recommended as one of the best available mate-
rials for the removal of Se from drinking water because of the low cost, ease of
operation, and abundance. It has been listed as one of the best materials for water
and wastewater treatment, due to its amphoteric property [40]. Various activated
alumina have been successfully used for the removal of Se from water, and due to
its amphoteric property, the performance efficiency is expected to be influenced by
pH. Adsorption is strongly a pH-dependent process, as both the surface charge of the
adsorbent and that of themain species of the adsorbate are influenced by the pH of the
system. For instance, Yamani et al. [41] reported the use of nanocrystalline aluminum
oxide (n-Al2O3) impregnated chitosan beads (AICB), for simultaneous adsorption
of selenite and selenate, which was more effective than n-Al2O3 or chitosan alone.
For a selenite system, the main active adsorbent is n-Al2O3, because chitosan has
low affinity for selenite, while for the selenate system, chitosan was the main active
adsorbent. However, in the case of a mixed system of selenite and selenate, the AICB
was the most robust option, because it exhibited the most consistent performance.
An indirect relationship between the AICB performance and the pH of the solution
was observed. Thus increasing the pH of the aqueous system corresponded with
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decreasing adsorbent performance. Increasing background sulfate (anion) concen-
tration was also reported to negatively influence the adsorption efficiency of AICB
for both selenite and selenite [41]. This clearly demonstrates the competing effect of
other anions with Se oxyanions for adsorption sites.

Meher et al. [12] showed the concurrent removal of selenite and selenate from
drinkingwater, usingmesoporous activated alumina (MAA). The adsorption capacity
obtained for both selenite and selenate were 9.02 µg/g and 5.38 µg/g, respectively.
While the adsorption of selenite followed a pseudo-second-order kinetic model that
of selenate followed the pseudo-first-order kinetic model. The efficiency of theMAA
adsorbent was also investigated at different pH values and in the presence of compet-
itive co-ions. At near-neutral pH value and lower concentrations of competitive ions,
MAA adsorbent removed the different forms of the Se from water. The reusability
and regeneration study of the spent MAA adsorbent validated its suitability for
column studies in a continuous flow mode. Although the adsorption capacity grad-
ually decreased after the fourth regeneration cycle and up to the tenth regenera-
tion cycle, the average adsorbent weight loss during each regeneration cycle was
negligible [12].

Due to its porous internal structure and large specific surface area, activated carbon
is commonly used in industrial purification and separation processes. Recent research
interests have been directed toward the use of various types of carbonaceous waste
for the production of activated carbon, due to their richness in carbon elements, low
cost, and natural abundance [42]. For example, several kinds of agricultural waste,
such as rice husks, walnut shells, etc., have been studied as low-cost materials. One
of the benefits of using activated carbon obtained from agricultural waste is that most
agricultural waste possesses components such as lignin, tannins, saponins, and hemi-
celluloses, which add functional properties that influence the overall performance of
the activated carbon [42].

Zhang et al. [27] reported the use of iron-coated granular activated carbons for the
removal of selenite from aqueous solution. Ferrous chloride with sodium hypochlo-
rite, was used in oxidizing five different types of granular activated carbon. TheDarco
12 × 20 GAC, coated with 0.1 M ferrous chloride, exhibited the highest efficiency
for selenite removal (97.3% removal efficiency) [27]. The high percentage removal
was not considerably affected when the reaction was carried out within the pH range
of 2.0–8.0. However, at pH value above 8.0, a significant decrease in the removal
efficiency until pH 12.0, when zero efficiency was achieved. Hence, the adsorption
of selenite onto iron-coated granular carbon is best effected at pH values <8.0, and
the regeneration of the adsorbent can be carried out by raising the pH, since lower
adsorption was experienced at pH >8.0 [27].

Wasewar et al. [43] investigated the use of granular activated carbon (GAC) and
powdered activated carbon (PAC) for the removal of selenite from aqueous solution,
and the adsorption process was observed to be highly dependent on the solution
pH value. There was an increase in the percentage removal of Se(IV) by GAC and
PAC at pH 2.0–3.0, while the removal percentage decreased significantly at higher
pH values. However, the adsorption of Se was closely related to the distribution of
its chemical forms and the surface properties of the adsorbent. Powdered activated
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carbon, obtained from charcoal, impregnated with iron nitrate has also been applied
for the adsorption of Se [44]. The effects of different ratios of the carbon mass
to the impregnating agents against the Se adsorption capacity and selectivity were
investigated, and it was observed that the carbon impregnated with 10% Fe(NO3)2
and heated at 200 °C exhibited the highest adsorption capacity and selectivity toward
the Se oxyanions. The highest adsorption capacity was observed at pH below 5.0
for the adsorption of Se(VI). The XPS and SEM–EDX analysis revealed that the
interaction between the iron oxide and selenite enhanced the adsorption onto the
Fe-loaded activated carbon [44].

The use of a carbonaceous adsorbent for the removal of selenite from water was
reported by El-Shafey [25]. The carbonaceous adsorbent was obtained from peanut
shells via sulfuric acid treatment. Surface functional groups, such as –OH and –
COOH, were present on the surface of the acid activated carbonaceous adsorbent,
which possess reduction properties for selenite. In this study, two different sorbent
types were used, namely the wet and dry adsorbent. The difference between the
two adsorbents is that after carbonization, the wet adsorbent was not dried in the
oven but left under suction in a Gooch crucible, while the dry adsorbent was dried
in an oven at 120 °C. The removal of selenite from aqueous solution was studied
under varying conditions, such as temperature, pH, time, selenite concentration, and
adsorbent status (wet and dry). The removal of Se(IV) by both the wet and dry
adsorbent followed a pseudo-first-order kinetic model, but the removal by wet adsor-
bent was faster. This observation was linked to the contraction and compaction of
the dry adsorbent after drying, which results in narrower pores for the diffusion of
Se(IV) ions. Conversely, the adsorption capacity of the wet sorbent was also higher
than that of the dry adsorbent. At low pH value, the removal of Se(IV) by the acti-
vated carbonaceous adsorbent increased, but a decrease in value was observed with
increasing pH value. The high extent of adsorption at low pH values was attributed
to excess protons in the system that allowed more reduction of Se(IV) to elemental
selenium on the adsorbent surface. The reduction of Se(IV) to elemental Se involves
redox process and carbon oxidation, as shown below [25];

H2SeO3 + 4H+ + 4e− → Se0 + 3H2O (4.1)

∼C−H + Se(oxidized) + H+ → ∼C−OH + Se(reduced) + H2O (4.2)

∼C−H/∼C−OH + Se(oxidized) + H+ → ∼C=O + Se(reduced) + H2O (4.3)

∼C−H/∼C−OH + Se(oxidized) + H+ → ∼COOH + Se(reduced) + H2O (4.4)

Both the activated and non-activated adsorbents exhibited increased adsorption of
Se(IV) with increasing temperature. This was attributed to the fact that an increase in
temperature may cause increased swelling of the adsorbent, thereby allowing more
active sites to be available for the uptake of Se(IV) ions [25].

Another class of adsorbent which have been utilized for the effective removal of
toxic Se oxyanions are the layered double hydroxide (LDH) and layered rare-earth
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hydroxides (LRHs). LDH and LRH are important materials consisting of positively
charged host layer and counterions in their interlayer space. They are capable of
playing versatile roles such as acting as scavengers, two-dimensional nano-reactors,
and adsorbents due to their excellent intercalation and anion-exchange capability.
The anion-exchange capability facilitates their use for the uptake of toxic oxyanions.

Ma et al. [2] reported the use of MoS42− intercalatedMg/Al LDH sorbent (MoS4-
LDH) for concurrent removal of Se toxic oxyanions (selenite and selenate), Hg2+,
Cu2+, and Cd2+ from water. The presence of metal ions, coexisting with the Se
oxyanions, promoted the rapid uptake of both selenite and selenate. For example, the
removal of Se(VI) increased with the presence of Hg2+ while the presence of other
metal ions (i.e., Hg2+, Cu2+, and Cd2+) facilitated the removal of Se(IV). For the
individual oxyanionwithout themetal ions, 81.0%and99.1%removalwere achieved,
respectively, while 100% removal was achieved in the presence of metal ions. The
presence of metal ions extremely enhanced the Se oxyanions capture because of the
reactions of the interlayer MoS42− anions with the metal ions [2].

Zhu et al. [26] reported the use of cationic layered rare-earth hydroxide (LRH),
yttrium hydroxide (Y2(OH)5Cl.3

/
2 H2O) for the effective removal of SeO2−

3 and
SeO2−

4 ion from aqueous solution. Among other inorganic adsorbents, this adsorbent
presented new records, with maximum sorption capacities of 207 and 124 mg/g for
SeO2−

3 and SeO2−
4 , respectively. At low concentration region and even in the presence

of competitive anions likeCl−, NO3
−, HPO4

2−, CO3
2− and SO4

2−, the LRH removed
almost all the Se oxyanions from aqueous solution. The residual Se oxyanions were
less than 10 µg/L, which was far below the limit for drinking water. The mechanism
provided for the higher uptakeof selenite over selenate by theLRHwas that theSeO2−

3
ionswere directly bound through strong bidentate nuclear inner-sphere complexation
to the Y3+ center in the positively charged layer of [Y2(OH)5Cl.3

/
2 H2O]+ [26].

The adsorption mechanism of both SeO2−
4 and SeO2−

3 onto the cationic LRH
adsorbent was unraveled by a combination of energy-dispersive spectroscopy (EDS),
Fourier transform infrared spectrometer (FTIR), Raman, powder X-ray diffraction
(PXRD), and extended X-ray absorption fine structure (EXAFS) techniques. The
FTIR of the spent material showed a new peak at 860 cm−1, which was attributed to
v(Se–O) vibrations of SeO4

2− while a broad peak between 575 and 700 cm−1 was
assigned to Se–O vibration of a mixture of HSeO3

− and SeO3
2− specie, suggesting

the adsorption of SeO2−
4 and SeO2−

3 onto Y2(OH)5Cl.3
/
2 H2O. The result from the

EDS analysis showed that the number of chloride ions greatly decreased after the
sorption process, indicating an anion-exchange mechanism of SeO2−

4 and SeO2−
3

with the interlayer chloride ions in Y2(OH)5Cl.3
/
2 H2O. From the XRD analysis,

the interlayer spacing of Y2(OH)5Cl.3
/
2 H2O increased after sorption with both

SeO2−
4 and SeO2−

3 , indicating that both selenate and selenite have entered into the
crystallographic interlayer space. EXAFS spectra gave confirmatory evidence on
the interaction mechanism, where it was concluded that the sorption of SeO2−

4 onto
Y2(OH)5Cl.3

/
2 H2O occurred through simple ion exchange of Cl− in the original

structure, by forming an outer-sphere complexation. In the case of SeO2−
3 sorption
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Fig. 4.6 Inner-sphere complexation of Se oxyanions with cationic layered rare-earth hydroxides
(Yttrium Hydroxide) [26]

mechanism, a bidentate binuclear inner-sphere complexwas formedduring the anion-
exchange reaction (Fig. 4.6).

Presented in Table 4.1 are selected adsorbents used for selenate and selenite
adsorption with their adsorption parameters.

4.3.3 Photocatalysis

Photocatalysis is a phenomenon, where an electron–hole pair is generated on
exposing semiconducting materials to light of suitable energy. Thus, the chem-
ical reactions that occur in the presence of a semiconductor and light are collec-
tively termed as photocatalytic reactions. The photogenerated holes (h+) react with
hydroxyl groups or adsorbed water on the photocatalyst surface, forming hydroxyl
radicals (OH.), which are generally accepted to be responsible for initiating the
oxidation pathway that occurs in the valence band. The photogenerated electrons are
responsible for initiating photoreduction reactions that take place in the conduction
band [53].

TiO2-assisted photocatalysis was employed for the removal of aqueous phase
selenite and selenate species, using ethylenediaminetetraacetic acid (EDTA) as hole
(h+) scavenger [54]. Thebinary selenite/EDTAand selenate/EDTAsystemspresented
high selenite and selenate removal at pH 4.0 and pH 6.0, with faster removal kinetics,
noted for the selenite species. The selenite and selenate removalwere ascribed to their
reduction by the electrons (e-) generated at the conduction band. The effect of pH
studies on the removal efficiency showed high selenite, selenate, and EDTA removal
in the acidic pH range, with the following specific trend: pH 4.0 > pH 6.0 > pH 12.0.
Aside the EDTA, a different h+ scavenger (thiocyanate) was used, but the use of
thiocyanate did not initiate the reduction of Se oxyanions, due to its adsorption onto
the semiconductor surface (TiO2). However, the addition of EDTA, as h+ scavenger
at pH 4.0, gave a near-complete removal of selenite and selenate. The findings from
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this study implied that the use of TiO2-mediated photocatalysis and h+ scavenging
agent, EDTA, can successfully remove selenate and selenite from aqueous phase
[54].

Tan et al. [55] reported the use of photocatalysis for the removal of Se from
aqueous system. The effect of organic h+ scavengers (e.g., formic acid, methanol,
acetic acid, ethanol, salicylic acid, and sucrose) on the photocatalytic reduction of
selenate and selenite over UV-illuminated TiO2 photocatalyst was studied. Out of
the six scavengers used, the photoreduction of Se ions to elemental Se was only
observed in the presence of formic acid, methanol, and ethanol, and the rate of Se
ion photoreduction was found to be in the order of formic acid > methanol > ethanol.

Holmes et al. [56] also reported the photocatalytic reduction of selenate to solid
elemental Se (Se0) and gaseous hydrogen selenide (H2Se). In this study, TiO2 was
used as the catalyst for selenate removal from mine impacted water, containing high
concentrations of sulfate and nitrate. Despite the presence of high concentration of
sulfate, nitrate, carbonate, and trace metals in the wastewater, the process was able
to reduce selenate, under different reaction conditions, from >5 00 to < 1 µg L−1.
It was reported that below the point of zero charge of TiO2 (PZC TiO2 = 5.6–6.2),
faster kinetics were achieved, due to the positive zeta potential of the catalyst surface,
increased electrostatic attraction, andouter-sphere adsorptionof selenate.Thehighest
pH value, at which significant Se removal was achieved, was at pH 6.04. The impact
of temperature was significant, and an activation energy of 31.83 kJ mol−1 was
required for the reduction of selenate. Higher temperatures lead to higher selectivity
toward H2Se as well as faster selenate removal kinetics.

The removal of selenate from a simulated wet flue gas desulfurization (FGD)
wastewater was reported by Tsuneori et al. [57], using TiO2 as the photocatalysis
and formic acid (HCOOH) as the hole scavenger. Excess amount of formic acid was
needed to achieve efficient selenite removal fromwastewater. The presence of excess
anions, such as Cl−, SO4

2− and NO3− inhibited the process efficiency, because of
the adsorption of the anions on the catalyst surface, which hindered the selenate
(SeO4

2−) access to the photocatalyst surface.
Holmes et al. [58] reported the application of heterogeneous nanoscale photo-

catalysts, synthesized by depositing noble metal nanoparticles [gold (Au), silver
(Ag), platinum (Pt), and palladium (Pd)] onto TiO2 for photocatalytic reduction of
selenate to elemental Se (Se0) or hydrogen selenide gas (H2Se). Se concentration
of 5 mg L−1 was reduced in the presence of 300 mg L−1 formic acid. The rate of
selenate removal decreased in order of increasing work function of the metals, with
Ag–TiO2 exhibiting most rapid kinetics, while Pd–TiO2 was the slowest. The noble
metal deposits on the surface of TiO2 acted as electron sinks for the photogenerated
electrons in the conduction band of TiO2. The higher the work function of the noble
metal deposit, the further the fall in the reduction potential, when there is transfer
of electrons noble metal sink, and the more positive is the reduction potential of the
electrons.With amore positive reduction potential, the less likely the photogenerated
electrons are able to reduce the Se6+/Se0 reduction couple (E0 = 0.5 V vs. SHE). For
example, Au, Pt, and Pd have work functions 0.66 eV, 0.76 eV, and 1.06 eV versus
SHE respectively, all of which would decrease the rate at which selenate can be
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reduced by drawing electrons away from the reactive conduction band of rutile TiO2

(−0.28 V vs. SHE). Since the Se-noble metal-TiO2 (Se–NM–TiO2) photocatalytic
system was structured in a direct Z-scheme arrangement, when Au, Ag, or Pt were
used, it allowed for high selectivity toward H2Se. In contrast, Pd acted as an elec-
tron sink, which decreased reducibility of the photogenerated electrons, ultimately
causing a higher selectivity toward Se0. Among the catalyst tested, Au–TiO2 offered
the largest H2Se selectivity, while Pd–TiO2 offered the highest selectivity to solid
Se0 generation.

4.3.4 Coagulation

It has been demonstrated that metal salts, such as ferric chloride (FeCl3) and
aluminum sulfate (Al2(SO4)3), are effective coagulants for removing particles [59].
The actions of trivalent metal ions mainly involve two effects in particle removal:
charge neutralization and sweep flocculation [60].

Hu et al. [61] reported the removal of Se oxyanions species (SeO2−
4 and SeO2−

3 )

from drinking water by coagulation. Different parameters, such as coagulant type,
Se oxyanion species, interfering ions, and pH value were used to evaluate the perfor-
mance of Se removal by coagulation. Fe-based coagulant was much more efficient
in Se removal than Al-based coagulant, and SeO2−

3 was more easily removed than
SeO2−

4 . Adsorption onto the hydroxide flocs was the domineering coagulation mech-
anism for Se removal, while precipitation with the formation of insoluble Al2(SeO3)3
or Fe2(SeO3)3 played a role at low dosage, especially for SeO2−

3 removal with Fe/Al
coagulant. High coagulant dosage andweakly acidic pH could enhance the formation
of more hydroxide flocs, having more active adsorption sites and high zeta potential,
which favors the removal of Se oxyanion fromwater [61]. Even though sulfur and Se
belong to the chalcogen family, the influence of sulfate (SO4

2−) on the Se removal
was the lowest among the four oxyanions. The negative influence of anions on SeO2−

3
removal followed the order: PO4

3− > SiO3
2− > CO3

2− > SO4
2−.

The use of a combined sulfite/UV/Fe(III) coagulation process was employed for
the efficient selenite, Se(VI) removal from sulfate-rich water [62]. In the presence of
sulfate (1000mgL−1), over 99%ofSe(VI) (initial conc.=10mgL−1)was reducedby
sulfite (5.0mM),with aUVdoseof 16 J cm2 (within 20min) toSe(IV).Analkaline pH
(>9) was required for the reduction process, which was obtained with the addition of
sulfite. Scavenging experiment with N2O and NO3 indicated that hydrated electrons
(eaq−) were responsible for Se(VI) reduction by sulfite/UV. There was a negligible
influence on Se(VI) reduction in the presence of chloride, sulfate, phosphate, and
carbonate (up to 10 mM), while nitrate and humic acid inhibited Se(VI) reduction
to varying extents, depending on their concentrations. Using an Fe(III) coagulant,
Se(IV) was effectively removed in the co-presence of sulfite and sulfate, at an OH/Fe
molar ratio of 1.8–2.8. The removal of Se(IV) byFe(III) coagulantwas not affected by
the presence of chloride, nitrate, or sulfate (up to 10 mM). The magnitude of Se(VI)
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removal was severely affected at high levels of carbonate (10 mM) and phosphate
(1 mM).

Wan et al. [63] reported the removal of Se0 particles in simulated wastewater
with amorphous ferric hydroxide (Fe(OH)3) produced from the hydrolysis of ferric
chloride (the coagulant). A sharp rise in Se0 removal (%), from ∼20 to ∼60 was
observed when the FeCl3 dosage was increased from 1 to 5 mg L−1. The removal
efficiency slightly increased at a dosage higher than 5 mg L−1, to attain a removal
efficiency of ∼90% at 50 mg L−1. Further increase in the FeCl3 dosage to 100 mg
L−1 did not contribute any significant improvement to the removal efficiency.

4.3.5 Electrocoagulation

Electrocoagulation, a unique method for water treatment, is based on the elec-
trochemical dissolution of sacrificial metal electrodes into soluble or insoluble
species that improves the coagulation, adsorption, or precipitation of soluble
or colloidal pollutants with high removal efficiency. Electrocoagulation process
involves applying an electric current to sacrificial electrodes (mostly iron and
aluminum) inside a reactor tank, where the current generates a coagulating agent
and gas bubbles [64].

In principle, an electrocoagulation technique uses an electrochemical cell to treat
the water. In the simplest form, an electrochemical cell consists of two electrodes,
the anode and the cathode, immersed in a conducting solution or an electrolyte,
all connected via an electrical circuit, which includes a current source and control
device [65]. The metallic cations, generated from the anode, hydrolyze to form
hydroxides, poly hydroxides, and poly hydroxyl metallic compounds with a strong
affinity for the dispersed particles and counterions, thus causing coagulation [66].
Hence, electrocoagulation (EC), which is also known as radiofrequency diathermy
or short-wave electrolysis, is fast becoming popular as an alternative method for the
treatment of water.

Recently, Hansen et al. [67] investigated the potential of an electrocoagulation
technique for the treatment of Se in wastewater. In this study, the sacrificial electrode
was iron, to generate the necessary ferrous ions for the process. Approximately,
90% of the Se removal was observed after 6 h of treatment, indicating a decrease
in concentration from 0.30 to 0.03 mg/L. Thus, the electrocoagulation process was
recommended as a feasible technique for Se removal from water [67].

Although, elemental Se [Se(0)] is particulate and less bioavailable, yet when
released into surface waters, Se(0) can be oxidized to Se oxyanions [68]. Se(0)
also exhibits colloidal properties that adversely affect aquatic ecosystems and
membrane separation processes [61]. For this reason, Staicu et al. [61] investigated
the removal potential of colloidal Se(0) by electrocoagulation process. Colloidal
Se(0) is produced by a strain of Pseudomonas fluorescens and show limited grav-
itational settling. So, iron (Fe) and aluminum (Al) sacrificial electrodes were used
in a batch reactor under galvanostatic conditions. An Se(0) removal of 97% was
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achieved using iron electrodes at 200mA, while 96% of colloidal Se(0) was removed
by aluminum electrodes at a higher current intensity (300 mA).

Additionally, the leaching tests of the electrogenerated Fe and Al sediments
were evaluated following the toxicity characteristics leaching procedure (TCLP)
method. The amount of Se leached from the Fe–Se sediment was below the regula-
tory level (1 mg/L), but the Se concentration leached from the Al-Se sediment was
about 20 times above the limit. The use of Fe electrodes as a soluble anode in the
electrocoagulation process provides a better option than Al electrodes [61].

4.3.6 Bioremediation

Bioremediation involves the use of microbes to consume or breakdown environ-
mental pollutants. Environmental microorganisms can carry out a variety of trans-
formations of Se species such as methylation, demethylation, oxidation, and reduc-
tion. However, due to the low rates at which microbial demethylation and oxidation
reactions proceed, they are often not considered for Se remediation [69]. Bacteria
Se reduction has been considered as one of the most efficient and economical ways
of removing soluble Se oxyanions from water. Biofilms or communities of microor-
ganisms can play a vital role in transforming Se species to less toxic chemical forms
(i.e., elemental Se) [70].

Escherichia coli strain, EWB32213, isolated from sediment slurry was utilized
for the reduction of selenate and selenite]. In this study, a two-stage microbial Se
reduction process (i.e., from SeO2−

4 to SeO2−
3 , followed by SeO2−

3 to Se(0) was
evaluated using monod-type kinetic expressions [71]. The rate of SeO2−

4 oxyanion
reduction to SeO2−

3 in the first stage was faster, when compared with that of SeO2−
3

reduction to Se(0) in the second stage. Thus, the SeO2−
3 reduction stage was the rate-

limiting step. For instance, within 1.5 days, the reduction of SeO2−
4 concentration

that ranged between 10 and 400 mg/L was completed, whereas, after 10 days only
a fraction of concentration higher than 100 mg/L of SeO2−

3 was reduced to Se(0).
Also, during the first stage, significant amount of SeO2−

3 accumulated in the E. coli
strain at high levels of initial SeO2−

4 [71].
In another study by Ji et al. [72], a co-culture of microorganisms was used to

accelerate SeO2−
3 reduction to Se (0), in continuation of the first reduction stage of

SeO2−
4 to SeO2−

3 [71]. In order to achieve a maximum reduction of SeO2−
3 , a SeO2−

3
reducing strain,Pantoea vagansEWB32213-2, isolated from sediment samples,were
co-cultured with a SeO2−

3 -reducing strain, Shigella fergusonii TB42616, isolated
from sludge samples. Before the co-culture study, the selected pure culture strains
were used for the reduction of their specific Se oxyanions species, and the optimal
variable suitable for the reduction of SeO2−

3 was selected, since the main objective
was to achieve a maximum reduction of SeO2−

3 to Se(0). For example, the optimal
temperature for SeO2−

4 reduction by Shigella fergusonii TB42616 was observed at
40 °C, while that of SeO2−

3 reduction byPantoea vagans EWB32213-2 was observed
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at 30 °C. As a result of this, a temperature of 30 °C was selected for the co-culture
study.

Therefore, for the co-culture experiment, an optimal condition for selenium reduc-
tion by a defined co-culture of Shigella fergusonii TB42616 and Pantoea vagans
EWB32213-2 was conducted under a temperature of 30 °C, pH of 8.0 and a co-
culture bacteria composition of 1:1. The results showed that the reduction of SeO2−

4
to SeO2−

3 was accelerated by the co-culture bacteria and less SeO2−
3 accumulation

was observed as indicated from the low concentration of SeO2−
3 in the defined co-

culture. Previously, in a study carried out by Ji and Wang [73], SeO2−
3 reduction

by single culture could not be achieved after 6 days at a high initial concentration
of 400 mg/L of SeO2−

4 . But in this study, approximately 75.53% SeO2−
3 accumu-

lation was observed at a relatively high initial SeO2−
4 concentration of 1100 mg/L.

Hence, the addition of SeO2−
3 reducing bacteria strain had a significant impact on

the reduction of SeO2−
4 to SeO2−

3 [72].
Complete reduction of selenate (SeO2−

4 ) to Se0 was achieved in a membrane
biofilm reactor, where methane (CH4) was the only electron donor used [74].
Results from the scanning electronmicroscopy coupled with energy-dispersive spec-
troscopy tool (SEM–EDS) revealed that the main selenate reduction product was
nano-spherical Se0.

Biofilms, which are a collection of one or more types of microorganisms that can
grow on different surfaces can both detoxify and sequester Se, playing vital roles
in their fate and effects in aquatic environments. They can also play an important
role in bio-transforming elements to less toxic chemical forms. However, a twist
to the bioremediation of Se species, which involves the use of different tools to
characterize the fate of Se oxyanions in multi-species biofilm was reported by Yang
et al. [70]. Confocal laser scanning microscopy (CLSM) revealed distinct biofilm
morphology at high Se oxyanion concentration. Micro-X-ray fluorescence imaging,
combined with CLSM showed highly localized reduced Se species in the biofilm.
The result from x-ray absorption near-edge spectroscopy (XANES) revealed that
biofilm biotransformation of Se oxyanions while the extended X-ray absorption fine
structure (EXAFS) confirmed the production of the Se oxyanion bioreduction to be
elemental Se [70].

4.3.7 Phytoremediation

Unlike bioremediation, which uses a microorganism-based approach, phytoreme-
diation utilizes the plants-based approach for the remediation of contaminated
water. Phytoremediation, including phytoextraction and phytovolatilization, has been
considered as feasible and effective approaches for the elimination of Se from a
Se-contaminated environment [75, 76]. They are also relatively cheap since they
are solar-driven and executed in-situ. Plants play a more direct role in remedi-
ation. For example, they may be used to accumulate metals/metalloids in their
harvestable biomass (phytoextraction), and they can also convert and release certain
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metals/metalloids in a volatile form (phytovolatilization) [77]. Plants that can reason-
ably tolerate and accumulate elevated Se levels (up to 1000 mg Se/ kg) are referred
to as Se accumulators. For example, true Se hyperaccumulator species, from the
genera Astragalus, Stanleya, Oonopsis, and Xylorhiza, can conveniently accumulate
1000–15,000 mg Se/kg DW without any toxicity symptoms [78].

In a study by Feng and Wei [79], an arsenic (As) hyperaccumulator plant named
Pteris vittataL. (also known asChinese Brake fern)was found to be a Se accumulator
too. To prove their assumption, they investigated the Se accumulation mechanism
of this plant, focusing on antioxidant responses, up to six concentration levels of
selenite (0, 1, 2, 5, 10, and 20 mg/L). The root of the Chinese brake adsorbed more
Se than the fronds of the plant, with the highest Se concentration of 1.536 mg/kg
in roots and 242 mg/kg in fronds. This indicated that Chinese brake fern can accu-
mulate a large amount of Se without any obvious toxic symptoms and a noticeable
decrease in its biomass. The activities of different enzymes were studied, to know
their roles in the Se accumulation of Chinese Brake fern. The enzymes of catalase
(CAT), ascorbate peroxidase (APX), and peroxidase (POD), contributed their anti-
oxidative functions only under low dosages of Se, as revealed by their increased
activities at Se levels ≤5 mg/L and decreased activities at Se levels >5 mg/L [79].
The concentration of glutathione (GSH) and enzyme activity of glutathione reductase
(GR)were stimulated by levels of Se≥5mg/L. Superoxide dismutase (SOD) activity
was also enhanced by 20 mg/L Se. Consequently, the results suggested that SOD,
GSH, and GR were likely responsible for Se accumulation in Chinese Brake fern
while enzymes of POD, APX, and CAT played limited roles in the Se accumulation
of the plant [79].

An alternative phytoremediation approach, which depicts a real-life scenario
for the remediation of contaminated water, is the use of constructed wetlands.
Constructedwetlands consist of a complex ecosystem includingmicrobes, plants, and
sediments, which act together as a biogeochemical filter, efficiently removing dilute
contaminants from very large volumes of wastewater [75]. Also, the anoxic environ-
ment and organic matter in wetlands encourage chemical and biological processes
that transform contaminants into immobile or less toxic forms [80]. Thus, constructed
wetlands have been used as a low-cost treatment technology to eliminate awide range
of contaminants from Se-polluted water.

For instance, an experimental wetland was constructed at Tulare Lake Drainage
District (TLDD) to evaluate its potential for the removal of Se from agricultural irri-
gation drainage water. The wetland consisted of ten unlined cells that were continu-
ously flooded and planted with either a non-vegetated or vegetated plants (singly
or combined), including sturdy bulrush [Schoenoplectus robustus (Pursh) M. T.
Strong], Baltic rush (Juncus balticusWilld.), smooth cordgrass (Spartina alterniflora
Loisel.), rabbits foot grass [Polypogonmonspeliensis (L.) Desf.], saltgrass [Distichlis
spicata (L.) Greene], cattail (Typha latifolia L.), tule [Schoenoplectus acutus (Muhl.
ex Bigelow) A. Love & D. Love], and widgeon grass (Ruppia maritima L.). The
vegetated wetland cells removed Se more efficiently than the unvegetated cell. On
average, the wetland cells removed 69% of the total Se from the inflow [80].
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Furthermore, genetically engineered plants can be used to remove Se oxyanions
just like it was used to remove organomercurial compoundswith improved efficiency
[81]. For instance, metal-hyperaccumulating plants and microbes with unique abili-
ties to tolerate, accumulate, anddetoxifymetals andmetalloids represent an important
reservoir of unique genes that could be transferred to fast-growing plant species for
enhanced phytoremediation [75].

4.3.8 Co-precipitation

The chemical properties of Se and sulfur are very similar. Thus, Se chemically
behaves like sulfur and is most often associated with sulfur [82]. However, increasing
the concentration of sulfur coexisting with Se significantly reduces the effective
removal of Se. Nonetheless, co-precipitation has been utilized as a means of circum-
venting this problem for the effective removal of Se from a polluted solution. The
advantages of this method include its simplicity, low cost, short treatment time, and
its ability to preserve substituent ions for a long time in the crystal lattice, making it
work as constructed barriers to retain various ions, including Se oxyanions [83].

Co-precipitation is a process that immobilizes the trace element in the mineral
during crystal growth. Various salt such as barite and sulfide have been employed for
this process. These salts act as the engineered barrier to retain several ions. Barite
(BaSO4) has been used as a sequestering phase for the removal of toxic and/or
radioactive elements from polluted solutions, because of the following characteris-
tics; (i) its high crystal stability under wide ranges of pH, pressure, and temperature
conditions, (ii) it’s extremely low solubility(ca. Ksp = 10–9.98 at 25 °C, 1 atm),
(iii) its ability to selectively incorporate a large amount of several ions, (iv) its high
density (4.5 g/cm3) when compared with other minerals, which is an advantage for
rapid sedimentation during co-precipitation process [84, 85].

Tokunaga and Yoshio [85] employed the co-precipitation process for the effec-
tive removal of selenite and selenate ions from aqueous solution using barite as a
sequestering phase. The Se(IV) uptake by barite was found to be dependent on pH,
sulfate concentration in the initial solution, and coexistence of calcium ion. All these
can be attributed to the effects on their structural similarity and chemical affinity.
Whereas, the uptake of Se(VI) was largely dependent on the concentration of sulfate
in the initial concentration, which is only linked to the structural similarity. It was
also reported that the mechanism involved in the effective removal of Se(IV) and
Se(VI) from aqueous solution was the strong crystal stability formed between barite
and water (Ba–SeO3–SeO4–SO4), which shows various ways for Se. This strong
crystal stability formed prevents the leaching out of Se regardless of the surrounding
environment, once it has been incorporated into the barite lattice [85].
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4.4 Future Perspectives

Due to globalization, an increase in industrial and anthropogenic activities has a very
huge impact on the occurrence of selenate and selenite in water bodies. The anionic
forms, which exist in water, are the most toxic to all forms of life when it exceeds
the permissible limit. Therefore, more studies should be conducted on the removal
of Se oxyanions from water and different techniques should be explored for their
remediation in water. It is safe to apply preventive measures, as there are a lot of
challenges accompanying Se removal from water. The Se released into the water can
be minimized by controlling and treating mine effluent before discharging into the
water bodies. Several other methods should be investigated to reduce the release of
Se into the water bodies.

Most advanced techniques developed these days are very expensive, in terms of
acquisition and maintenance. Therefore, more efficient and cheap materials (i.e.,
adsorbents and photocatalysts) should be explored. Industries should be monitored,
to ensure that they follow the guidelines and limits provided for the discharge of
their wastewater into the environment. Stringent penalties should be put in place for
defaulters.
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Chapter 5
Advances in the Management
of the Neglected Oxyanions (Antimoniate,
Borates, Carbonates, and Molybdate)
in Aqua System

Isiaka A. Lawal, Moses Gbenga Peleyeju, and Michael Klink

Abstract The need for the removal of contaminants from the aqueous environments
cannot be overemphasised. This is because of the significant threats they pose to the
health and consequently the well-being of both man and other living creatures. In
this chapter, we consider the techniques which have been reported for the remedi-
ation of water polluted by the often-overlooked oxyanions. While methods such as
chemical coagulation, electrocoagulation, reverse osmosis have been utilised for the
management of few of these inorganic pollutants, adsorption technique appears to
have received more attention in removing all of them. This is possibly because of
the simplicity, relatively low-cost and effectiveness of the technique. In particular,
ion-exchange technology was reported to offer a very versatile and effective means
of removing these oxyanions from water/wastewater.

Keywords Oxyanions · Antimoniate · Borates · Carbonates · Molybdate

5.1 Introduction

Civilization, fast urban development, rapid industrialization and explosive popu-
lation growth have considerably polluted the environment, directly or indirectly.
These pollutions (water, air, solid and noise) constitute threat to the present and
future generations. Raw industrial wastes from pharmaceuticals, leather tanning,
textiles, printing, batteries, paper, rubber, oils and food processing industries amongst
others contain contaminants such as polycyclic aromatic hydrocarbons, personal care
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products, dyes, inorganics compounds. These contaminants significantly impact the
quality of surface and ground waters, leading to scarcity of clean water [1–3].

Specifically, heavy metals are prevalent in automobiles, batteries, electroplating,
cosmetic products, metal plating and mining operations among others [4]. Environ-
mental pollution by harmful metals and metalloids has increased tremendously due
to the increasing industrial activities. These elements are mostly redox sensitive and
some of their oxidation states form oxyanions in solution. Oxyanions (also referred
to as oxoanions) are negatively charged polyatomic ions that contain oxygen with
generic formulaAxOz−

y . “A” is the chemical element and “O” is an oxygen atom [5, 6].
There are a lot of literature on the management/treatment of oxyanions, such as arse-
nate (AsO4

3−), chromate (CrO4
2−), dichromate (Cr2O7

2−), permanganate (MnO4
−)

[7, 8]. Unfortunately, reports on the management of some equally toxic oxyan-
ions, such as borates (BO3

3−), antimonate (SbO4
3−), carbonates (CO3

2−), molybdate
(MoO4

2−) and plumbate (PbO3
2−) are abysmally low. Premised on the fact that the

effects of these under-reported oxyanions on human and the ecosystem are no less
dangerous than the more focused ones, this chapter is aimed at a critical review of
the advances in the management of these genre of oxyanions in aqua system.

5.2 Boron Oxyanion

Boron, the element from which the borate oxyanion is derived, is a vital nutrient for
the growth of plant. Borate occurs in aqueous solution,majorly as boric acid (H3BO3)
and tetrahydroxyborate complex [B(OH)4]−, because of the buffering nature of the
weak acid/weak base conjugate pair. Tetrahydroxyborate [B(OH)4],− is the major
anionic specie of boron at concentration lower than 0.025M of boron solution, while
polyborates are the main species at higher concentration. Also, [B(OH)4]− is the
predominant species at ∼9.0 to 11.0 pH [9].

Reports have shown that low boron intake in animals and humans causes cellular
dysfunctions [10]. However, if boron is taken at high dosage, it can lead to acute
headache, kidney damage, nausea, diarrhoea or even death from circulatory collapse
[11]. Erosion of rocks, earth’s crust and soil rich in boron leads to the contamination
ofwater bodieswith boron oxyanions [12]. Boronmainly finds its way to the environ-
ment via human activities, such as industrial and agricultural productions. Industries,
manufacturing insecticides, dyestuffs, fertilizers, borosilicate glasses, thin film tran-
sistor, and bleaching amongst others use boron in one way or the other [13–15]. The
concentrations of boron in groundwater range from ∼0.30 to 100 mg/L throughout
the world, and an average of 4.5 mg/kg of seawater constituent [11]. Provisional
guideline of drinking water concentration of boron by World Health Organization
(WHO) is 0.5 mg/L [16]. Apart from human activities, borates get into the aquatic
environments and atmosphere naturally from clay-rich sedimentary rocks (weath-
ering), oceans, steams and geothermal process [9], though in small quantity [17].
When water-containing borate is used on crops, it affects their growth, especially
when the concentration is above 5 ppm.
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Generally, removing oxyanions from aqueous medium is not easy, and there is
no simple method for their removal from polluted water or wastewater [18, 19]. The
different methods that have been explored in the management of borate oxyanions
include ion-exchange [20], coagulation [13, 21], hybrid gels [22], adsorption [23,
24], complexation with organic compounds [25], membrane processes [26], reverse
osmosis [27, 28], ultrafiltration [29], electrocoagulation, adsorption/ion-exchange
and liquid–liquid extraction [18].

Using coagulation–flocculation operations, organic and inorganic coagulants have
been used for the removal of borate/boron from aqueous solutions. Small particles
usually have surface charges that are negative, which hinders them from settling
and aggregating. Coagulation occurs when these particle charges are destabilized.
Thus, when positively charged coagulants are added, they balance out the charges
(neutralize them). This enables the particles to aggregate and form a stable and
well suspended submicron floc. Meanwhile, flocculation will increase the size of
the microflocs, to form visible and denser flocs that settle out faster at the end of
the process. The flocculant adsorbs to the submicron flocs and facilitates bridging
of gaps between the flocs. Bringing particles closer together creates the effective
range for Van Der Waals attraction force to reduce the energy barrier for flocculation
and loosely packed flocs formed. Aggregation, binding and strengthening of flocs
occur until visibly suspended macroflocs formed. This process is dependent on the
nature of water, temperature, pH, types and dose of the coagulant used, intensity and
duration of the rapid mixed [30].

Limewas reported by Farmer andKydd [31] to remove boron in water in the range
of 400mg/L to≥1000mg/L. Similarly, Remy et al. [32] reported reduction in concen-
tration of boron from 700 mg/L to less than 50 mg/L using lime powder. Organic
polyelectrolyte was also used to coagulate boron to a concentration ≤400 mg/L [33,
34], and the solution pH had significant effect on the removal efficiency. The removal
of low concentration of boron (<10 mg/L) using aluminium sulphate has also been
reported [33]. Similarly, Chang and Burbank Jr [35] have reported the use of lime,
aluminium sulphate and sodium aluminate for the removal of boron. Iron salts (Fe2+

and Fe3+) have been reported to effectively remove boron from aqueous solutions
at pH value that ranged between 8 and 9 [18]. However, the study showed that a
large quantity of base was required for pH adjustment, which led to high salinity.
High coagulant dosage is also required, even at low borate concentration (<50mg/L),
which generated large amount of waste with the attendant cost of disposal [18]. In
a separate study, ferric chloride and alum were assessed as coagulants to remove
boron from wastewater from saline flowback, but very high dosages were required
for about 80% removal [36]. In another study, Hiraga and Sigemoto used amixture of
CaCO3–Al(OH)3 and Ca(OH)2–Al(OH)3 in varied ratios for the removal of borate.
About 0.1 g of the coagulation was added to 1.0 mmol/dm3 of H3BO3 solution and
left to stand at room temperature for a day. A reduction in the concentration was
observed and concentration lower than 0.2 mmol/dm3 was recorded after the reac-
tion [37]. Co-precipitation of borate with hydroxyapatite was studied, and Ca(OH)2
was used as a mineralizer. The initial borate concentration was 68.1 mM, and the
maximum removal efficiency, as expressed with B/Ca, was 0.40Q/mmol-B.mmol−1-
Ca. [38]. The use of alumina-lime-soda for the treatment of boron-containing water
was reported [39]. The amount of boron in the contaminated water was reduced
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by 88% after treatment, at optimized experimental conditions [39]. Other coagulant
salts,which includemanganese sulphate,magnesiumoxide [40, 41], nickel(II), zirco-
nium(IV), chromium(II) [42] and zinc have also been used to remove borate/boron
from water [43].

Electrocoagulation (EC) is among the methods that have been reported for the
removal of boron oxyanions from water. This method involves the production of
coagulants by electrochemical process, and the coagulant generated then work to
eliminate the pollutants by charge neutralization [44]. Electrocoagulation comprises
a cell with iron or aluminium (metal anode) and uses direct electrical current. Three
stages are involved in the process, namely:

(i) formation of coagulant by electrical oxidation at the anode;
(ii) destabilization of pollutants and suspended substances by emulsion breaking,

and
(iii) formation of flocs from destabilized particles.

This method is simple because it utilizes a simple equipment that can be oper-
ated easily with enough operational latitude and also requires only small amount of
chemicals [44]. The use of aluminium, iron and zinc, as the anode in EC, has all
been reported for the removal of boron from wastewater [45, 46]. Aluminium and
iron were simultaneously used in the reactor as electrodes. The results showed that
the EC process for boron removal strongly depended on the current density, initial
boron concentrations and time. The process was examined under varying indices, to
determine the optimal operating conditions. At 50-min retention time, initial boron
concentration of 100 ppm and current density of 30 mA cm−2, about 70% boron was
removed by the aluminium electrode and 62%was removed by the iron electrode. As
the initial boron concentration was increased to 1000 ppm, 95% boron removal for
both iron and aluminium electrodes was reported [45]. Electrochemically generated
zinc hydroxide was used in the removal of boron, and different operating parame-
ters were investigated. These parameters include initial pH, current density, electrode
configuration, inter-electrode distance, co-existing ions and temperature.With initial
concentration of 5 mg/L, the optimum removal efficiency of 93.2% was achieved,
at a current density of 0.2 A dm− 2 and pH of 7.0, using zinc as anode and stainless
steel as cathode, with the inter-electrode distance of 0.005 m [46].

Yilmaz et al. [13] compared conventional chemical coagulation, using aluminium
chloride, and electrocoagulation process in the removal of borate from aqueous solu-
tion. The EC process gave higher boron removal at pH 8.0 and 7.45 g/L of aluminium
dose, with 94.0% and 24.0% removal efficiencies for EC and chemical coagulation,
respectively. The use of Al and Fe electrodes produced 84 and 75% of boron removal,
under 60 min, using current density of 20 mA cm−2 [45]. When the current density
was increased to 30 mA cm−2, the removal efficiency increased to 90% and 85%,
respectively. Electrocoagulation, using aluminium as electrode, for the removal of
boron oxyanion from mining wastewaters has been reported [47, 48]. The effects
of pH, time and current density were reported and the optimum removal efficiency
of 70%, at pH value of 4.0, under 90 min, and current density of 18.75 mA/cm2.
Electrocoagulation of boron oxyanion was reported by Kartikaningsih et al. [49],
using metallic aluminium as electrode, and as the pH value increased from 4.0 to
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8.0, the boron removal efficiency also increased. An increase in the electrolytic effi-
cacy was observed as the current density increased from 1.25 to 5.0 mA cm−2. At
boron concentration of 100 mg/L, using aluminium electrode, at pH value of 8.0,
within 60 min of 5.5 mA cm−2, current density removal efficiency of about 70% was
recorded [50]. In a report, the EC process was used in the production of magnetic
ferrites (CuFe2O4, NiFe2O4, and CoFe2O4) for boron removal from water [51]. The
ferrites were obtained using a sacrificial iron anode in Cu, Ni and Co electrolytes. A
95% of the initial boron concentration of 10 ppm was removed using current density
of 3.75mAcm−2, at pHvalue of 8.0, within 60min, [52]. In another study,metallicNi
foam was used as electrodes for electrocoagulation of boron from wastewater, using
electrolyte with pH values of 8.0 and 9.0 and current density of 0.6–2.5 mA cm−2.
At the optimal process conditions, 92% of boron was removed [53].

Chemical oxo-precipitation has recently been reported for the removal of boron
oxyanion, using hydrogen peroxide to enhance precipitation of metal perborate salt
from boric acid [54]. This method removed boron from aqueous solution at rela-
tively neutral pH and room temperature. As presented in Fig. 5.1, boric acid produces
several forms of perborates under certain reaction conditions (nucleophilic substi-
tution) with hydrogen peroxide. At pH value that ranged between 8.5 and 12.5, the
B(OH)3/H2O2/H2O system are mostly dominated by species (C) and (F) perborates
(Fig. 5.1) [55]. Equations (1), (2) and (3) show the dissociation reaction and the two
mass balance reactions.

H2O2 ↔ HO−
2 + H+ Ka = 3 : 09 × 10−12M−1 (5.1)

Bt = [
B(OH)3

] + [
B(OH)−4

] + [
B(OH)3OOH

−]

+ [
B(OH)2OOH

]+[
B(OH)2(OOH)

−
2

]
(5.2)
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−
2

]

+ [
B(OH)3OOB(OH)

2−
3

] + 2
[
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Another advantage of chemical oxo-precipitation is the ability to work with small
quantity of precipitant dosage at room temperature. Perborates produced from the
reaction of boric acid andH2O2 can simply precipitate at room temperaturewith alka-
line earth metals. Barium is the most effective precipitant in the alkaline earth metals
[55]. It was reported that boron oxyanion significantly reduced using this method of
precipitation, from 1000 ppm to < 3 ppm [56, 57]. The efficiency of calcium as a
precipitant was also tested at 60% crystallization ratio, using the following condi-
tions: molar ratios of [H2O2]/[B] = 2, [Ca]/[B] = 0.6, initial boron concentration
= 1000 ppm, bed height = 80 cm, effluent pH = 10.6 and hydraulic retention time
= 18 min [58]. Waste-derived mesoporous aluminosilicate, in the presence of H2O2

and barium ions, was used to recover boron from polluted water [59].
Adsorption is a treatment technique that provides efficient way of removing boron

oxyanion from liquid phase at low concentration [60]. Several adsorbents, which
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Fig. 5.1 Scheme showing the reactions between perborates, hydrogen peroxide and boric acid

include activated carbon, mesoporous silica, layered double hydroxides, fly ash,
biological materials, selective resins, clays, natural minerals, oxides, nanoparticles
and complexing membranes [44, 60–67] have been used in this regard.

Activated carbon (AC) is one of the most used adsorbents due to its high specific
surface area, which is highly beneficial for high uptake of pollutants from water.
However, limited literatures are available on the application of AC in removing
boron oxyanion from wastewater. The lack of active sites for boron on the AC,
which leads to low adsorption capacity, was reported to be the main reason [60].
AC from olive bagasse was used in the adsorption of boron, at pH value of 5.5,
and the maximum adsorption capacity obtained was 3.5 mg/g [68]. When AC was
modified with salicylic acid for the removal of boron, the adsorption equilibrium
was reached within 10 min. Two grams of the adsorbent were added to 100 mL
boron solutions, with concentrations of 5, 10, 25 and 50 mg/L and pH value of
4.68. The adsorption capacity of 1.777 mg/g was reported and both Freundlich and
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Langmuir isotherms equations fitted the data [69]. AC modified curcumin has been
reported for the removal of boron and the modified AC displayed superior removal
efficiency to that of the unmodified AC [70]. The study explored both fixed bed and
batch adsorption protocols. At the optimal pH of 5.5, contact time of 120 min, the
curcumin modified AC gave adsorption capacity of 5.00 mg/g while the unmodified
AC had 0.59 mg/g. A 99% removal was achieved in the first 5 min for the fixed-bed
experiment, with 890 mg/L as inlet concentration at a flow rate of 8.0 mL/min [70].
In a related work, AC impregnated with zirconium dioxide, activated alumina and
silica aerosil led to a moderate removal of boron oxyanion of initial concentration
of 5 mg/L, at alkaline region, with above 90% removal [71]. Similarly, AC from
Filtrasorb was reported to remove more than 90% of the 5 mg/L initial concentration
of boron from water [72].

Mg/Al and Mg/Fe layered double hydroxides have been prepared and utilized for
the adsorption of boric acid/borate from aqueous solution. It was reported that the
removal of boric acid/borate was not dependent on pH and up to 92% of 14.0 mg/g
was removed, with adsorbent dosage of 2.5 g/L [73]. Also, Jiang et al. [74] used
thermally activated Mg/Al layered double hydroxide for the removal of boron and
the activated material performed better. The solution pH value had no significant
effect on the removal efficiency. Removal capacity greater than 90% was reported
for the thermally activated hydroxide, while the one without thermal activation gave
80% removal. In another study, Ay et al. [75] reported removal efficiency greater
than 95%, for both thermally activated and the unactivated Mg/Al layered double
hydroxides,with nitrate interlayer anion.Cerium (IV) oxidewas used for the effective
uptake of low concentration of borate from water. The desorption and regeneration
of the adsorbent were achieved in the study at low (i.e. 2–4) and high (i.e. 12–14)
pH values, respectively [17]. Amongst all the adsorbents that have been explored
for the removal of boron oxyanion, chelating resins are said to be the most efficient
and selective for the removal of low concentration of boron from aqueous medium
[60]. Chelating resins have macroporous polystyrene matrix joined to the hydroxyl
or two adjacent phenolic hydroxyl functional groups, which are often in a cis position
(vis-diols) that have high affinity for boron only [60, 63, 76, 77]. They also possess
tertiary amine groups, which neutralizes the proton during complexation process
[76]. The complexation reaction involves the formation of borate esters with boric
acid, which dissociates quickly to release protons. Thereafter, the proton reacts with
diols to produce borate complex on the resin [78] (Fig. 5.2 and Eq. 5.4).

H3BO3 + 3ROH → B(OR)3 + 3 H2O(R is alkyl or aryl) (5.4)

N-methyl-D-glucamine, the most investigated chelating resin, has 5 hydroxyl
(polyols) functional groups and tertiary amine end, which help in complexation with
boron [18]. Purolite S108, Diaion WA30, XSC-700, Diaion CRB 02, Dowex 2 × 8,
Dowex XUS 43594.00, Purolite S110 and Amberlite IRA 743 are all modified forms
of N-methyl-D-glucamine, which are available in the market [61, 64, 79].
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Fig. 5.2 The borate complex structure formed from the complexation reaction of chelating resin
adsorbent with boron oxyanion in aqueous solution

Scientists have reported boron removal with polystyrene modified with sorbitol
functional group and recorded adsorption capacity of 13.18 mg/g [80]. Fixed-bed
column was loaded with two separate resins: a combination of vinyl benzyl chlo-
ride—N-methyl-D-glucamine (VBC–NMG) and iminodipropylene glycol function-
alized glycidyl methacrylate—polyvinyl chloride (GMA–PVC). The breakthrough
curveobtained from the formerfixedbedwas sharper than that of the later andThomas
model gave the best fit to the breakthrough curve. The study showed that both resins
could be used industrially for the removal of boron from the aqueous system [81].
Iminopropylene glycols was supported on glycidyl methacrylate–methyl methacry-
late–divinyl benzene and the removal capacity of 32 mg/g was reported [82]. The
synthesised N-methyl-D-glucamine—hydroxypropyl methacrylate gave an adsorp-
tion capacity of 145.9mg/g for boron removal. Regeneration studies showed that HCl
can easily regenerate the resin and can be easily reused. Resin produced from the
reaction of glycidyl metacrylate–methyl methacrylate–ethylene glycol dimethacry-
late and diallylamine was used in the removal of boron [83]. Kabay et al. [84]
used N-glucamine—like resins (Purolite S 108, Diaion, CRB 01 and 02) for batch
adsorption removal of boron from geothermal plant wastewaters. At about 3 g of the
resins, 90% of boron was removed from 1 L of wastewater. Similarly Xiao et al. [79]
investigated the use of XSC-700 for the removal of boron at different temperatures,
concentrations, stirring speeds and resin/brine ratios at constant diameter. Removal
capacity decreased when the resin/brine ratio increased, but as the boron concen-
tration and temperature were increased, an increase in the removal efficiency was
also recorded. Freundlich isotherm gives the best correlation for the adsorption with
maximum saturation capacity (Kf) of 2.9234 (mg mL−1)(l/mg)1/n [79]. In another
study, the poly(VBC-co-DVB) was treated with N-methyl-d-glucamine and used for
the removal of boron. Approximately, 93% of 11.0mg/L of boronwas removed using
4 g of the resin in about 20 min, and about 97% of both 4.8 and 5.4 mg/L of boron
was removed with 4 g of resin in about 10 min [85]. In another study, multi-hydroxyl
iminobis (propylene glycol) was supported on chitosan for the removal of boron
[86]. The removal capacity was about 29.19 mg/g and the removal kinetic followed
pseudo-second order. The recoverability study was conducted and about 97% of the
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resin was recovered and reusable, after treatment with acid [86]. In a report by Suzuki
et al. [87], Lewattitt MP 500WS (a resin) was modified with chromotropic acid and
used to remove boron. Boric acid/borate complexation was observed using acid–base
titration and NMR and the complexation reaction was favoured in acidic medium
(pH 4.5). Langmuir isotherm equation best explained the process and the removal
capacity of 8.87 mg/g was observed. Other adsorbents that have been reported for
boron oxyanion removal from aqueous solution are presented in Table 5.1 [88–94].

Donnan dialysis (polyethyleneimine-filled porous Celgardmembranes) is another
method that has been reported for the removal of borate Bryjak andDuraj [102]. High
concentration of boron was used in the study (20 mg/L) and it was reported that the
driving salt (NaCl) moved more rapidly towards the membranes than borate. When
the receiving phase was NaCl, a 40 t0 45% removal efficiency was achieved.

Table 5.1 Removal of borate oxyanion from aqueous solution using different adsorbents

Adsorbents Adsorption capacity (mg/g) References

Amino modified tannin gel 24.3 [95]

Tannin gel 11.4

Fly ash 6.9 [96]

2.3 [97]

0.0275 (mmol/g) [98]

Aluminium-based water treatment residuals 0.980 [99]

Bentonite 0.51 [100]

Bentonite-Fe 0.83

Waste calcite 1.05

Waste calcite-Fe 1.60

Kaolinite 0.60

Kaolinite-Fe 0.80

Zeolite 0.53

Zeolite-Fe 0.76

Rice residue 9.26

Walnut shell residue 7.04

Wheat residue 5.59

Rice-Fe 9.17

Walnut shell-Fe 7.58

Wheat-Fe 6.06

Magnesite tailing 65.79 [101]

Layered double hydroxides 14.0 [73]

37.90 [15]
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5.3 Antimony Oxyanion

Antimony (Sb) metalloid exists in aqueous solution as antimonate (SbO4
3−) and

antimonite (SbO3
3−) species. Antimony (Sb) is considered toxic, with likely carcino-

genic effect on humans [51, 103, 104]. Excessive Sb intake has been reported to cause
many diseases in humans [16, 105]. SbO3

3− is less toxic than SbO3-
4 , but SbO

−3
4 is

more stable. The European Union (EU) and United States Environmental Protection
Agency (USEPA) have both listed antimony and its compounds as priority pollu-
tants [56, 106] and the maximum contaminant level (MCL) given by the USEPA is
6 μg L−1 [57]. Antimony has many industrial uses; thus, it is one of the most mined
metals [107]. It is used in the production of lead-acid batteries, bullets, glass flame
retardant, among others [108, 109]. Mining and extraction industries are among the
major routes of antimony oxyanions to water bodies. Sb in trace amounts in water
is used up by terrestrial and aquatic organisms, but in certain concentrations, it is
reported to be toxic, particularly to aquatic organisms [108]. Under acidic condition,
Sb(III) easily undergoes oxidation to form Sb(V) in aqueous solution [108, 110],
which has led to more focus on the removal of Sb(V) than Sb(III).

Coagulation–flocculation has been used for the removal of Sb frompollutedwater,
using Fe or Al salts, but Fe salt showed better promise thanAl salt [21, 111]. Removal
of Sb(V) from wastewater was studied via coagulation–flocculation–sedimentation
processes using ferric chloride as coagulant. Optimum removal was achieved at pH
range 4.5–5.5 [21]. The authors noted that the removal capacity of about 98% was
attained at initial concentrations that ranged between 50 and 500μg L−1.Meanwhile,
they reported a lower removal capacity, when aluminium sulphate was used as coag-
ulant [21]. A similar observation was made by Kang et al. [111] that aluminium was
not a very good coagulant for Sb(V).

Adsorption technique has been used in the treatment of water contaminated by
Sb(V). It is in fact one of the best available treatment technologies for Sb removal
from aqueous solution, owing to its simplicity, high efficiency and user-friendliness.
Zhao et al. [112] reported nanoscale zero-valent iron stabilizedwith polyvinyl alcohol
for the removal of Sb(V). They investigated the effect of time, concentration and pH,
and the maximum adsorption capacity obtained was 1.65 mg/g, at pH below 5. Batch
and column adsorption of Sb(V) ions on calcareous soils were investigatedMartínez-
Lladó et al. [113] and the kinetic analysis revealed that it took about seven days to
achieve the maximum adsorption capacity. Thomas model described the column
experiments and convective–dispersive equation explained the breakthrough curves.
The desorption experiment gave about 90% recovery of the adsorbed Sb(V) ions
from calcareous soils.

A study made use of orange waste loaded with Zr(IV) and Fe(III) ions for the
adsorption of Sb(V) ions from water. The maximum adsorption capacity for both
adsorbents was the same (i.e. 1.19 mmol/g). The presence of other anions in the
polluted water had no effect on the adsorption of Sb(V) [114]. Carbon decorated
with zirconium oxide (ZrO2) was studied for the removal of antimonate, and the
adsorption capacity of 57.17 mg/g was reported [115]. In another study, Sb(V) was
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adsorbed onto iron oxyhydroxides, and the amount of Sb(V) adsorbed depended
on the pH value of the aqueous solution and the highest removal efficiency was
attainable within the acidic region. In a report, where iron oxide/hydroxides were
employed for the removal of Sb(V) from water, adsorption capacities of 201, 240,
280, 192, 936 μmol/g were reported for α-FeOOH, β-FeOOH, γ-FeOOH, α-Fe2O3

and hydrous ferric oxide, respectively [116]. Activated carbon was also used for the
uptake of Sb(V) from aqueous solution and an adsorption capacity of 92 mg/g was
observed [117].

The removal of Sb(V), using chelating agents, has been experimented. A study
used a chelate-forming group, iminodiethanol, to modify a porous hollow-fibre
membrane and thereafter used themodifiedmembrane to adsorb Sb(V) from aqueous
medium. The membrane had a thickness of 0.7 mm, porosity of 70%, an imin-
odiethanol group of 1.6 mol/kg of the membrane and a water flux of 0.95 m/h at
0.1 MPa and 298 K. The breakthrough curves of antimony overlapped, irrespec-
tive of the permeation rate of the antimony solution. At antimony concentrations
below 10 mg/l (pH 4.0), a linear adsorption isotherm was obtained. The removal
capacity was 15 mg/g, and the adsorbed antimony was quantitatively eluted by
permeation of 2 M hydrochloric acid through the pores of the membrane. [117].
Furthermore, an impurity (monophosphoric acid ester M2EHPA) from commercial
grades of D2EHPA was used in the removal of Sb(V) from copper refinery elec-
trolyte. The experiment was left to run over a period of 32 h, and 0.6 g/L of Sb in the
electrolyte was reduced to 0.13 g/L [118]. Sb(V) ions have also been removed from
copper electrolytes by aminophosphonic resins (Duolite C-467). High loadings of up
to 39 g Sb(V) per kg of wet resin were obtained, when synthetic copper electrolyte
containing 220 mg/L of Sb(V), at temperature of 30 °C and 2 g of Duolite C-467
were allowed to stand for 48 h [68]. In contrast, Schilde, Kraudelt and Uhlemann
[119] reported that Sb(V) was not removed byWofatit MK 51 chelating resin, which
has methylaminoglucitol groups.

The abilities of Al-rich phases, (i.e. hydrous Al oxide, and reduced and oxidized
nontronite and kaolinite) were investigated for the removal of Sb(V). It was posited
that Sb(V) adsorbed in an inner-spheremode on the surfaces of the studied substrates.
The observed adsorption geometry is mostly bidentate corner-sharing, with some
monodentate complexes. The kinetics of adsorption is relatively slow, and equilib-
riumadsorption isothermswere best fitted using theFreundlichmodel. Themaximum
adsorption capacity of 0.82 mmoles/g for kaolinite, 1.08 mmoles/g for reduced
nontronite and 0.71 mmoles/g for oxidized nonotronite was reported [120]. Goethite
and activated alumina have also been explored for the removal of Sb(V). The adsorp-
tion of Sb(V) on goethite was investigated in 0.01 and 0.1 M KClO4 M solutions as
a function of pH and Sb concentration. The results showed that Sb(V) formed inner-
sphere surface complexes at the goethite surface. The maximum adsorption density
for Sb(V) was 136±8 μmol/g at pH 3. The adsorption data of Sb(V) was best fitted
by the modified triple-layer surface complexation model [121]. Activated alumina
(commercially available) was used in the removal of Sb(V) ions from aqueous solu-
tions. The optimum pH was 4.3, Sb(V) adsorption was temperature dependent and
adsorption increased with increases in temperature. A concentration of 0.164 mM
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of Sb(V) solution and 0.5 mg/ml (w/v) was mixed for 1 h at varying temperature. A
maximum adsorption of above 260 μmol/g was reported [122]. Also, the adsorption
of Sb(V) on sand from Haro river was investigated and important parameters such as
effect of electrolyte, amount of sand, contact time and concentration of Sb(V) were
considered [123].

Bioremediation of metal(loid)-containing water/wastewater has also been
proposed as a cost-effective technique. In the work of Zhang et al. [124], sulphate-
reducing bacteria adsorbent was prepared for the removal of Sb (V). They reported
93% removal efficiency, at pH 7 and 50 mg/L initial Sb(V) concentration, for 11-day
period of the batch experiment. Sb(V) adsorption on Fe-modified aerobic granules
was also studied, and an adsorption capacity of 36.6 mg/g was reported [125].

Other adsorbents that have been used for removing Sb oxyanion from aqueous
solution are presented in Table 5.2.

5.4 Carbon Oxyanion

The presence of calcium carbonate (CaCO3) poses a major challenge in wastew-
ater and groundwater treatment because it causes the formation of scale deposits
[140, 141]. Scale formation induces water cooling blockage, reduces heat transfer
and encourages corrosion of the carbon steel. Calcite (rhombohedral), aragonite
(orthorhombic) and vaterite (hexagonal) are the three main anhydrous polymorphs
of calcium carbonate [142]. Calcite has better stability under normal conditions,
vaterite has the highest solubility and aragonite crystallizes generally at temperature
above 60 °C [143]. There are reports that link carbonates concentrations (especially
calcium carbonate and magnesium carbonate) and atopic eczema, Alzheimer’s and
cardiovascular diseases [144, 145]. Though, the link is weak, and many uncertain
variables exist in the reported studies [146].

Reverse osmosis has been reported for the removal of calcium carbonate in the
literature [147–149]. The precipitation of calcium carbonate from aqueous solu-
tions using reverse osmosis cell, containing cellulose acetate membranes (@40 bar),
has been reported [149]. They reported significant calcium carbonate precipitation
(90%), which they attributed to the high ability of carbon dioxide to permeate through
the membrane. Also, Pervov and Andrianov [147] reported reverse osmosis process
for the removal of calcium carbonate using seeded crystallization. Due to calcium
carbonate precipitation, there was drastic reduction of hardness and total dissolved
solids concentrate and the rate of precipitation depended on the composition feed
water and amount of introduced crystal. High rate of recovery was recorded, which
made it possible to reuse the concentrate [147]. Calcium carbonate was recently
reported to be removed by fluidized-bed reactors [150] and liming [151]. Carbona-
tion is another conventional methods used in removing carbonates from water [152].
This method is inexpensive and can effectively remove the carbonates of calcium and
magnesium. Removal of carbonates by electrolysis process has also been reported
Agostinho et al. [153].



5 Advances in the Management of the Neglected Oxyanions … 141

Table 5.2 Removal of antimoniate from aqueous solution using different adsorbents

Adsorbents Adsorption capacity (mg/g) References

Synthetic manganite 784.53 (μmol g − 1) [126]

Ferric hydroxide 99.84 [127]

18.5 [125]

Goethite 18.3 [128]

Ferrihydrite 27.9 [129]

Akaganeite 450 [130]

Alpha-Fe2O3 7 [131]

Hydrous ferric oxide 114 [116]

γ-FeOOH 34.09

β-FeOOH 29.22

α-FeOOH 24.47

60.4 [125]

Fe-Cu binary oxide 104.95 [132]

Fe-Zr-D201 73.75 [133]

Fe(II)-loaded saponified orange waste 144.88 [114]

Zr(IV) and Fe(III) loaded orange waste 227.67

Polymeric anion exchanger D201 loaded with
nanohydrated ferric oxide

60.9 [134]

Calcite sands loaded with nanohydrated ferric
oxide

39.9

Iron-modified attapulgite Nano-FeO(OH)
modified clinoptilolite tuff

31.79 [135]

Fe(III)-treated bacteria aerobic granules 22.6 [136]

Fe(III)-treated fungi aerobic granules 19 [137]

Zeolite-supported magnetite 19 [138]

Red soil 1.68 [139]

Wastewater treatment plants are amongst themajor greenhousegas emitters. These
emissions originate from nitrogen, biological carbon, sludge management, phos-
phate removal and off gas. Wastewater treatment plants emit about 0.77 Gt carbon
dioxide-equivalent greenhouse gases in 2010 through degradation of organics, which
is approximately 1.57% of global greenhouse gases emitted [154]. Carbon dioxide
(CO2) converts to carbonic acid readily and reversibly when dissolved in water. The
Paris Agreement on Climate Change aims to peg average temperature increase, glob-
ally, to less than 2 °C, but achieving this requires effective reduction of greenhouse
gases, such as CO2 in the environment [155]. Many methods have been developed
for the removal/capturing of CO2 during wastewater treatment.

Microbial electrolytic carbon capture is a method that uses wastewater as an elec-
trolyte for microbial supported water electrolysis [156]. This process consists of
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anode with electroactive bacteria (microorganisms) in its chamber. The biodegrad-
able constituents in wastewater are oxidized to give CO2, protons and electrons. The
anode accepts the electrons and moved it to the cathode via an external circuit, where
water is reduced to H2 and OH− [157]. The anolyte that is H+-rich can release Ca2+,
Mg2+, etc. (metal ions) from ample of waste materials, such as coal fly ash, or from
silicate minerals such as wollastonite (CaSiO3). When these metal ions move to the
OH− catholyte, metal hydroxide is produced, which later reacts with CO2 to produce
bicarbonate or carbonate that is stable [158–160]. The stable carbonates can be put
to further use, such as in the production of cement.

CH3COOH (aq) + 2H2O + 6CaCSiO3(s)

+ 4CO2(g)
Vd.c→ 6CaCO3(s) + 6SiO2 + 4H2(g) (5.5)

Another method of removing CO2 from wastewater is microbial electrosynthesis,
which is similar to the microbial electrolytic carbon capture. But microbial elec-
trosynthesis uses autotrophic bacteria at the cathode for capturing and converting
CO2 into useful organic compound [161]. The organic substances present in the
wastewater are oxidized to generate current at the anode by electroactive bacteria
[161].

Microalgae cultivation is anothermethod that has been reported for removingCO2

from wastewater. This method is complementary to microbial electrolytic carbon
capture and microbial electrosynthesis. The ability of microalgae to remove CO2

simultaneously with other nutrients has attracted more attention in recent time [156,
162]. During autotrophic growth, microalgae cultivation fixes CO2 in the process of
nutrients (N andP) assimilation inwastewater [163, 164].During autotrophic growth,
microalgae fixes approximately 1.8–2.4 kg of CO2/kg of biomass [165, 166].

Constructed wetland is another method that has been used in capturing CO2 from
wastewater. Constructed wetlands are modified system of wastewater treatment that
use natural processes, including vegetation, soils and associated microbial ecosys-
tems [167, 168]. Various classes of constructed wetlands can have a wide range of
carbon capturing profile. Their CO2 capturing depends on various conditions such
as season, system and level of treatment [156]. It has been presented in an exten-
sive review that free water surface constructed wetland has about 30% lower CO2

than subsurface flow [169]. It was further explained that plants can assimilate CO2

of approximately 57,000–76,000 kgCO2 ha−1 yr−1 [169]. The summaries of the
methods for capturing CO2 generated from wastewater are presented in Table 5.3.

5.5 Molybdates

Molybdenum is necessary for some important metabolic processes in both animals
and plants. In humans for instance, Mo is a co-factor for a few enzymes, including
sulphite oxidase, xanthine oxidase/dehydrogenase and aldehyde oxidase, which
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Table 5.3 Different CO2 capturing methods in wastewater treatment [156]

Method Mechanism Main advantages Major challenges

Microbial electrolytic
carbon capture
(MECC)

Microbial electrolysis
to enable wastewater
treatment and
mineralization of CO2
to carbonates.

• High-rate CO2 capture
• Sequestration of CO2
to a stable carbonate

• Effect removal of
organic with low
sludge

• Carbonates
production value
are low

• Cost of running is
high

• Ability of remove
nutrient is limited

• Large-scale
validation is
needed

Microbial
electrosynthesis
(MES)

Electrons are recovered
from wastewater in the
anode for cathodic CO2
reduction to organic
chemicals catalysed by
electrotrophs

• Potential to produce
high-titre chemicals

• High conversion
efficiency

• Self-sustainable
biocatalysts

• Efficient organic
removal with low
sludge

• Low rate of
biocatalytic
electron uptake

• Poor selectivity of
high-value
products

• High cost with
current design

• Limited nutrient
removal and
scalability

Microalgae
cultivation

Naturally occurring
microalgalcommunities
are enriched to take up
nitrogen and
phosphorus while also
assimilating CO2 into
biomass

• Effective nutrient
removal with high
CCU

• Biomass generation
for biofuels and
bioproducts

• Achieves organics
polishing

• Undergoing
pilot-/full-scale
testing

• Uncertain
performance
reliability

• Large land area
may be required

• High cost/energy
for biomass
harvesting

• Limited organics
removal

Constructed wetlands Engineered wetland
systems that integrate
vegetation, soils and
microbial ecosystems
to treat wastewater and
capture CO2 to plant
biomass

• Simultaneous organic
carbon and nutrient
removal

• Multifunction in
addition to CCU and
waste treatment

• Easy maintenance and
low cost

• Mature process for
centralized and
distributed uses

• Mixed results as
GHG source or
sink

• Nutrient removal
can be limited

• Large land area
and limited
success in cold
climates
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catalyse relevant reactions in the body. It is found in varying amounts in food sources
like grains, legumes andmeat organs such as liver and kidney. Although a very useful
element in dietary amount, excess Mo in the body poses a significant risk to human
health. The oxidation states of Mo range between −2 to +6 but exist predominantly
as oxyanion in the +6 state in the aqueous environments. It is found naturally in
minerals such as molybdenite, ferrimolybdite, powellite, jordisite and wulfenite [6,
170]. Eqs. (5.6 and 5.7) below show the formation of the oxyanion under different
chemical conditions from two of its naturally occurring ores [171, 172]:

2MoS2 + 9O2 + 6H2O → 2MoO2−
4 + 4SO2−

4 + 12H+

(molybdenite) (molybdate anion) (5.6)

PbMoO4 + 2OH → 2MoO2−
4 + Pb(OH)2

(wulfenite) (5.7)

Mo has foundwide applications inmetallurgy and in themanufacture of pigments,
lubricants and catalysts for industrial processes [173]. Some processes such as
mining, coal combustion (Mo in the air is returned to the earth by wet and dry
deposition) and metallurgical activities can lead to a substantial increase in the
amount of this element in water bodies. Because of its toxic effects at elevated
level, the World Health Organization recommended a maximum of 0.07 mgL−1 Mo
in drinking water. It is therefore pertinent to develop methods/technologies for reme-
diating water containing high level of this element. In this regard, some researchers
have undertaken and reported a number of studies on removal of Mo from water.

Molybdate removal has been reported [174], using hydrous Fe2O3 grafted
polystyrene anion exchanger. Although polystyrene anion exchanger is known to
exhibit considerable affinity for the oxyanion, the incorporation of Fe2O3 nanopar-
ticles led to significant enhancement of the adsorptive capacity. Values as high as
213 mg/g were obtained, when the initial concentration of Mo(VI) was 300 mgL−1.
This improvement was attributed to the possible complexation between the molyb-
date and ferric oxide at acidic and near neutral pH range [175, 176]. In a report by
Huang et al. [177], hybridised iron material was employed for the removal of molyb-
date from water. The hybrid adsorbent comprises of zero-valent iron (Fe0), Fe2O3

and Fe2+ system. The Fe2+ in the system could lead to the formation iron-molybdate
complex, resulting in the abatement of the oxyanion in solution. The removal effi-
ciency was 97% at an initial molybdate concentration of 0.5 mM. The removal of the
molybdate was possible by rapid reduction of the Mo(VI) to lower valences. It was
postulated that each of the reactive irons in the hybrid material played a role, which
was favourable for the removal of the Mo(VI) from the aqueous solution.

In the quest to advance an effective method for the removal of Mo(VI) from
aqueous media, Mo(VI)-imprinted chitosan/trietholamine gel beads, using ion-
imprinting technology, were prepared [178]. At pH value of 6.0 and initial molybdate
concentration of 8.0 gL−1, an adsorption capacity of 458 mgg−1 was reported for
the material. Ion-imprinting technology was employed to prepare adsorbent for the
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sequestration of molybdate anion from water [179]. The MoO4
2− surface imprinted

material (IIP-quaternized dimethylaminoethyl methacrylate polymer/SiO2) showed
impressive performance for the removal of the anion and the performance was
attributed to the specific recognition and the combination affinity of the template
anion [180]. The adsorbent showed high adsorption capacity and good selectivity for
the anion. Specifically, a binding capacity of 0.46 mmolg−1 was obtained at the opti-
mized experimental conditions. In a similar work, chitosan was used for the uptake
of molybdate ion from standard samples and contaminated groundwater [181]. The
polysaccharide exhibited significantly high adsorption capacity (265 mgg−1), at low
pH range. The hydroxyl groups on the material were reported to bind the oxyanion
in the adsorption process [179]. The removal of molybdate anion using chemically
modified magnetic chitosan has been reported [181]. The adsorption capacity of
the material for the oxyanion was 8.9 mmolg−1. In a recent study conducted by Fu
et al. [182], the adsorption capacity of ion-exchange resin (D301) was evaluated
for the removal of molybdate from a high acidic solution. The resin exhibited high
adsorption capacity (up to 463.63 mg/g) for the oxyanion and the adsorption process
was controlled by particle diffusion.

Iron oxide nanocluster was employed to serve the dual purposes of a coagulant
and an adsorbent for molybdate oxyanion. The material, under optimized condi-
tion, yielded more than 90% removal of the oxyanion (with initial concentration of
0.55 mgL−1) from water. Based on this report, iron oxide nanocluster was recom-
mended for the remediation of water contaminated by molybdate anion via multiple
purification processes of adsorption, flocculation and filtration [183].

From the foregoing, it is apparent that adsorption has been at the centre of molyb-
date uptake from water and a degree of success has been recorded in spite of the
difficulty associated with the removal of this pollutant from water. One of the best
adsorption technologies that has been utilized for the removal of molybdate from
water is ion-exchange. Typically, an ion-exchange resin comprises porous and insol-
uble beads which have ionic groups evenly distributed all through them. These ions
on the beads are exchanged for ions of the same or similar electrical charge in an
aqueous solutionwhen the solution is in contact with the beads. Therefore, in order to
remediate water or wastewater that is contaminated by molybdate (MoO4

2−), a resin
containing negative ions is sought. While authors have advanced various materials
and mechanisms for the adsorption of molybdate, ion-exchange technique provides
for necessary manipulation/modification of the adsorbents for effective removal of
the anion.

5.6 Conclusion

In this chapter, a brief overview and techniques for removal of some oxyanions from
aqueous media are presented. Despite the fact that the removal of these anions has
not been given so much attention like other inorganic pollutants, it is interesting
to note that there have been some advances in the techniques for their removal.
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Innovative optimization of certain parameters in some known water treatment tech-
nologies has yielded substantial outcomes. The many possibilities of altering the
surface chemistry of a wide range of materials have positioned adsorption tech-
nique as a preferred means of cleaning water plagued by these oxyanions. Reports
have shown that carefully modified adsorbents like ion-exchange resins produced
desirable results.
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Chapter 6
Trends in the Management of Arsenic
Contamination in Potable Water

Eric T. Anthony and Nurudeen A. Oladoja

Abstract The continuous incidence of arsenic contamination in potable water has
been linked to the abundance of naturally occurring arsenicminerals in the earth crust
and the indiscriminate use of arsenic-rich resource in industrial and agricultural oper-
ations. In potable water, the presence of oxyanions of arsenite and arsenate is of great
concern. In an aqueous system, the stoichiometric balance between arsenite and arse-
nate is altered by the change in the pH value and redox potential of the system, the
organic matter concentration, the amount of dissolved and undissolved minerals and
salts, and competing ions. Many strategies employed in removing arsenic favor the
removal of arsenic as arsenate, rather than arsenite. This is due to the relatively lower
toxic value of arsenate, the limited mobility, and the higher affinity for the common
substrate. Thus, many of the technologies used to remove arsenic are preceded by the
oxidation of arsenite to arsenate, and the removal of the resulting arsenate occurred
via trapping co-precipitation or surface adsorption. Thematerials employed are char-
acterized as low cost and ecofriendly, exhibiting improved textural capacity, stability,
and ease of recovery.

Keywords Potable water · Arsenate · Arsenite · Occurrence · Removal and
management · Treatment strategies

6.1 Introduction

Arsenic (As), a pro-oxidant metallic element, has consistently presented imperious
challenges in aqueous solution, due to its mobility, solubility, and stability. It is
considered a threat in all its states of matter. It is lethal in the gaseous state [1],
impose chronic and acute toxicity in aqueous solution [2], and threaten food security
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by leaching into soil and tissue, thus, impeding plants, eggs, and tissue development
[3, 4]. Arsenic toxicity includes hearing loss [5], genotoxicity [6], respiratory disease
[7], cytotoxicity and mutagenicity [8], cardiovascular disease [9], and cancer [10].
In potable water, the incidence of arsenic is of unusual interest due to its economic
importance. At concentrations above 10μg/L, inorganic arsenic (H3AsO4, H2AsO

−
4 ,

HAsO2−
4 , and AsO3−

4 ) is an outright nuisance in potable water, with no nutritional
benefit. Though the organic and inorganic forms of arsenic can be consumed via
inhalation (as aerosols), the extreme threat is posed by foods (water and biota)
ingestion [11]. Moderate exposure to inorganic arsenic, via ingestion, can result
in sex-specific effects during a vital window of child development [12].

Arsenic is abundant in the earth’s crust, with an average estimation of 2–5 mg/kg.
It is inherent in rocks, sediments, and ash. In lieu, the natural sources of arsenic
contamination are enormous. Such that, natural occurrences like volcanic incidences,
seismic events, and aquifer depletion and recharge have disturbed the balance of
arsenic bound minerals, thus, elevating its average prevalence in the environment
[13]. The vast distribution of arsenic in drinking water in the Southwest region of
Ireland is presented in Fig. 6.1. The map showed that several sources of drinking
water in the region exceeded the acceptable arsenic limit [14]. The weathering of
arsenopyrite (FeAsS), realgar (AsS), and orpiment (As2S3) is a typical incidence
for the release of arsenic. The occupational release of arsenic into the environment
is associated with metal mining and smelting, petroleum exploration combustion,
incineration services, pesticide manufacture and application, and wood preserva-
tives. Common wood preservatives and pesticides that have been used extensively in
Canada include arsenic pentoxide, chromate copper arsenate, and calcium arsenate,
respectively [15].

The arsenic contaminant is classified, based on its chemical form in the environ-
ment, as organic and inorganic. Both forms are found within the living-host and get
distributed in the ecosystem. For example, arsenosugars are contained in seaweeds,
which can metabolize to dimethyl arsenic, thio-dimethylarsinoylethanol, and thio-
dimethylarsinoylacetate [16]. In human urine, arsenic is detected as arsenobetaine
((CH3)3AsCH2COOH), arsenite (As(OH)3), arsenate (AsO(OH)3), methylarsenic
acid (CH3AsO(OH)2), and dimethylarsenic acid ((CH3)2AsO(OH)) [17]. Inorganic
arsenic has been found in adults [18] and infants [19] toe nails and human placenta
[20]. Arsenite was the prevalent form of arsenic detected in the roots, stem, and
fruits of strawberry plants [21]. The concentration of total arsenic detected in rice
cultivated in Brazil was 86.5 ng/g, and it was distributed as arsenate (16%), arsenite
(63%), dimethyl arsenic acid (24%), and monomethylarsonic acid (12%) [22]. An
in vitro digestion studies revealed that the transformation of inorganic arsenic occurs
via arsenobetaine, and 100% content of arsenic in gastropod is bioaccessible to
humans as arsenite and arsenocholine [23]. After coal burning in Nitra Valley in
central Slovakia, the mean value of arsenic detected around the power station was
26, 11.6, and 9.4 μg/g, in soil, house dust, and composite, respectively [24]. This is
an indication that a singular source of arsenic can result in multiple pollutions, and in
different forms.
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Fig. 6.1 Spatial distribution of arsenic in drinking water of Southwest Ireland [14]. Reprinted with
permission from Elsevier, 2020
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In the atmosphere, both forms of arsenic have been detected, and its toxicity
was related to the particle size [25]. The aerosol forms of arsenic are released due
to the combination of natural incidences (volcanic emission and marine aerosols)
and human activities (industrial emission). The predominant forms of arsenic in
the atmosphere are arsenate, arsenic trioxide, and arsine. Volatile organic arsenic,
arsenic trioxide, and arsine are associatedwithmicrobial actions, metal smelting, and
landfills, respectively. In the smelting of arsenious gold, arsenic trioxides (As2O3)
accompanies the release of other gaseous substances [15]. Aerosol-trapped arsenic
in the atmosphere is returned to the soil after precipitation, and the precipitated
arsenic is sunk into the soil, washed, or immobilized according to the solution/soil
hydrochemistry.

The exposure of man to arsenic can be from the intake of plants and vegetables.
Higher plants can accumulate more than 70% of the arsenic pollutant in soil [26],
which is stored in the root, stem, leave, and fruits of the plant. The root uptake
of arsenate and arsenite occurs through the phosphate and silicon carriers, respec-
tively [27]. In the aquifer, accommodated within volcaniclastic sedimentary rocks,
the occurrence of dimethylarsinate correlates with the occurrence of arsenite in the
aquifer [28]. Furthermore, some amount of arsenic can be released during food
processing, and the rate of release depends on the type of food, i.e. species-specific
[29]. The inorganic arsenic content of foods is more susceptible to release during
boiling, steaming, frying, and soaking, than the organic arsenic content.

The geocycle of arsenic may commence from any point in the environment.
Using the marine as an example, the process begins with the uptake of inorganic
arsenic (mostly arsenate) by the microscopic marine algae. The inorganic arsenic is a
known constituent of rocks, sediments, and soluble solutes inmanywater bodies. The
ingested arsenic is used as nourishment, which is retained as lipid-soluble (arseno-
lipids) compounds,which canbe substituted for nitrate during scarcity.Detoxification
process secrets the excess ingested arsenic as methylarsonic acid (CH3AsO(OH)2
or dimethylarsinic acid (CH3)2AsO(OH) [30]. The microscopic marine algae that
initially consumed inorganic arsenate are a vital organism that helps in the balance
of food web, because they serve as food for higher marine animals. When consumed
by fish, mollusks, and other marine invertebrates, the arsenic metabolizes and is
retained as arsenobetaine (CH3)3AsCH2COOH). Alternatively, the arsenobetaine
stored in marine invertebrates can be metabolized and released as methylarsonic
acid (CH3AsO(OH)2 and inorganic arsenic [31]. When these animals are consumed
by man, the arsenic is absorbed by the human body (resulting in impaired health)
and can eventually be released back into the environment as waste to complete the
cycle.

The increasing incidence of arsenic contamination in freshwater has been ascribed
to its proximity to soil and sediments. The soil is obtained from rock degradation;
thus, soils generated from the weathering of rocks-harbouring arsenic, are rich in
arsenic. Methylated arsenic is also released when plant and animal decay to form
sediments. Thus, the concentrationof arsenic in soil and sediment canvary, depending
on the origin of the contamination. A typical example is the concentration of soil
arsenic in industrial and non-industrial-based environment. The concentrations of
arsenic in the soil around Ottawa, Canada, ranged between 1.7 and 9.9 mg/kg, due
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to minimal industrial activities [32]; however, at a depth of 15 cm, an alarming
concentration (7860 mg/kg) was detected in Zloty Stok area of Poland, as a result of
mining activities [33]. The polluted sediments and soil are eventually washed into
freshwater.

Similar to soil and sediment, the concentration of arsenic in freshwater may
be region-specific. Some regions of the world have experienced moderate arsenic
contamination while disturbing concentrations have been detected in Bangladesh
freshwater supplies [34]. This has manifested in the elevated arsenic concentration in
potable water around this region. The concentrations of arsenic in Santa Fe province
of Argentina are presented in Fig. 6.2. Many of these regions have relied on ground-
water with arsenic exceeding 50 μg/L [35]. Even in many non-arid regions of the
world, arsenic in drinking water is still a significant concern. In a study conducted
by Huq et al. (2020), the strong oxidizing condition and moderate alkalinity were
responsible for the elevated arsenic level (>10 μg/L) in 59 out of 64 wells used as
potable water in Bangladesh [36]. In the USA, as a result of redox reactions occur-
ring within wells, the concentration of arsenic in the potable water increased over
time, and arsenic concentration up to 80 μg/L was detected [37]. In Nicaragua, over
55,700 persons have been exposed to arsenic contamination via potable water, with

Fig. 6.2 Map showing the
elevated concentration of As
pollution in the freshwater of
Santa Fe province of
Argentina [35]. Reprinted
with permission from
Elsevier, 2020
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concentrations up to 1320 μg/L with a mean concentration of 48.3 μg/L detected
in the wells from this region [38]. In Ireland, the elevated level of arsenic has been
linked with arsenic harbouring rocks (e.g. rhyolite, limestone, sandstone, and shale).

6.2 The Dynamics of Arsenic in a Potable Water System

The partially filled 4p orbitals of As [1s22s22p63s23p63d104s24p3] allowAs to partic-
ipate in many redox reaction, forming oxyanions in aqueous solution. Thus, arsenic
exists in four oxidation states, namely; arsenate ((+5) (HAs O2−

4 ), arsenite (+3)(
HAsO2−

3

)
, arsenic (As0) (0), and arsine (AsH3) (−3), with oxidation state +5 and

+3 being the most stable. The stability and subsequent transformation of arsenic
in potable water depend on the water biogeochemical condition (i.e. pH value,
redox potential, organic matter concentration, un/dissolved minerals, and competing
species). In potable water with pH value range (6.5–8.5), the stable form of arsenic
(i.e. (H3AsO3) (+3) and (H3AsO4) (+5)) is mobile and soluble, and can form oxide,
carbonate, hydroxide and phosphate, depending on the pHvalue (Fig. 6.3). The disso-
ciation reactions of H3AsO3 (Eq. 6.1–6.3) and H3AsO4 (Eq. 6.4–6.6) are depicted
below:

H3AsO3 ↔ H2AsO
−
3 + H+ pKa = 2.24 (6.1)

H2AsO
−
3 ↔ HAsO2−

3 + H+ pKa = 6.69 (6.2)

HAsO2−
3 ↔ AsO3−

3 + H+ pKa = 11.5 (6.3)

H3AsO4 ↔ H2AsO
−
4 + H+ pKa = 9.2 (6.4)

H2AsO
−
4 ↔ HAsO2−

4 + H+ pKa = 12.1 (6.5)

HAsO2−
4 ↔ AsO3−

4 + H+ pKa = 13.4 (6.6)

In addition to the solution pH value, solution redox condition is another important
factor that controls the transformation and stability of arsenic in aqueous solution.
H3AsO4 and H2AsO3 dominate in oxidizing and reducing conditions, respectively.
In oxidizing condition, H3AsO4 predominate as H2AsO

−
4 and AsO−2

4 , at low (pH
<6.9) and high pH values, respectively. In reducing condition, at pH value below 9.2,
the neutral H2AsO3 dominate, which dissociates according to Eq. 6.1–6.3. These
factors do not influence the stability and transformation of arsenic independently.
For example, in the Northern region of La Pampa, Argentina, the source water was
characterized as oxidizing, Na-HCO3 and Na-SO4-Cl type, and with elevated pH
in the alkaline region which favoured arsenate formation (97%). The arsenate was
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released from pyrite or iron oxides surface, due to reductive desorption or dissolution
from minerals containing arsenic [39]. In similar oxic condition, minerals show
high affinity for arsenic, retarding its mobility in the aqueous system. Halloysite
and chlorite minerals have been reported to show a higher affinity for arsenite than
illite mineral [40].

Hydrogen peroxide is a strong oxidant that is prevalent in freshwater. It is gener-
ated in the environment from photochemical and radioactive reactions. Thus, high
concentration (up to 200 μM) has been detected in rainwater, surface water, and
groundwater [41]. The presence of hydrogen peroxide in potable water increases
the incidence of arsenic exposure because it can initiate redox reaction. The water-
borne hydrogen peroxide causes surface leaching and oxidation of arsenite from
mineral, and the dissolution of arsenic increases with increasing hydrogen peroxide
concentration [42].

6.3 The Management Strategies

Different arsenic species coexist in potablewater, with arsenate and arsenite being the
dominating mobile species. Several methods have been employed to manage these
arsenic species in potable water. However, many methods favoured the removal of
arsenic since arsenate is less toxic, lessmobile, with high affinity formany substrates,
rather than themore toxic arsenite. Therefore, during treatment, arsenite is preferably
oxidized to arsenate for ease of removal from the aqueous solution.

6.3.1 Oxidation-Based Strategies

In practice, oxidation is used as a form of pretreatment in the management of
arsenic. The oxidation of arsenic is induced by electron transfer from a chemical
species or photons. Oxidation is highly beneficial to the overall removal of arsenic.
For example, Moore et al. (2008) highlighted that after the oxidation of arsenite,
the removal efficiency of arsenate, in nanofiltration and reverse osmosis systems,
increased from negligible to 50% and 90%, respectively [43]. Two procedures that
have been employed for the oxidation of arsenic include chemical and light-assisted
oxidation processes.

6.3.1.1 Chemical Oxidation

In chemical oxidation, the oxidant is either introduced directly into the reaction
mediumor generated in situ for the oxidationof arsenite. In a simple oxidationprocess
arsenopyrite (FeAsS), a mineral harbouring arsenite is oxidized in the presence of
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hydrogen peroxide (Eq. 6.7). The increasing concentration of hydrogen peroxide was
found beneficial to the removal of arsenite, as the removal efficiency increased from
28.1 to 59.7% when the concentration of hydrogen peroxide increased from 0.25 to
3.0 mol/L, respectively [44]. However, this is not practicable because of cost and
secondary pollution issues.

FeAsS + 2H2O2 → FeS + H3AsO4 + H+ (6.7)

Biochar, a pyrogenic carbonaceous material with solid-phase free radicals [45],
is a good candidate for the oxidation of arsenite and subsequent adsorption of the
resulting arsenate. Biochar was used for the oxidation of arsenite in aqueous solution
[46]. The solution pH and dissolved oxygen were essential in the oxidation process.
In the absence of biochar, dissolved oxygen can initiate the oxidation of arsenite at
pH 9.5 with 21% efficiency in 24 h. This is due to the higher reduction potential of
O2/·HO2 (EpH = 9.5 = −0.127 V) than As(V)/As(III) (EpH = 9.5 = −0.397 V). When
coupled with biochar, the oxidation of arsenite was completed (99%) under 4 and
12 h in oxic and anoxic conditions, respectively.

Biochar/bimetallic composite was prepared by the incorporation of Fe–Mn oxides
for the oxidation and subsequent removal of arsenate from simulated potable water.
The oxidation of arsenite was rapid, within 30 min, at neutral pH, which coincided
with the increasing concentration of arsenate. The oxidation was attributed to the
reactive oxygen species and Mn(IV) on the surface of the biochar composite adsor-
bent [47]. The biochar composite also exhibited an improved adsorption capacity
(8.8 mg/g).

6.3.1.2 Light-Assisted Oxidation

In the light-assisted oxidation system, the oxidation phase may be homogeneous or
heterogeneous. In the heterogeneous system, a solid photocatalyst absorbs photon of
light to undergo a series of redox reaction. The process is initiated when the photo-
catalyst absorbs photon of energy that is equal or greater than its energy bandgap;
thus, an electron (e−) is ejected from the conduction band into the valence band,
generating a vacant reactive hole (h+) at the conduction band [48].

In the presence of terbuthylazine, a refractory organic contaminant, hydrogen
peroxide, coupled with UV-radiation of wavelength 253.7 nm, was employed for
the oxidation of arsenite in groundwater. When applied separately, the UV-radiation
accounted for 40%, at a dosage of 2000mJcm−2, while hydrogen peroxide accounted
for only 8.0%, at hydrogen peroxide concentration of 15 mg/L in 315 min reaction
time. When coupled, the oxidation efficiency increased significantly, even at lower
hydrogen peroxide dosage andUV irradiation. Thus, at 5mg/L of hydrogen peroxide,
the conversion of arsenite to arsenate was 54 and 85% at UV dosage of 1200 and
2000 mJcm−2, respectively [49]. This is an indication that the coupling of oxidants
can help improve the oxidation of arsenite to arsenate. However, the use of excess
oxidantmayalsobedetrimental to theoxidation reaction.Therefore, finding abalance
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between the concentration of oxidant and arsenite to be converted is an important
factor to consider during the oxidation process. The stoichiometric balancewas found
to be in the ratio 3:2 for As3+:Fe6+ [50].

Ag@AgCl was utilized as a photocatalyst in a visible-light-driven heterogeneous
photocatalysis reaction for the oxidation of arsenite. The oxidation process was influ-
enced by the initial arsenite solution pH value. The cooperative effect of h+ and ·O2

−
(superoxide) reactive species was responsible for the oxidation of arsenite. However,
in acidic solution, the generated ·O2

− reactive radical was consumed by the presence
of the abundant H+ in acidic media (pH 3) to form hydrogen peroxide, a less potent
oxidant, when compared with ·O2

−. Thus, it decreased the oxidation rate to 39.6%,
from 75.55 and 83.13% in neutral (pH 7) and alkaline media (pH 10), respectively
[51].

TiO2 is regarded as amodel photocatalyst; however, it suffers severe setbacks, due
to the recombination of reactive species and broad bandgap (3.2–3.35 eV), which
makes it inactive in the visible region, thus limiting its application in the larger part
of the electromagnetic spectrum. To obviate this challenge, element(s) are incorpo-
rated into the lattice of the TiO2 or coupled with other semiconductors [52]. Fe2O3 is
abundant in the aquifer; thus, it is considered the right candidate for the adsorption of
arsenic. When coupled with TiO2 in the presence of polyaniline, a suitable electron
donor and photogenerated hole (h+) carriers, the resulting compositewas useful in the
oxidation of arsenite to arsenate and subsequent adsorption of the resulting arsenate
onto the surface of the composite [53]. The superoxide free radical and photogen-
erated holes were responsible for the oxidation of arsenite to arsenate. However,
the presence of common competitive anions (phosphate, carbonate, chloride, and
sulphate) significantly retarded subsequent adsorption of arsenate after the oxidation
process. The composite exhibited good adsorption capacity (7–9 mg/g) in a broad
pH range (2–10).

6.3.2 Coagulation–Flocculation-Based Strategies

In this process, positively chargedmolecules are introduced into the reactingmedium
to destabilize and neutralize the negatively charged arsenate, to form a stable floc.
In practice, the removal of arsenic from aqueous system using common coagu-
lants (ferric chloride and alum) is favourable in the absence of phosphate and
dissolved organic matter [54]. The overall success of the coagulation process can be
accounted for on four fronts: coagulant dose; energy input; flocs size and stability,
and sludge generated. Both the chemical coagulation and electrocoagulation have
been employed in the removal of arsenic species from solution.
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6.3.2.1 Chemical Coagulation

The use of conventional coagulant agents (AlCl3 and FeCl3) has been investigated in
the removal of organic and inorganic arsenic from drinking water. Monomethylar-
sonic acid (CH3AsO(OH)2 and dimethylarsonic acid ((CH3)2As(OH)2) are common
organic forms of arsenic that has been detected in drinking water. In a comparative
study, the use of FeCl3 was more effective in the removal of methylated arsenic
from drinking water than polyaluminum chloride and AlCl3 [55]. The degree of
arsenic methylation was the defining factor in the coagulation process. Thus, the
trend of the removal efficiency was arsenate > mononmethylarsenate > dimethy-
larsenate. At 0.6 mmol/L of polyaluminum chloride, AlCl3, and FeCl3, the removal
of dimethylarsenate was negligible, 20%, and 50%, respectively. At FeCl3 coagu-
lant dosage of 0.2 mmol/L, the removal of efficiency was approximately 20, 95, and
98% for dimethylarsenate, mononmethylarsenate, and arsenate, respectively. The
natural occurrence of dissolved organic carbon in freshwater created a significant
challenge during the removal of arsenic from aqueous system. The removal of arsenic
from freshwater was impeded with an increasing concentration of dissolved organic
carbon [56]. The threshold for dissolved organic carbon, phosphate, and carbonate
was 9.22 mg/L, 16 mg/L, and 300 mg/L, respectively, using FeCl3 as coagulant [57].

To avoid the additional cost incurred during the separation of generated flocs
from treated water, it is vital to control the size and stability of flocs generated
during the coagulation process. For instance, a microfilter (0.22 μm pore size) was
required to remove settled flocs in the range of 0.5 and 20 μm from treated water
after the coagulation process, using ferric sulphate as a coagulant. The addition of
coagulant aid (CaCO3) improved the minimum size of the flocs generated; thus, with
a microfilter of pore size 2.5 μm, the removal efficiency of arsenic was 99% [58]. In
another study, cactus mucilage suspension was used as a coagulant aid with Fe(III)
for the removal of arsenic from aqueous solution [59]. The addition of mucilage
suspension increased the rate of coagulation and flocculation of the precipitate.

6.3.2.2 Electrocoagulation

In electrocoagulation, the polluted water is electrified to disturb the surface charge of
the contaminant, as the feedwater flows on the metal plates along the electrodes. This
causes the anode to lose an electron to the cathode, thus, generating oxidized metal
ion (Mn+) (Eqs. 6.8 and 6.9), and the oxidation of arsenite to arsenate is initiated by
Mn+. The in situ generated Mn+ is also oxidized by aerated oxygen to form hydrous
metal oxides, which is used for the coagulation of arsenate. At this point, the distance
between the electrode increases until the coagulation process ceases [60].

Anode Fe(s) → Fe2+(aq) + 2e− (6.8)

Al(s) → Al3+(aq) + 3e− (6.9)
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2H2O → O2 + O2 + 4H+ + 4e− (6.10)

2OH− → O2 + 2H+ + 2e− (6.11)

Cathode O2 + 4H+ + 4e− → 2H2O (6.12)

2H2O + 2e− → H2 + 2OH− (6.13)

2H+ + 2e− → H2 (6.14)

In practice, a salty medium is required for electrocoagulation, which is one
of the challenges with the management of arsenic in potable water. The arsenic-
contaminated freshwater is low in conductivity and contamination level [61]. In the
removal of trace amounts of arsenic contamination from water, electrodes (iron and
aluminium), post-treatment, pH, and water matrix were varied to have an insight
into the optimized condition [62]. The choice of electrodes is vital in the removal
of arsenite since iron species generated in situ during electrocoagulation have the
potential of oxidizing arsenite to arsenate, which is easier to remove as adsorbed
solute or complex from solution.

Arsenite is the more toxic form of arsenic and tends to predominate, due to its less
affinity for the substrate. Therefore, oxidation of arsenite to arsenate is advantageous
water purification systems. During electrocoagulation, the overall performance of the
process is partly dependent on the oxidation of arsenite to arsenate and subsequent
sorption/precipitation of arsenate in the solution. The balance between the ratio of
coagulant dosage to arsenite enhances the removal. This factor was explained by
the charge dosage rate. At low charge dosage rate (1 Coulombs/L/min), dissolved
Fe(II) in the solution was minimal with a higher concentration of dissolved oxygen,
causing enhanced oxidation of arsenite to arsenate. Higher charge dosage rate (24
Coulombs/L/min) resulted in an opposing effect [60].

Constituents of common freshwater tend to alter the mechanism of electrocoag-
ulation. The in situ formation of hydrous metal oxides is an essential part of elec-
trocoagulation. In a batch system, which utilized iron electrodes for the removal of
arsenic, during electrocoagulation, the presence of dissolved SiO2 caused the overall
reaction step to change from precipitation as FeAsO4(s) to adsorption. In this case,
the arsenic was adsorbed onto lepidocrocite in the presence of dissolved SiO2, but
formed a new crystal phase when SiO2 was absent in the solution [63].

The speciation of arsenic in aqueous solution also responds to electrocoagulation
differently. This is partly because of the high affinity of arsenate to conventional
coagulants. In a pilot study that involved the removal of arsenite and arsenate using
an iron electrode, at initial concentration of 100 μg/L and pH 7, 15 and 90 min were
required to achieve <1 μg/L residual arsenate and arsenite, respectively [63].
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In practice, the flow rate of the feedwater is a vital parameter that is consid-
ered during electrocoagulation. The concentration of residual arsenic in feedwater
is expected to decrease over-time during treatment. Thus, at the early stage of elec-
trocoagulation, the initial concentration of arsenic is higher, with a limited amount
of in situ generated hydrous metal oxides available for adsorption or precipitation.
Therefore, at higher flow rate, arsenic in feedwater can elude treatment because of
reduced contact time and limited available sites of reaction with in situ generated
hydrous metal oxides. In a pilot study, the residual arsenic at feed flow rate of 0.875,
1.75, and 3.5 L/min was approximately 20, 35, and 50 g/L in 1 min, respectively
[64].

6.3.3 Membrane Technology

Membrane filtration is a robust treatmentmethod, employed in the removal of soluble
and insoluble arsenic frompotablewater. It is embedded in a full-scale drinkingwater
plant or as decentralized onsite treatment [65]. In membrane filtration, contaminants,
usually solute, (retentate) are excluded or trapped as the feed, under external force
(gravity, vacuum, hydraulic pressure, centrifugal, and electrostatic force) passed
through a permeable membrane filter. The permeable membrane may be fabricated
from pure or blend of polymers, ceramics, and metallic materials. The pore of the
membrane and the flowof the feed are themost significant consideration during filtra-
tion. Thus, the technology is classified based on the mean pore size of the membrane
and the flow of the feed. In pore size classifications, pore sizes between the range of
10 to 100, 0.1 to 10.0, 0.001 to 0.1, ~0.001 μm, less than 0.001 μm, are traditional
filtration, microfiltration, ultrafiltration, nanofiltration, and reverse osmosis, respec-
tively. The mechanism of arsenic separation could be sieving/size exclusion (steric
exclusion) and non-sieving/charge exclusion (Donnan and dielectric exclusion, and
adsorptive exclusion). The sieving mechanism is involved when contaminants and
the membrane filter are neutrally charged. During non-sieving mechanism, charged
pollutants are rejected due to adsorption within the pore or interaction with the
charged membrane [66].

6.3.3.1 Microfiltration

Generally, microfiltration technology is usedwhen a particle size greater than 0.1μm
is to be retained. Thus, microfiltration is not used singly; rather, it is combined with
other treatmentmethods, as hybrid technology,which can transformdissolved arsenic
to its insoluble form [67–69]. In a comparative study, on the performance ofmicro and
nanofilters on the removal of arsenic from aqueous solution, the removal efficiency
of 57 and 81%were associated with nanofiltration, for arsenite and arsenate removal,
respectively. Microfilter membrane performed poorly with 37 and 40%, for arsenite
and arsenate, respectively. The large pore size (0.4μm) of the microfilter allowed the
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passage of arsenite and arsenate [70]. However, with the addition of nano-zerovalent
iron, using microfiltration technology, the percentage exclusion of arsenite and arse-
nate improved to 84% and 90%, respectively. The success of the process depends on
the quality of raw water [71]. In fact, Brandhuber et al. 1998 concluded that micro-
filtration may be recommended, only if arsenic is present in the particulate form
[72]. A similar study showed that the efficiency of microfiltration in the retention of
arsenate was only comparable with ultrafiltration after pretreatment [73].

6.3.3.2 Ultrafiltration

In comparison with microfiltration, ultrafiltration can solely be employed for the
removal of arsenic in potable water. The cost of operation can be further minimized
depending on the quality of the rawwater. Ultrafiltration offers an increased rejection
of arsenic due to the increased compactness of the membrane. Polyphenylsulphone
is a traditional polymer that has been employed as a membrane filter for water treat-
ment purposes. However, it suffers many shortcomings; susceptibility to fouling,
hydrophobicity,water permeability, and pore size that exceeds the size of arsenic ions.
To obviate these shortcomings, ceramic material (ZrO2) and cellulose were incor-
porated [74]. The cellulose offers the negative surface functionalities (-COOH and
-NH), while the ZrO2 imbed porosity, membrane stability at pH 4.3–9.1, antifouling,
hydrophilicity, and clean water permeability and improved membrane regeneration.
The unmodified polyphenylsulphone membrane retained 18.89% of dissolved arse-
nate, but after the modification, 87.24% of the arsenate was retained, at 1 ppm
initial arsenate concentration [74]. The membrane surface charge (carboxylic and
sulphonate groups) and water quality were the most important factors that affected
the retention of arsenate. Increasing the initial arsenate concentration, ionic strength
and the presence of divalent competing cations were detrimental to the retention of
arsenate [75]. Other studies have also revealed the significance of surface charge.
In a pilot ultrafiltration study, aerating the membrane system caused the oxidation
of arsenite to arsenate, and the resulting arsenate was rejected due to the electro-
static repulsion between the surface of the membrane (amino-functionalized coffee
cellulose) and arsenate [76].

Carbon quantum dot has received significant attention in drinking water treat-
ment due to its abundance and non-toxicity. Na+/carbon quantum dot membrane was
synthesized via citric acid pyrolysis, followed by alkalization and polymerization
with piperazine. The resulting membrane exhibited high (99.5%) rejection of arse-
nate due to the small pore and narrow pore size distribution and repulsion of arsenate
at pH 8.0 [77].

When a membrane with a fixed charge is employed, Donna exclusion can be
relied on as one of the mechanisms for the removal of arsenate (H3AsO4) from
natural water because of the speciation. Arsenate exists as neutral specie (H3AsO4)
at extreme acidity (pH 1.0–2.2), and deprotonation starts at pH 2.2, 7.08, and 11.5
to negative charge oxyanions, H2AsO

−
4 ,HAsO

2−
4 ,AsO3−

3 , respectively. Under the
similar condition, the retention of arsenite is governed by a different mechanism
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(size exclusion), because arsenite exists as neutral oxyanions (H3AsO3) between
pH range 1.0–9.22, which dissociate to form H2AsO

−
3 , andHAsO

2−
3 , between pH

9.22 to 12.30, respectively [78]. Hydrous tri-metal oxide (iron/nickel/manganese),
in ratio 3:2:1, was fused into polysulphone, and the resulting membrane was used for
the sieving of arsenite from potable water [79]. The loading of the tri-metal oxides
caused an increase in specific surface area, density, porosity, and permeability. At
0.5 bar pressure, the synthesized membrane achieved the removal of arsenite below
<0.01 mg/L, for 3665 mL of permeate collected. The neutral arsenite (H3AsO3)
was formed via inner-sphere complex with the membrane, by the substitution of -
OH group on the membrane with arsenite ion (Eq. 6.15), as the permeate is excluded
from the feed.

Membrane − OH + H3AsO3 ↔ Membrane − H2AsO3 + H2O (6.15)

6.3.3.3 Nanofiltration

Nanofiltration is a technology that has found diverse applications in water treat-
ment. It is best used when arsenic is present in trace amount because it is specifi-
cally sensitive to pressure, concentration, temperature, pH and interfering ions, and
susceptible to fouling. The applied pressure is vital because it is the force used to
drive permeate through the membrane, but it does not translate to increased arsenic
rejection. Temperature is also a factor to be considered in nanofiltration technology,
because increasing temperature causes the entropy of the system to increase, thus an
increase in the rate of arsenic diffusion. Therefore, more arsenic ions are transported
through as permeate.

In a comparative study, two commercially available membranes, N30F and NF-
90, with a lower molecular weight cut-off of ~400 Da and ~200 Da, respectively,
were employed for the removal of arsenate [80]. The rejection efficiency of NF-90
and N30F for arsenate was 94% and 78%, respectively. The more compact NF-90
retained more arsenate than the N30F nano-membrane. Increasing pressure from 2
to 12 bar, and temperature from 15 to 40 °C, enhanced the permeate flux but did
not improve the rejection of arsenate. In a comprehensive study, negatively charged
GE-HL nanofilter was employed for the removal of arsenate [81]. The nanofilter
reached optimum rejection (93%), at arsenate initial concentration of 122.54 μg/L
in 40 min, with a stability of 6 h. The effect of initial concentration was insignificant
at an initial concentration below ~70 μg/L, as arsenate was completely retained on
the nano-membrane. Above the threshold, increasing arsenate initial concentration
caused a reduction in the rejection of arsenate in the permeate. The Donna exclusion,
which prevailed at neutral pH, was beneficial to the rejection of arsenate. Thus, the
rejection efficiency increased from 38.1 to 96.1%, with increasing pH value from
pH 3.0 to 6.7, and a further reduction by 17.1% at pH 9.9. The effect of monovalent
ions (Na+ and Cl−) was insignificant; however, divalent ions (SO2−

4 and Ca2+) caused
significant reduction in the sieving of arsenate from the aqueous system.
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The rejection of arsenic ion, due to the difference in pore size, is not sufficient
to describe the mechanism of the removal of arsenic ion from potable water. In a
comparative study, using four different nano-membrane for the removal of arsenate
in potable water concentration, the nano-membrane (NF90) with the largest pore size
(0.463 nm), though characterized by lower water permeability, was most effective
(91.1%) for the sieving of arsenate from potable water. The nano-membrane filter
(M#1) of pore size 0.430 nmhad rejection efficiency of 86.2%. The superior rejection
of NF90 was attributed to the surface charge of the membrane. The zeta potential of
NF90 and M#1 nano-membrane was −57.8 and −54.7, respectively.

The sorption capabilities of potential membranous materials have been explored
to improve the overall performance,which includes selectivity, rejection, and fouling.
Therefore, adsorbent that shows high adsorption capacity towards arsenic oxyanions
has been immobilized on membranous materials to improve its tendencies for the
removal of arsenic oxyanions from potable water. Oxides of iron have found tremen-
dous application in the removal of arsenic, due to their affinity towards arsenic oxyan-
ions. Fe3O4 microsphere was fused to polyethersulphone membrane via the phase
inversion technique. The rejection of arsenate by adsorption occurred as arsenate
reacts with Fe3O4 microsphere, within the pore of the membrane to form a spher-
ical complex [82]. Zinc oxide was incorporated into the matrix of cellulose-acetate,
and the nano-membrane obtained was operated at near-neutral pH for the sieving
of neutral arsenite, at an initial concentration of 1000 mg/L [83]. The incorporation
of ZnO into cellulose-acetate framework increased the rejection of arsenite from
40.32 to 61.44% and improved the water flux by 20% and the membrane tensile
strength. The bare cellulose-acetate ruptured at a pressure of 5 bar, whereas the
ZnO/cellulose-acetate membrane was still operational above this pressure.

In nanofiltration, potable water essential minerals (Ca2+, Mg2+) are also prone
to be sieved; thus, re-mineralization of permeate may be required. Graphene
oxide/polyamide nanocomposite membrane was used for the removal of arsenate
from potable water [84]. The membrane showed high rejection (85%) of arsenate
from potable water, at low operating pressure (5 kgf/cm2). Increasing the pressure to
15 kgf/cm2 resulted in 98.5% rejection of arsenate. In addition to the arsenic rejec-
tion, 90% and 60%of Ca2+ andMg2+ in the initial feedwere detected in the permeate.
This is an indication that the nano-membrane filter also captured high proportion of
the essential minerals.

6.3.4 Adsorption

Adsorption is a robustmethodused for the transfer of arsenic oxyanions fromcontam-
inated potable water onto the surface of a solid phase. The mechanism of adsorp-
tion may proceed via ion-exchange, surface complexation, or electrostatic attraction.
Many process conditions can influence the adsorption of arsenic oxyanions onto a
solid surface. In a particular system, the affinity of the predominant arsenic oxyanions
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towards the solid surface is mostly governed by the adsorbent physicochemical prop-
erties. Some of these characteristics include specific surface area, pore volume, amor-
phous, particle size, and surface functionality. For example, the adsorption capacity
of graphene oxide/iron nanoparticles composite [85] and graphene oxide/magnetite
composite [86] were 306.1 and 431.41, and 85 and 38mg/g, for arsenite and arsenate,
respectively. The difference in adsorption capacitywasmainly attributed to the differ-
ence in the adsorbent. Selected adsorbents that have been used for the management
of arsenic, at specified aqua system conditions, are presented in Table 6.1.

Some adsorbent that has been employed for the removal of arsenic oxyanions
includes naturally occurring minerals, zeolite, alumina, iron oxide, and soil. The
removal efficiency of naturally occurring iron oxides minerals was tested for the
removal of arsenate in drinkingwater [105].XRDanalysis showed that theseminerals
were multiphase. For example, magnetite contained traces of haematite, haematite-
contained minor magnetite, while goethite was near pure. The phase of laterite
was significantly goethite, talc, quartz, and gibbsite. The adsorption study showed
that the removal of arsenate was a function of the specific surface area. Arsenate
ions are strongly bonded to the surface of the iron mineral adsorbent via inner-
sphere complexes or precipitation. The order of the specific surface area was laterite,
goethite, magnetite, and haematite are 81.2 >12.1 >6.58 >3.77 m2/g, respectively.
Themulticomponent nature of the laterite improved the specific surface area, thus the
adsorption capacity. The removal of arsenite using nano-zerovalent iron was sponta-
neous, with increasing adsorbent dosage. The adsorption site on the nano-zerovalent
iron was identified as the amorphous Fe(II)/(III) and magnetite. The presence of
silica and phosphate completely blocked the adsorption of arsenite [106].

Among the traditional adsorbents, aluminium oxide/hydroxides are common
adsorbents that have been employed for the removal of arsenic oxyanions. Amor-
phous aluminium hydroxides are unstable at pH <4.3 and >8.5, and 6% soluble at
pH values that ranged between the values of 4.3–8.5. The adsorption may occur
either below or above the isoelectric point pH (i.e. 8.5) [107]. The isoelectric point is
the pH at which a molecule carries no net electrical charge or is electrically neutral
in the statistical mean. In this study, below the isoelectric point, the mechanism
of adsorption was controlled by the coulombic force of attraction, and above the
isoelectric point, the adsorption mechanism occurred via chemical adsorption, with
increasing initial arsenate concentration. To achieve arsenate residual concentration
of < 10 μg/L, which was attained with the use of Fe2O3, more dosage (approxi-
mately 6) of Al2O3 was required. The low adsorption capacity was attributed to the
low specific surface area (0.55 m2/g) of Al2O3, as compared with 5.05 m2/g for
Fe2O3 [108]. Since the adsorption efficiency of non-porous adsorbent is controlled
by the specific surface area, traditional adsorbents exhibit lower adsorption capacity
in the removal of arsenic oxyanions. The uptake of arsenite in neutral pH, using
zirconia nanoparticles, followed similarly characteristics; low adsorption capacity
(1.85 mmol/g) and high equilibrium time, 48 h [109].
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Though the above-mentioned adsorbents have shown high potential in the removal
of arsenic oxyanions fromdrinkingwater, the application of these conventional adsor-
bents has been limited, mostly because of the powdered nature. The finely powdered
nature of these conventional adsorbents easily results in agglomeration [110], there-
fore, limiting accessible active sites and specific surface area during the adsorption
process. It also retards the recovery of used adsorbents, thereby increasing cost and
enhanced leaching, which may result in secondary contamination of treated drinking
water.While someof these shortcomingsmaybe addressedby adjusting experimental
design, and process variables during adsorbent synthesizes, finely powdered adsor-
bents are inapplicable in fixed-bed water treatment systems. Therefore, to increase
the application of conventional adsorbents in the removal of arsenic oxyanions, gran-
ular adsorbent has been employed [111]. Granular TiO2 was used for the removal of
arsenate and arsenite from the USA and Bangladesh groundwater. The removal effi-
ciency varied at different region. In Bangladesh groundwater, the removal of arsenite
and arsenate was similar (40 mg/g); however, in the US groundwater, the removal
of arsenate was higher (41.4 mg/g), than the removal of arsenite (32.4 mg/g). The
adsorption of arsenate and arsenite was controlled by the surface charge of TiO2

within the solution pH value range. In basic solution, the removal of arsenite was
higher, while in the acidic solution, the removal of arsenate was higher [112].

In response to the numerous shortcomings in adsorption technology, materials
are engineered to improve the overall process. As mentioned in the previous section,
powdered adsorbents can be processed to granulated adsorbent to overcoming some
reaction shortcomings. Similarly, powdered adsorbents may be loaded on a solid
support or fused to mechanical stable materials to improve the stability, reactive
sites, specific surface area, recovery, and applications. Iron (elemental or oxides) is
a good candidate for the removal of arsenic oxyanions from potable water. However,
it suffers some setbacks, due to the rapid agglomeration and oxidation. Graphene
oxide/iron nanoparticle composite was synthesized via the sol-gel method, for the
removal of arsenate and arsenite from water. The composite achieved a high removal
capacity (>98%) for both oxyanions at neutral pH. Bare graphene oxide adsorp-
tion of arsenic oxyanions was negligible. The contribution of graphene oxide to the
overall surface adsorption of arsenate and arsenite at 5 mg/L initial concentration
was associated with the effective dispersion of the composite, rather than the active
surface adsorption [85]. The occurrence of arsenic in potable water at low concen-
tration is of particular interest because it present long-time chronic toxicity [113].
Nano-zerovalent iron/reduced graphite oxide composite was used for the removal
of arsenite and arsenate from drinking water at low concentration. At neutral pH,
the removal of arsenate and arsenite was ~16 mg/g and ~17 mg/g, respectively. The
difference in adsorption capacity was attributed to the mechanism of adsorption
[114].

The performance of graphene oxide/magnetite and reduced graphene
oxide/magnetite composite was compared for the removal of arsenic oxyanions from
water. Graphene oxide/magnetite showedmore affinity for arsenite and arsenate than
reduced graphene oxide/magnetite. The affinity was a function of time, magnetite
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content, surface charge, and pH value. The removal of arsenite and arsenate followed
surface complexation and electrostatic attraction mechanism, respectively [86].

Activated carbon and nano-zerovalent iron are typical adsorbents that have been
used for heavy metal water remediation. These separate adsorbents were fused by
dispersing nano-zerovalent iron into the activated carbon matrix and employed for
the removal of arsenite and arsenate from water [89]. Arsenite showed more affinity
(18.2 mg/g) to the resulting adsorbent than arsenate (12.0 mg/g). The presence of
phosphate and silicate in the water was detrimental to the removal of the oxyanions
at neutral pH. Among the competing ions, phosphate and silicate were the most
important ions that adversely affected the removal of arsenic oxyanions in potable
water. Activated charcoal was used as support for ZrO(OH)2 and MnO2 composite
for the removal arsenite in the presence of competing anions. The metal oxides (i.e.
MnO2 and ZrO(OH)2) and the activated charcoal in the composite functioned as
the oxidizing agent, and adsorbent for the oxidized arsenate, respectively [95]. At
30 mg/L concentration of coexisting ions (i.e. Cl−,F−, NO−

3 , SiO
2−
3 ,PO3−

4 , SO2−
4 ,

HCO−
3 ), the impacts on the removal of arsenate were negligible, but the presence of

phosphate impacted negatively on the removal of arsenite due to the similarities in
the chemistry of the two species.

The hydroxyl group, generated from the hydration of metal oxides in an aqueous
system, plays a significant role in the removal of arsenic oxyanions from water. The
hydroxyl group acts as acid sites for Lewis and Bronsted acid sites interaction [115],
and these reactive sites may be improved by increasing the number of acid sites on
the metal oxides adsorbents. The adsorption capacity of TiO2 was compared with
Ti(OH)4 and Ti(OH)4 bearing sulphate functional group (Ti(OH)4/SO

2−
4 ), modi-

fied by wetness impregnation protocol, for the removal of arsenite from water at
neutral pH. The impregnation of the sulphate group on titanium hydroxide increased
the Lewis acid sites [116]. The arsenite chemically adsorbed at the Lewis acid
site; thus, the adsorption efficiency was 60, 64 and 80%, for TiO2, Ti(OH)4 and
(Ti(OH)4/SO

2−
4 ), respectively.

The quantity or mole of the participating elements in a composite also influences
the adsorption capacity of an adsorbent. Goethite was modified by varying the mole
ofMn in goethite, and Birnessite was used as theMn source [117]. The incorporation
of excess Mn in goethite altered the texture, electrical and chemical properties of the
adsorption, and slightly improved the removal efficiency of arsenate at neutral pH,
from 96.6 to 99%, at 0.5 mg/L initial concentration. Further studies revealed that
the role of Mn and Fe in bimetallic composite included the oxidation of arsenite to
arsenate by Mn and subsequent adsorption of the resulting arsenate on the surface
of Fe, respectively [96]. Thus, Fe/Mn ratio between 1.0 and 2.0 was found to be the
ideal proportion in Fe/Mn bimetallic adsorbent.

Bismuth and aluminium oxides usually suffer from low adsorption capacity and
slow reaction time in the removal of arsenic oxyanions. Thus, bismuth was fused into
aluminium oxide via calcination to alleviate these shortcomings. The removal effi-
ciency of the resulting adsorbent increased from 38.4 to 55.7% for bismuth oxide and
aluminium oxide, respectively, to 89.2% for bismuth/aluminium oxide composite,
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[118]. The impregnation of bismuth into aluminium oxide caused a reduction in the
specific surface but an increase in the total pore volume and average particle size.

6.4 Conclusion

Access to clean and safe potable is vital in achieving the United Nation Sustain-
able Development goals. While much energy has been expended on achieving the
set objectives, arsenic oxyanions in potable water seem to be one of the numerous
challenges that require more attention. Arsenic enters the water via occupational
and natural source. Elevated concentration, above the threshold (10 μm/L), has
been detected in the feedwater and treated water. The existing strategies for the
removal of arsenic oxyanions from drinking water have been promising, and if
properly optimized, can expunge arsenic oxyanions from potable water. One of
the most encouraging practices is the oxidation of the more recalcitrant arsenite to
arsenate, before removal, by adsorption, coagulation, or filtration. The engineering
of novel reactive materials is highly promising for the effective arsenic oxyanions
removal from potable water. The promising engineered suitable materials are charac-
terized by improved specific surface area, pore size and volume, amorphosity, surface
functionality, stability, non-toxicity, magnetism, and low cost.
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Abstract Nitrate is one of the most widespread toxic inorganic compounds in
groundwater due to its highwater solubility.High level of nitrate in potablewatermay
poses serious risks to the environment and to human health. Heterogeneous photo-
catalysis has been widely used for water remediation and disinfection, however,

Zeeshan Ajmal, Yassine Naciri and Abdelghani Hsini—These authors contributed equally to the
formation of this book chapter.

Z. Ajmal · M. Arif · R. Dong
MoA Key Laboratory for Clean Production and Utilization of Renewable Energy, MoST National
Center for International Research of BioEnergy Science and Technology, College of Engineering,
China Agricultural University, 100083 Beijing, People’s Republic of China

Y. Naciri · A. Hsini · M. Laabd · A. Albourine
Laboratory of Materials and Environment, Faculty of Sciences, Ibn Zohr University, City Dakhla,
B.P. 8106, Agadir, Morocco

B. M. Bresolin
Department of Separation Science, Lappeenranta University of Technology, Sammonkatu 12,
50130 Mikkeli, Finland

R. Djellabi (B) · C. L. Bianchi
Department of Chemistry, University of Milan, via C. Golgi 19, Milan 20133, Italy
e-mail: ridha.djellabi@unimi.it

A. Qadeer
National Engineering Laboratory for Lake Pollution Control and Ecological Restoration, Chinese
Research Academy of Environmental Science, Beijing 10012, China

M. Nauman
State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical
Technology, Beijing 100029, People’s Republic of China

M. K. Irshad
Department of Environmental Science and Engineering, Government College University,
Faisalabad, Pakistan

K. A. Khan
Ghazi University City Campus, Dera Ghazi Khan 32200, Pakistan

© Springer Nature Switzerland AG 2021
N. A. Oladoja and E. I. Unuabonah (eds.), Progress and Prospects in the Management
of Oxyanion Polluted Aqua Systems, Environmental Contamination Remediation
and Management, https://doi.org/10.1007/978-3-030-70757-6_7

185

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70757-6_7&domain=pdf
mailto:ridha.djellabi@unimi.it
https://doi.org/10.1007/978-3-030-70757-6_7


186 Z. Ajmal et al.

less research studies, comparatively, have reported photocatalytic nitrate reduction
because of the complexity of the mechanism of reaction. Mainly, nitrate photoreduc-
tion takes place directly via reactionwith photo-generated electrons in the conduction
band of the photocatalyst or by photo-produced reducing species under light irra-
diation. As a result, nitrate can be transformed into unpreferred by-products such
as nitrite and ammonium, while the reduction into dinitrogen gas is much recom-
mended due to its high importance. On the other hand, the issue of the re-oxidation
of ammonium into nitrate has also been reported. The efficiency and selectivity of
a photocatalytic system to reduce nitrate into dinitrogen depend on the operating
parameters controlling the reaction, and more importantly, the selectivity strongly
depends on the type of the photocatalytic nanomaterial. For this reason, a pool of
studies have been performed in order to enhance the selectivity of nitrate reduc-
tion into dinitrogen by developing different kinds of nanomaterials. In this chapter,
we examine: (i) the conventional technologies for nitrate removal/reduction, (ii) the
effect of operating conditions on the photocatalytic nitrate reduction process, as well
as (iii) the influence of the type of photoactive nanomaterial on the selectivity and
the performance toward nitrate reduction.

Keywords Nitrate reduction · Photocatalysis · Nanomaterials · Drinking water ·
Selective reduction

7.1 Introduction

Due to the huge increase in worldwide population together with large agricultural
and industrial activities, the discharge of big amounts of varying types of pollutants
into the environment became a serious global issue [1–4]. In the year 2017, WHO
and UNICEF reported that 663 million people lacked access to clean drinking in
the least developed countries. Nowadays, the scientific community and engineers
expend efforts to develop several water purification technologies for the remedi-
ation of different types of wastewaters. It is important to point out that the cost,
efficiency, and safety are the main parameters to choose one or more technologies
to treat wastewater contaminated by specific pollutants. Technologies that result
in secondary waste formation or require the use of huge quantities of chemicals
or energy are usually costly and complicated which should be avoided, while those
simple continuous low-cost green technologies are recommended for use, especially,
in least developed countries [1, 5–15]. Heterogenous photocatalysis is one of the
advanced oxidation processes (AOPs), which is based on the irradiation of a photo-
catalyst, such as TiO2, by light having an energy higher or equal to the band gap
of the photocatalyst. This leads to the formation of photo-induced electrons/positive
holes charges [16, 17]. This photoactive system has been applied widely for envi-
ronmental remediation and energy production, while scientists are still developing
new photoactive materials with the extension of their use for real-world applications
[18–26].
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Nitrogen is known as an important compound for the growth of plants as it is the
key element of amino acids and proteins. Plants can absorb nitrogen asNH4

+ orNO3
−

species that are formed by mineralization and nitrification, respectively. However,
nitrogen species can reach surface waters and groundwater due to the excessive use
of nitrogenous fertilizers [27, 28]. The water pollution by nitrate or nitrite can cause
serious environmental and health problems. For example, a high dose of nitrate in
human body causes methemoglobinemia, which could be very carcinogenic [29].
On the other hand, nitrate or nitrite can be transformed into nitroarenes in water, and
nitroarenes can provoke damage in respiratory, cardiovascular, and central nervous
systems [30, 31] and also high nitrate in potable water can cause cancer. Addition-
ally, nitrate is a very widespread pollutant in waters due to its high water solubility.
High level of nitrate also can stimulate heavy algal growth resulting in eutroph-
ication in groundwaters, and serious risks to environment and human health. For
this reason, World Health Organization (WHO) recommended 10 mg/L of nitrate
as a limit concentration in drinking water [32]. Many conventional denitrification
techniques have been developed to produce potable waters of suitable quality, such
as adsorption [33], ion exchange [34], chemical reduction [35], membrane filtration
[36], electrochemical [37], and biological denitrification [38]. Recently,many studies
have been reported on the photocatalytic reduction of nitrate in water [39–43]. In
spite of the huge amount of research papers reporting the removal of organic and inor-
ganic pollutants by photocatalysis, the photocatalytic reduction of nitrate in water is
still comparatively less studied as it is a challenge to find a photoactive material with
good selectivity and efficiency, which can reducewater-soluble NO3

− to N2 gas. This
chapter examines the current state of studies related to the photocatalytic reduction of
nitrate in water. First, the conventional technologies for nitrate were summarized and
their advantages and drawbacks were discussed. Secondly, the photocatalytic mech-
anistic pathways for nitrate reduction, along with the effects of operating parameters
on the efficiency were examined. Thirdly, some novel nanomaterials for selective
and enhanced nitrate photocatalytic reduction were discussed.

7.2 Nitrate Pollution in Water

7.2.1 Physicochemical and Photochemistry of Nitrate
and Nitride

Nitrate (NO3
−) and nitride (NO2

−) contamination in drinking water have been
recognized as a major challenge due to their negative impact on the environment,
the ecosystems and human health. Inorganic nitrate and nitrite ions are naturally
occurring species part of the nitrogen cycle, primarily produced by the fixation of
nitrogen and oxygen via chemical, biological, but they can also bound to sodium
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or potassium metal cations when not totally solubilized [44]. Between the two inor-
ganic species, nitrate ions show higher stability since they are chemically unreactive
in water [45]. On the other hand, they can undergo reduction reaction to nitrite ions
or vice versa. Nitrate is the higher oxidized form of nitrogen available in nature,
with an oxidation state of nitrogen +5, and it accounts for the majority of the total
available nitrogen in surface waters. Its formation is primarily linked to conversion
of ammonium ion, from fertilizer and manure, through two-step oxidation process,
first to nitrite and then to nitrate.

Nitrate and nitrite typically exist in an oxidation state of -1 in compounds. Chem-
ically, nitrate is the conjugate base of the stronger acid, nitric acid, when completely
dissociated in aqueous solutions.Nitrite is the conjugate base of nitrous acid, aweaker
acid. Nitrite readily decomposes, yielding water and dinitrogen trioxide, or nitric
acid, nitric oxide, and water. When photocatalytic reduction is applied as removal
technology for such contaminants, the consideration of direct photolytic reactions
and the photochemical features of nitrides and nitrates must be taken into consider-
ation for the determination of the overall mechanism. Specifically, both NO3

− and
NO2

− have been found to undergo photolysis, but ammonium cationic species were
photo-inert; thus, the photolysis is considered negligible in water solutions [46]. In
water, nitrate photolysis occurs at ultraviolet (UV) range, between 270 and 330 nm,
with the maximum absorption at 300 nm. However, due to low quantum yield, a
low conversion efficiency to nitrite is generally expected [47]. Therefore, nitrate is
expected to be one of the major final products of the photolytic process in aqueous
solution. On the one hand, the formation of nitrate radicals by photolysis is a critical
concern in the troposphere under natural irradiation, due to the presence of unwanted
compounds such as nitric acid or NOx [48, 49]. On the other hand, nitrite undergoes
a complex photolytic mechanism at a wavelength of betwen 200 and 400 nm [50].
The photolytic degradation recorded in previous literature demonstrates a low trans-
formation to other nitrogenous species. The process leads to the formation of radical
species that can induce oxidation of organics and other species present in solution
with a negligible impact on the overall nitrite content [39].

7.2.2 Sources of Nitrate in Water

Nitrogen is a fundamental element for living things in an ecosystem, thus, it is
regarded as one of the primary nutrients critical for their survival. Although, it is
abundant in the atmosphere, in the form of dinitrogen gas (N2), the different types in
the natural environment include: organic (e.g., amino andnucleic acids) and inorganic
cation, ammonium, being the most reduced form of nitrogen; nitrogen oxyanions
such as nitrite (NO2

−) and nitrate (NO3
−), as the most oxidized compound. Since

the last century, humans have drastically enhanced the natural rate at which nitrogen
is deposited into air, land, and water ecosystems. Among the different forms of
nitrogen, nitrate as a pollutant in drinking water supplies is considered a serious
global issue [51].
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In nature, the preferred way to transfer nitrogen from the environment into
living ecosystems is represented by its fixation. However, the balance of the natural
nitrogen cycle has been heavily tilted by human activities. Among the major sources
of contamination, the excess application of inorganic nitrogenous fertilizers and
manures, the combustion of fossil fuels, the replacement of natural vegetation with
nitrogen-fixing crops, such as soybeans, wastewater treatment plants, anthropogenic
inputs such as oxidation of nitrogenous waste products in human and animal excreta,
must be taken into consideration [52].

In particular, synthetic fertilizers represent the major anthropogenic source of
nitrogen in the environment, since approximately half of the applied nitrogen-based
chemicals can drain-off from agricultural fields into surface and groundwater, leading
to an exponential increase of nitrate concentrations in freshwater [27]. Such human
activities, by doubling the amount of fixed nitrogen over that of the natural level, are
major causes of the increase of greenhouse effect, reduction in the protective ozone
layer, enhancement of smog levels, acid rain, and the contamination of the available
drinking water.

7.2.3 Nitrate Toxicity

As previouslymentioned, fixed nitrogen, released in particular during fertilizer appli-
cation, in the form of nitrite ions, remarkably exacerbate water pollution issues.
Ecological concerns arises from the role of nitrite compounds in over-enriching
aquatic ecosystems, producing several environmental concerns such as acidification,
eutrophication, since depletion of oxygen leads to “dead zones” in lakes and water
bodies [53, 54]. Globally, fixed nitrogen in the world has dramatically increased,
with critical consequences for ecosystems and public health. Nitrate discharges from
anthropogenic sources may thus be a serious ecological risk, especially for certain
aquatic animals. Freshwater invertebrates, fishes, and amphibians can be drastically
affected by long-term exposures to nitrates even at low concentrations [55].

In the case of marine invertebrates and fishes, higher resistivity has been recorded
[56]. In early 2004, a previous review have deeply investigated the health effects
related to nitrate exposure from drinking water, especially in with respect to long-
term effects [57]. An International Agency for Research on Cancer (IARC)Working
Group have further reviewed human, animal, and mechanistic studies of cancer
throughmid-2006, concluding an endogenous nitrosation and probably carcinogenic
effect due to the consumption of such nitrogen forms [58]. Specifically, it has been
reported that nitrate in drinking water is absorbed in the upper gastrointestinal tract
and is distributed in the human body. This may induce endogenous formation of
N-nitroso compounds, which is involved in a wide range of physiological effects;
including regulation of blood pressure and blood flow [59], the inhibition of platelet
adhesion and aggregation [60], the maintenance of blood vessel tonus [61], modu-
lation of mitochondrial function [48, 49, 62], etc. Moreover, these physiological
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processes can also lead to methemoglobinemia, especially because of high concen-
tration of nitrate in water, food, andmedications [57, 63]. Similar concerns have been
raised about nitrate intake during pregnancy. Among the risk factor investigated for
a range of pregnancy outcomes are spontaneous abortion, fetal deaths, prematurity,
intrauterine growth retardation, low birth weight, congenital malformations, and
neonatal deaths [64, 65].

The availability of birth defect surveillance systems around the world has led to
an intense investigation on the relationship between nitrate concentration in drinking
water and congenitalmalformations. In recent years, epidemiologic studies have been
devoted to the ecologic investigation of stomach cancer mortality. Some results have
also positively correlated brain, esophagus, stomach, kidney, and ovary cancer inci-
dences with the consumption of nitrate contaminated water. Numerous animal and
human studies have shown that high dose of nitrates ingestion competitively inhibits
the function of thyroid gland and this results in associated thyroid disease [66–69].
Association between nitrate in drinking water and other non-cancer health effects
that include type 1 childhood diabetes (T1D), blood pressure, and acute respiratory
tract infections in children [57] have been established.

7.2.4 Permissible Level of Nitrates and Nitrites in Drinking
Water

Managing the nitrogen cycle in water have been identified by the US National
Academy of Engineers as one of the Grand Challenges for the twenty-first-century
society and numerous efforts have been devoted to restore balance to the nitrogen
cycle with better fertilization technologies and by capturing and recycling waste [70,
71]. The Global Burden of Disease project edited by the World Health Organization
(WHO) attempted to quantify and compare the level of illness at both global and
regional levels. The original document for the development of WHO guidelines for
drinking water quality has been updated and revised in different editions. Currently,
the maximum contaminant level (MCL) for nitrate in public drinking water supplies
has been set to 50 mg/L as NO3 and 0.50 mg/l for NO2. In particular, the value has
been set in order to protect infants against methemoglobinemia [27]. However, it
can be said that many other health effects have not been specifically considered. For
example, it should be considered that ingestion is not the only source of nitrite ions
in human physiological systems but endogenous production can occur as a result of
the activity of transient species such as nitric oxide [61]. Similar values have been
set for nitrate by other institutions (e.g., European Union, EPA (USA), and Ministry
of Environmental Protection of China). On the contrary, for nitrite, EPA and China
government set a value of 1 mg/L (as N) [27, 72, 73].
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Table 7.1 Advantages and disadvantages of different conventional techniques for nitrate removal

Treatment types Advantages Disadvantages

Ion exchange process Simple, recoverable, medium
operational cost, approx. 90%
efficiency achieved

Secondary brine wastes, high
cost for treatment of high
concentration of nitrate

Reverse osmosis Multiple contaminant removal,
less control, and no need for
extensive post-treatment

Membrane fouling and scaling,
lower water recovery, operational
complexity, energy demands

Adsorption Medium operational cost,
removal efficiency varies with
different adsorbents,
post-treatment

Need to dispose of adsorbents.
Low surface area for some
adsorbents

Electrodialysis Multiple contaminant removal,
higher water recovery, needs less
control, and no need for extensive
post-treatment

Energy demands, expensive
treatment method, waste disposal

Chemical denitrification No waste disposal is required
Post-treatment is required due to
the production of by-products
Faster elimination of nitrate

Potential for nitrate peaking, high
chemical use (salt), strongly
dependent on the solution pH

Biological denitrification Total elimination of nitrates
Low probability of formation of
toxic by-products
Specific for nitrates

Possible sensitivity to
environmental conditions
Weak at low temperatures
Bacteriological risks

7.3 Conventional Techniques for Nitrate
Removal/Reduction

During the past three decades, several conventional techniques for nitrate
removal/reduction from wastewater have been established. These techniques could
be further classified into two categories: physicochemical and biological conven-
tional techniques. Among them, several treatment strategies have been developed
for nitrate removal from contaminated wastewater include reverse osmosis, resin-ion
exchange, chemical reduction, electrodialysis, and adsorption microbial-based treat-
ment methods. [74–78]. Themerits and demerits of the aforementioned conventional
methods for the removal of nitrates from drinking water are presented in Tables 7.1
and 7.2 [34, 79–88].

7.4 Photocatalysis for Nitrate Reduction/Removal in Water

As already reported in Sect. 7.3, we see that the conventional nitrate
removal/reduction techniques encounter a wide range of limitations. Due to this, they
are considered to be uneconomical, less effective as they further produce secondary
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Table 7.2 Expected reactions in nitrates photoreduction [104–107]

Equation no Equations

Reactions
NO3

− reduction
1 TiO2 + hυ → TiO2 + e−

CB + h+
VB

2 H2O + h+
VB → H+ + OH•

3 (O2)ads + e−
CB → O•−

2

4 2H+ + 2e− → H2

5 R• + H+ → RH•+ → Intermediates/final products

6 O•−
2 + H+ → HO•

2

7 HO•
2 + e−

CB → HO−
2

8 NO−
3 + hυ ↔ NO•

2 + O−•
9 NO−

3 + hυ ↔ ONOO−

10 ONOO− + hυ ↔ NO• + O•−
2

11 NO• + OH• ↔ HNO2

12 NO−
3 + 10H+ + 8e− ↔ NH+

4 + 3H2O

13 2NO−
3 + 10H+ + 8e− → N2O + 5H2O

14 NO−
3 + 2H+ + 2e− → NO−

2 + H2O

15 NO−
3 + H2O + 2e− → NO−

2 + 2OH

16 2NO−
3 + 12H+ + 10e− → N2 + 6H2O

17 NO−
3 + e− → NO2−

3

toxic by-products. The main drawback associated with physicochemical processes
in the removal of nitrate from wastewater is the formation of brine, which needs
further treatment, rather than converting it into valuable product. On the other hand,
biological denitrification has also some limitations since the produced metabolic
substances and germs have the capability to contaminate drinking water. Moreover,
it has been reported that high concentrated industrial waste effluent, higher nitrite,
and ammonium concentration inhibit the nitrification process [83, 89]. Similarly,
the previously reported nitrogen and ammonia nitrogen treatment strategies (i.e.,
ammonia stripping, constructed wetland, adsorption) also have certain restriction
for their field application, such as high foaming in ammonia stripping process and
leaching of adsorbed material in constructed wetland as well as saturation of adsor-
bent in adsorption process [90–92]. In order to address these problems, it is crucial
to develop the most up-to-date effective nitrate reduction technology rather than
conventional methods.

Photocatalytic oxidation is a relatively new technique, and it has the potential
to be used as effective treatment method, due to the generation of highly reactive
oxidative •OH radical for pollutant degradation. Several studies have reported that
photocatalytic treatments have dual advantages of pollutant removal via degradation
and the reduction of pollutant into useful by-product [93, 94]. Photocatalytic deni-
trification is regarded as a reliable method, since the initial report on photocatalytic
nitrate reduction by Bems et al., in 1999 [95]. A wide range of research efforts has
been devoted toward photocatalytic nitrate reduction by evaluating photo-oxidation



7 Prospects of Photocatalysis in the Management of Nitrate … 193

Fig. 7.1 Number of publications from 1994 until January 2020 on nitrate photocatalytic reduction

processes. The data presented in Fig. 7.1 showed the quick rise in the photocatalytic
nitrate reduction research since 1990. In this context, photocatalytic nitrate reduc-
tion further shows more economical solution in water purification studies over other
nitrogen removal treatments.

A large volume of research work has verified the importance of photocatalytic
nitrate reduction through the use of series of various highly efficient photocatalysts
(e.g., TiO2, Fe2O3, ZnO, CdS, GaP, ZnS) [95–101]. Of the various photocatalysts,
titanium dioxide (TiO2) is a highly efficient and widely investigated photocatalyst,
due to its promising characteristics, such as photostability, non-toxicity, and cost-
effectiveness [102].

When particles are exposed to incident light, whose energy is higher than that
of the semiconductor band gap, the excitement of electrons toward conduction band
(e−

CB) starts and the production of positive holes (h
+
CB), for the oxidation and reduction

reaction (Fig. 7.2a) [103]. The band energy position of photocatalyst and the redox
potential have very close relationship, because the reduction reaction starts when
the conduction band potential is more negative than the desired species reduction
potential (ECB > ERED) [103]. On the other hand, oxidation reaction requires more
positive valence band than desired species oxidation potential (EVB > EOXD). In an
aqueous solution, the nitrite, nitrate, and ammonium have standard potential (pH =
7) set within the bandgap of TiO2 bandgap (Fig. 7.2b). Thus, TiO2 photocatalyst can
theoretically reduce nitrate to dinitrogen (N2) with a potential of at least 0.75 V at pH
= 7.However, the production of dinitrogen (N2) via nitrate reduction is actually a ten-
electron reduction process, and therefore it is extremely implausible to be occurring.
Thus, these potentials are only used to estimate the accomplishment of reaction.
The detailed studies regarding photoreduction of NO3

− and NO2
− are presented in
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Fig. 7.2 a Nitrates photocatalytic reduction scheme on TiO2, b band edge position of several
semiconductors, using the standard hydrogen electrode (SHE) as a reference

literature, and the main reactions expected in nitrates photoreduction are given in
Table 7.2.

7.4.1 Direct Inorganic Nitrogen Species Photocatalysis

7.4.1.1 Nitrate Photolysis

The NO3
− absorption spectrum is always dominated by a weak n→ π* band around

302 nm (ε = 7.2 M−1 cm−1) and a much stronger π → π* band at 200 nm (ε =
9900 M−1 cm−1) [108]. Indeed, NO3

− photolysis mechanism is complex, and it
reacts photochemically by several pathways in aqueous solution, with the overall
stoichiometry of the best known reaction being [109]:

[
NO−

3 hυ−→NO−
3

]
∗ (7.18)

It iswell understood that stoichiometrymust bemaintained duringwhole pH range
in the absence of •OH scavengers, when irradiated with λ > 200 nm [109, 110].

When irradiated at λ > 280 nm, then two primary photolytic pathways occurred
[47, 109].

[
NO−

3
hυ→NO−

3

]
∗ (7.19)

[
NO−

3

]∗ → NO−
2 + O(3P) (7.20)

[
NO−

3

]∗ → NO•
2 + O•− H2O−−→ NO2 • + • OH + OH− (7.21)



7 Prospects of Photocatalysis in the Management of Nitrate … 195

Fig. 7.3 Mechanism and main processes of nitrate photolysis in water. Highlights the pathway
leading to NO3

− as final product (solid line), highlights the pathway yielding NO2
− as result of the

photoreduction (dashed line). Adapted with permission from ref. [39], copyright 2017 Elsevier)

During irradiation at λ < 280 nm, the peroxynitrite anion (ONOO−) is produced
via isomerizationof [NO3

−] as a result of a third primary reactionpathway [109–111].

[
NO−

3

]∗ → ONOO−�HOONO pKa = 6.5 (7.22)

On the other hand, in second pathway to ONOO−, the already produced radicals
in Eq. 7.21 can recombine within the solvent cage by producing peroxynitrous acid
(HOONO) [109, 110, 112, 113]:

•OH + NO2• → HOONO k17 = 1.3 × 109M−1s−1 (7.23)

At pH < 7, HOONO isomerizes rapidly to NO3
−

HOONO → NO−
3 + H+ (7.24)

The main mechanism of nitrate photolysis in aqueous system are presented in
Fig. 7.3. It clearly indicated that the conversion of nitrate, via photocatalysis, exhib-
ited a low conversion to nitrite [47]; thus, the production of nitrate is considered to
be the major final products. However, nitrate radical generation during photolysis
has become the subject of major controversy in tropospheric chemistry under natural
irradiation environment.

7.4.1.2 Nitrite Photolysis

Usually, nitrite photolysis is performed very well within the λ region between
(200 nm and 400 nm), (ε = 22.5M−1 cm−1), where the transition n→ π* is possible
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(reaction (Eq. 7.25)).

NO−
2 hυ−→

[
NO−

2

]∗
(7.25)

The UV excitation of nitrite anions produced HO• and NO• radicals (Eq. 7.26)
[114, 115]. The recombination of HO• and NO• may results in the production of
HNO2 (Eq. 7.27) or be scavenged by nitrite anions, at a diffusion-controlled rate, to
yield OH− and NO2• (Eq. 7.28). NO• and NO2• may react to give N2O3 (Eq. 7.29),
which hydrolyzes to regenerate nitrite (Eq. 7.30) [115, 116].

(NO2−) ∗ +H2O → HO• + NO• + OH− (7.26)

HO• + NO• → HNO2 (7.27)

HO• + NO−
2 → NO2• + OH− (7.28)

NO• + NO2• → N2O3 (7.29)

N2O3 + H2O → 2HNO2 (7.30)

Usually, NO• is competitively oxidized by oxygen to produce nitrate, which lead
to the depletion of oxygen in an open-air saturated solution (Eq. 7.31) [115].

NO• + NO•
2 + O2 + H2O → 2HNO3 (7.31)

TheHO• radical is considered to be themost reactive species during nitrite photol-
ysis (Fig. 7.4). These radicals are considered to be the more excited oxidant and the
most aggressive during photocatalysis.

7.4.2 Influence of Operational Parameters

Nitrate photocatalytic reduction is greatly affected by several parameters, such as
pH, irradiation time, nitrate concentration, the effect of metallization of TiO2, the
influence of metalized catalyst preparation method as well as the effect of sacrificial
agent (hole scavenger). These parameters will be considered as more important as
they affect nitrate photocatalytic route during its reduction in aqueous system.
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Fig. 7.4 Primary photo processes and subsequent reactions during NO2
− photolysis. Adapted with

permission from ref. [109], copyright 1999 Elsevier)

7.4.2.1 Irradiation Duration and Solution PH Value

The variations in pH during the reaction have a significant impact toward photocat-
alytic performance. Due to multiple interactions, the role of pH during nitrate photo-
catalytic reduction is very complex task to explain. Gao et al. [117] investigated the
impact of pH over photocatalytic nitrate reduction using Ni-Cu/TiO2 as a catalyst.
They observed that up to 120 min of reaction, only traces of NH4

+ and NO2
− were

produced, but the nitrite and ammonium concentrations increased simultaneously
with increase in pH, which goes from ≈ 3 to ≈ 6 (Fig. 7.5a) [117].

Fig. 7.5 a Concentrations of the nitrate, produced nitrite, ammonium, and pH value of the solution
as a function of the reaction time over Ni–Cu/TiO2 (4 wt%, Ni:Cu = 3:1) catalyst (Adapted with
permission from ref. [117], copyright 2004 Elsevier). b Concentration curve of NO3

−, formed
NO2

−, and NH4
+ plotted as a function of irradiation time (Adapted with permission from ref.

[118], copyright 2005, Elsevier)
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The authors explained this phenomenon by the adsorption of nitrite and nitrate at
various pH on the support (see the Eqs. 7.32 and 7.33).

TiOH + H+ → TiOH+
2 pH < 6.25, (7.32)

TiOH → TiO− + H+ pH > 6.25. (7.33)

Indeed, when the pH is <6.25 (isoelectric point of TiO2), the TiO2 surface will
adsorb H+ ions due to higher surface proton exchange capacity (0.46 mmol/g) [118].
These H+ ions capture photo-generated electrons and ultimately produced H2, which
promotes the adsorption of negative ions (NO3

− and NO2
−) and aided nitrate reduc-

tion. So, it has been verified that pH is an important parameter and its decreasing and
increasing value directly affect the rate of nitrate photocatalytic reduction.

Zhang et al. [118] investigated the impact of the irradiation time for photocatalytic
nitrate reduction in the presence of Ag/TiO2 as photocatalyst. It was shown that for
the 1% Ag/TiO2 photocatalytic system, the conversion of nitrate increased linearly.
Moreover, during illumination, the nitrites appeared progressively under irradiation
at 365 nm, but completely converted after 30 min of irradiation with good selectivity
toward nitrogen (Fig. 7.5b).

7.4.2.2 Effect of Inorganic Species on the Nitrate Reduction
by Photocatalysis

Zhang et al. [118] evaluated the possible impact of salts during photocatalytic reduc-
tion of nitrate in the presence of Ag/TiO2 catalyst, using different concentrations of
anions such as Na2SO4, Na2CO3, and NaHCO3 (Fig. 7.6). They found that sulfate,
carbonate, and bicarbonate had detrimental effects on the nitrate reduction. Their
findings showed that SO4

2− and CO3
2− generatedmore negative impact than HCO3

−
(Fig. 7.6a–c). The distinctive interruptive impact of salts on the nitrate reduction was
due to the undistributed aptitude adsorption competition of other ions with nitrate

Fig. 7.6 Concentration curve of reduced NO3
−, formed NO2

−, and NH4
+ plotted as a function of

a HCO3
− b SO4

2− c CO3
2− concentration. ( Adapted with permission from ref. [118], copyright

2005) Elsevier)
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over the catalyst active surface sites. Usually, in formic acid system, the TiO2 surface
sites is positively charged, so it favors the adsorption of anionic species (e.g., SO4

2−
or CO3

2−) over HCO3
− [118].

7.4.2.3 Effect of Metallic Constituents of Photocatalyst

Usually, the performance of a photocatalyst could be improved by expanding its
range of photon absorption toward the visible light region. However, the band gap
(BG) is characteristic of the semiconductor (BG = 3.02 eV for TiO2, corresponding
to λ ≤ 400 nm, with maximum absorption at 375 nm), therefore, the possibility of
improving the absorption of light energy is to metallize the semiconductor.

It has been reported that TiO2 surface sites modification via metal oxides incorpo-
ration enhanced its light harvesting and photocatalytic activity. The modification of
TiO2 surface site with metal oxides, such as Pd, Pt, Au, and Cu, improved the solar
radiation/charge separation and facilitated the charge transfer between metal and
semiconductor [119–124]. Ranjit et al. [125–127] studied the conversion of nitrate
to ammonia, by using noblemetal oxides dopedTiO2 catalyst and reported that nitrate
conversion totally relied on the nature of metal oxides for TiO2 surface modifica-
tion. A maximum metal oxide content favored higher catalytic activity, but beyond
this amount the performance decreased [125–127]. It is indicated that these metals
nanoparticles can act as an electron donor to promote the electron transfer from
metal to the semiconductor. In addition to this function, these metals can suppress
the recombination of surface electrons and holes. It is important to mention that the
doping ions should have well matched combination with the photocatalyst surface, to
enhance charge transfer efficiency (electron/vacancy); otherwise, these ions provides
a recombination centers for photocatalyst particles [120].

During nitrate photoreduction process, themechanismofmetal oxides dopedTiO2

mainly depends on the detailed evaluation of the role of noble metals. Usually, after
exposing to UV light, a series of electron and holes over TiO2 surface sites (Fig. 7.7).
As it is well understood that these metals have low Fermi levels than TiO2 and
the photoexcited electrons could be easily deposited over metal oxides surface sites
from semiconductor conduction band,while photo-generated valence band holes stay
on TiO2 surface sites. Thus, transferred electrons can directly participate in nitrate
reduction process. Again, there is the reduction of recombination of electron/hole by
increasing the lifetime of the charge separation state. So, the accumulated electron
over metal oxides surface sites would directly be accessible for nitrate reduction.
Moreover, its more obvious that hole scavenger is the major contributor to enhancing
process efficiency recombination of holes and electron. A similar scenario have been
reported by other authors [43, 127, 128].

An array of metal-loaded TiO2 catalysts that have been used for nitrate reduction
in photocatalysis are summarized in Table 7.3.
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Fig. 7.7 Schematic representation of possible mechanism behind the UV-assisted nitrate reduction
over metal-loaded TiO2

7.4.2.4 Effect of Hole Scavengers

The hole scavengers are important during photocatalytic process. During photoexci-
tation of semiconductor material, the higher recombination phenomenon of electron
and hole pair is regarded as main disadvantage of TiO2 photocatalyst. In order to
overcome this setback, it is important to block or control the movement of elec-
tron within the semiconductor through scavenging or trapping generated holes and
excited electrons.

The presence of hole scavengers (or sacrificial electron donors) enhances elec-
trons lifetime that is required for specific reactions. Thus, with the aim of improving
photocatalytic reduction of NO3

−, a series of sacrificial electron donors, (i.e., EDTA,
sodium oxalate, ethanol, sucrose, formic acid, methanol, and humic acid) have been
employed [95, 117–119, 126, 129–131]. The mineralization of the hole scavenger
produced CO2 and H2 or partial oxidization into CO2 or low molecular weight
organics or acids [118, 119]. Different kinds of hole scavengers have been inves-
tigated and exhibited diverse impacts over different systems. Thus, it is important to
select the best suited scavenger for better activity of photocatalytic process. Sá et al.
[119] investigated nitrate photoreduction using different hole scavengers over TiO2

surface sites (P25 or Hombicat-supported by Fe, Cu, Ag) and their findings showed
that among the scavengers, formic acid proved better, with high conversion up to
95% and nitrogen selectivity up to 67% in presence of 1 Cu/P25.

The nature and impact of hole scavenger for selective nitrate transformation into
nitrogen, nitrite, and ammonium over Pd–Cu/TiO2 surface have been investigated
[132]. It was revealed that the process efficiency were closely related to the nature
of hole scavenger which is also associated with the nature of the reactive species
produced over catalyst surface sites (Fig. 7.8) [132]. Formic acid proved to be the
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Table 7.3 Photocatalytic reduction of nitrate in an aqueous suspension of metal-loaded P-25 TiO2
in the presence of oxalic acid

Metal
loaded

pH Time
(h)

NO3
−/μmol NO2

−/μmol NH3/NH4
+/μmol N2

selectivityc/%
Ref

Cu 1 12 28 0 20 0 [123]

Cu 5 12 24 5 8 0 [123]

Cu 10 12 36 13 0 0 [123]

Cu – 3 22 0.04 20 – [122]

Cu 8 2 28 16 3 21 [121]

Ag 11 12 38 13 0 0 [123]

Ag – 3 43 ND 23 – [122]

Ag 4 2 ~0 20 16 20 [121]

Ag 8 2 6 41 ~0 20 [121]

Ag 12
>

2 36 12 ~0 29 [121]

Co – 3 <2.2 < 0.02 1 – [122]

Pt 11 12 48 0 0 0 [123]

Pt – 3 3.2 0.04 <1 – [122]

Pt 8 2 50 ~0 ~0 ~0 [121]

Pd 11 12 47 0 0 0 [123]

Pd – 3 1.3 0.04 <1 – [122]

Pd 8 2 48 ~0 2 6 [121]

Au 11 12 42 6 0 0 [123]

Au – 6 22 0.03 11 [122]

Au 8 2 48 ~0 ~0 20 [121]

Ni – 6 10 0.03 10 – [122]

most efficient and the no conversion occurred in the presence of oxalic and humic
acids.

After irradiation, the general redox reactions between nitrite and nitrate with
formic acid are given below [118]:

2NO−
3 + 5HCOO− + 7H+ → N2 + 5CO2 + 6H2O (7.34)

2NO−
3 + 12H+ + 10e → N2 + 6H2O (7.35)

HCOO− + h+ → H+ + CO2·− (7.36)

2NO−
3 + 12H+ + 10CO2·− → N2 + 6H2O + 10CO2 (7.37)
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Fig. 7.8 Nitrate conversions (XNO−
2
) and nitrite, ammonium and nitrogen selectivities

(SNO−
2
,SNH+

4
,SN2 ) over the Pd–Cu/TiO2 catalyst after 4 h of reaction under UV–Vis irradiation

using different hole scavengers. (Adapted with permission from ref [132], copyright 2014) Elsevier)

2NO−
2 + 3HCOO− + 5H+ → N2 + 3CO2 + 4H2O (7.38)

2NO−
2 + 8H+ + 6e → N2 + 4H2O (7.39)

2NO−
2 + 8H+ + 6CO2•− → N2 + 4H2O + 6CO2. (7.40)

The holes and electron after photoexcitation was consumed by formic acid and
nitrate, respectively. Nitrates can be reduced directly or through intermediaries of
CO2•− which is being formed during the oxidation of formic acid.

Ni-Cu/TiO2 catalysts were investigated for nitrates photoreduction by Wenliang
et al. [117]. During photocatalytic nitrate reduction, oxalic acid and sodium oxalate
were used as the hole scavenger. High conversion of nitrates in the presence of oxalic
acid, as a sacrificial agent, was obtained, with a high yield of ammonium, Fig. 7.9.
The overall nitrate reduction process in the presence of oxalic acid is given below
(under UV illumination):

NO−
3 + C2O

2−
4 + 2H+ ↔ NO−

2 + 2CO2 + H2O (7.41)

NO−
3 + 4C2O

2−
4 + 10H+ ↔ NH+

4 + 8CO2 + 3H2O (7.42)
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Fig. 7.9 Effect of hole scavengers (sodium oxalate and oxalic acid) in the photocatalytic reduction
of nitrate ions over Ni–Cu/TiO2 (4 wt%, Ni:Cu = 3:1) catalyst. ( Adapted with permission from
ref [117], copyright 2004, Elsevier)

Similarly, in another research performed by Yuexiang et al. [133], these authors
further clarified the significant impact of oxalic acid as an effective hole scavenger.
They observed that oxalic acid alone, added to the TiO2 catalyst, promoted the
catalytic reduction of nitrate. However, after conversion, ammonium was produced
as by-product, which is undesirable (Eq. 7.43).

NO−
3 + 4C2O

2−
4 + 10H+ → NH+

4 + 8CO2 + 3H2O (7.43)

A mechanism involving the radical CO2•− anion has also been proposed, which
is formed from partial oxidation of oxalic acid by h+ (Eq. 7.44):

C2O
2−
4 + h+ → CO2 + CO2•− (7.44)

7.4.3 Photocatalysts for Nitrate Reduction

According to literature survey, the unmodified semiconductors usually exhibit
very minimum photocatalytic performance. Conversely, the surface modification
of semiconductors, by doping with other elements, changing the crystalline phase,
coupling with another semiconductor, and surface and junction defects, enhanced
light harvesting and the nitrate catalytic reduction into N2. Silva et al. [134] used
TiO2/carbon nanotube hybridmaterial (CNT), loadedwith 1%Pd-1%Cu (%.wt.), for
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Fig. 7.10 Nitrate conversion XNO−
3

and nitrite, ammonium, and nitrogen selectivity
(SNO−

2
,SNH+

4
,SN2 ) using Pd-Cu loaded TiO2 and CNT-TiO2 catalysts after 4 h of catalytic a and

photocatalytic b reactions [134]

effective catalytic activity toward nitrate reduction. The composite material showed
the best rate of nitrate conversion within (60min). The progressive loss of the activity
of NO3

− conversion was observed with higher CNT content. An increase in N2

selectivity with increasing CNT content up to 20 wt% was observed (Fig. 7.10a).
The CNT-TiO2 catalysts was more efficient for the catalytic conversion of NO3

− to
ammonia (Fig. 7.10b) [134].

In the presence of H2 and CO2, the possible photocatalytic reduction of nitrate,
over Pd–Cu/CNT-TiO2, was explained by the model presented in Fig. 7.11. It was

Fig. 7.11 Schematic representation of the photocatalytic reduction of nitrate over Pd–Cu/CNT-
TiO2 catalysts in the presence of H2 and CO2 under near UV to visible light irradiation [134]
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posited that the simultaneous excitement of both TiO2 and CNT occurred because the
irradiation source emitted in the near UV to visible range. The transfer of electron
over Pd and Cu nanoparticles present on TiO2 and also over CNTs started after
charge separation (steps 2–4). This is because photo-generated electrons are the
major contributors for the enhancement of the reduction of adsorbed nitrate and nitrite
over Cu and Pd, respectively (Fig. 7.11, steps 5–7). Conversely, in the presence of
an electron donor, the H+ could be oxidized to HO• after the migration of positively
charged holes from TiO2 to CNT surface sites (steps 8 and 9). Moreover, hydroxyl
radicals may indirectly re-oxidize by-products to NO3

−, while CO2•− which can
be generated from the reduction of CO2 by available electrons, may play a role
as reducing mediator. The presence of excessive amount of H+ ions in the reaction
medium, using CNT-TiO2 catalyst, brought about the higher selectivity toward NH4

+

production after irradiation step 9 as shown in Fig. 7.11.
Kato et al. [135] investigated the use of Cu and Ag doped TiO2 (CuAg/TiO2) for

highly selective reduction of nitrate into ammonia after UV irradiation. The optimum
experimental conditions were examined, such as Cu and Ag molar ratio effect over
TiO2, the loaded CuAg amount, the amount of catalyst loaded and photocatalyst
reusability potential. Their findings showed that higher NH3 selectivity (85%), and
higher NO3

− conversion (96%) over (Cu0.9Ag/TiO2) catalyst rather than simple
TiO2, where the maximum NO3

− conversion and NH3 selectivity were 44.9% and
33.6%, respectively. The (1 wt%Cu0.9Ag/TiO2) catalyst, 30 mg of catalyst, CH3OH
as hole scavenger and pH = 6 are the optimum conditions for the highly effective
reaction. The 1wt%Cu0.9Ag/TiO2 catalyst showed good stability after five cycles of
photocatalytic activity. The reaction mechanism during the photoreduction of NO3

−
to NH3 was explained by the model presented in Fig. 7.12[135].

After UV light irradiation of CuAg/TiO2, the production of holes and electrons
started. Thus, the electrons moved from conduction band to the valence band and
then to the CuAg alloy surface sites, where electrons participated in NO3

− reduction
into NO2

−, and then NH3. The production of H2 was also observed during CH3OH
oxidation intoHCOOH,which led to the further reduction ofNO3

− [135]. The overall
reaction mechanisms are presented below:

Photocatalyst hν, cat. → h+ + e− (7.45)

NO−
3 + 2H+ + 2e− → NO−

2 + H2O (7.46)

NO−
3 + 10H+ + 8e− → NH+

4 + 3H2O (7.47)

NO−
3 + 6H+ + 5e− → 1/2N+

2 3H2O (7.48)

It is widely accepted that the O vacancies in semiconductors generally introduce
localized impurity stateswithin the bandgap [136]. Photoexcited carriers are assumed
to be trapped at the defect states and thereby lose their mobility, which significantly
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Fig. 7.12 Scheme reaction mechanism of CuAg/TiO2 in NO3
− reduction to NH3 [135]

influences photocatalytic activity. These defects have a significant influence on the
formation, separation, migration of photo-generated electrons and holes, as well as
light-absorption range. For instance, Hirakawa and coworkers [137] investigated the
photocatalytic reductions of nitrate (NO3

−) over simple TiO2 (Fig. 7.13a). Further
investigations revealed that NO3

− could be strongly coordinated with two defect-
induced Ti3+ sites, through a bidentate structure and photoexcited electrons, which
can easily reduce it into NO2

− and NO species. These intermediates induced the
selective production of NH3, after adsorption over surface defects sites (Fig. 7.13b).
The N2 molecules from N2O was produced as a result of the reaction of NO2

− inter-
mediate with other intermediates (Fig. 7.13c). They reported that the photocatalyst
exhibited about 97% selectivity for the nitrate-to-ammonia transformation, due to
smaller number of Lewis acid sites and large number of surface defects. Thus, such
kind of nitrate reduction pathway to NH3 provided a valuable approach [137].

TiO2 composite is regarded as one of the most effective for nitrate reduction.
For instance, Hirayama and coworkers [138] evaluated the potential photocatalytic
behavior of the combined Pt/TiO2 with SnPd/Al2O3 for effective NO3

− photocat-
alytic reduction in real groundwater under irradiation at λ > 300 nm, using glucose
as a hole scavenger. Pt/TiO2 was found to be ineffective for NO3

− decomposition
and production of H2 (Eq. 7.49). On the other hand, when Sn–Pd/Al2O3 was used,
the conversion of nitrate was more significant without nitrite formation and with
the desired N2 selectively formation (75% selectivity at 23% conversion of NO3

−).
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Fig. 7.13 a Schematic representation of photocatalytic nitrate reduction to ammonia or nitrogen.
Proposed mechanisms for photocatalytic reduction of NO3

− on b surface defect and c Lewis acid
site of TiO2. Reproduced with permission from Ref. [137] Copyright 2017 the American Chemical
Society

According to cross blank testing, the conversion of NO3
− was negligible even when

a bimetallic catalyst Pt/TiO2 − SnPd/Al2O3 was used. Moreover, after UV irradi-
ation, neither NO3

− reduction nor H2 production was observed in the absence of
glucose.

Through the coupling of two systems Pt/TiO2 and SnPd/Al2O3 (Fig. 7.14), photo-
catalytically producedH2 acted as a reactant for nitrate reduction (Eq 7.50) [138]. The

Fig. 7.14 Schematic representation of photocatalytic nitrate reduction to of NO3
− in real ground-

water in the over the Pt/TiO2 − SnPd/Al2O3 system. Reproduced with permission from Ref. [138].
Copyright 2014 the American Chemical Society)
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photocatalytic separated H2 production and its further use for nitrate reduction were
also accomplished with a substrate Pt/TiO2 + Sn–Pd/Al2O3 in real groundwater.

2H+ + 2e− → H2 (7.49)

NO−
3 + 5/2H2 → 1/2N2 + 2H2O + OH− (7.50)

The authors observed poor performance in the groundwater system, relative to
the pure nitrate solutions. Furthermore, the catalytic performance was not greatly
influenced by a wide variety of cations (e.g., Na+, K+, Mg2+, and Ca2+) in the
groundwater. On the other hand, sulfate ions over Pt sites on Pt/TiO2 deactivated
the oxidation sites on TiO2 by reacting with surface hydroxyl groups, which led to
a decrease in the photocatalytic performance of Pt/TiO2. The decreased photocat-
alytic performance of Pt/TiO2 − SnPd/Al2O3 in the groundwater was closely related
to the presence of silicate, sulfate, and other organic compounds. Because, silicate
and sulfate ions deactivated Pt_e− and TiO2_h+ surface overs Pt/TiO2 surface via
adsorption, a decrease in photocatalytic activity and H2 evolution ensued.

Another investigationwas carriedout byChallagulla et al. [139] regarding compet-
itive nature of hydrogen generation and nitrate reduction by using noblemetals doped
TiO2. The performance of the noble metal doped TiO2 was compared with undoped
TiO2. Under identical reaction conditions, the photoreductions of Pt/TiO2, Pd/TiO2,
and Au/TiO2 were far lower than that of undoped pure catalyst. Comparatively,
Ag/TiO2 showed better performance than the noble metal doped catalysts, but the
overall activity was lower than that of undoped TiO2 (Fig. 7.15a). The H2 production
potential of the reaction was also determined by the authors on the TiO2 doped by
noble metals. The Pd and Pt incorporation highly favored the production of H2 while
that of Au and Ag moderately favored H2 production. The H2 generation increased
by 400 fold after Pd and Pt doping and the photoreduction rate of nitrate decreased by
about 15 fold with respect to the undoped TiO2 (Fig. 7.15b). Previous studies clearly
indicate that a noble metal doped TiO2 has a considerable potential to generate H2

rather than pristine undoped TiO2 and the producedH2 is ineffective for NO3
− reduc-

tion. Therefore, authors confirmed that the conducting band (CB) is responsible for
nitrate reduction. However, below CB minima, there exist some sub-bands after Pt
doping which results in the draining of photoexcited electron to the sub-band posi-
tion below the nitrate reduction potential and this and this results in a decrease in
nitrate reduction process (Fig. 7.15c). This indicated that hydrogen reduction poten-
tial is actively located under Pt sub-bands and its might be more helpful for proficient
hydrogen production onto the surface of Pt/TiO2 [139]. The Pt and Pd have ability
to reducing hydrogen affinity as well as catalytic properties [121, 127].
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Fig. 7.15 a Photoreduction of nitrate over pristine and noble metals doped TiO2 performed in
50:50 methanol-water mixture, b the photoreduction of nitrate over pristine and noble metal doped
TiO2 performed in 50:50 methanol-water mixture, c schematic representation of photoreduction
of nitrate over pristine and noble metal doped TiO2. Reproduced with permission from Ref. [139]
Copyright 2017 the American Chemical Society)

7.5 Conclusions

About 75% of the world’s ammonia production goes to fertilizer production for
agricultural purposes. Ultimately, high levels nitrate wastewater is produced that
pollutes water. Heterogenous photocatalysis has been applied successfully for the
reduction of nitrate in water. To carry out the photocatalytic reduction of nitrate,
operating conditions such as pH are very important. Several photocatalysts have been
developed for enhanced reduction of nitrate and also to control the by-product forma-
tion. The effect of the presence of hole scavengers (or sacrificial electron donors) on
the photocatalytic reduction of nitratewas summarized and discussed. It was revealed
that the process efficiency was closely related to the nature of hole scavenger. In
terms of photocatalytic materials, the photocatalytic efficiency and the selectivity
are strongly depending on the type of photocatalyst. Therefore, we discussed the
development of novel photocatalysts for nitrate reduction. For example, TiO2/carbon
nanotube hybridmaterial (CNT), loadedwith 1%Pd-1%Cu (%.wt.), is very effective
for the photocatalytic activity toward nitrate reduction. An increase in N2 selectivity
with increasing CNT content up to 20 wt% was reported. The CNT-TiO2 catalysts
were more efficient for the catalytic conversion of NO3

− to ammonia. Cu and Ag
doped TiO2 (CuAg/TiO2) were found to be highly selective for the reduction of
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nitrate into ammonia under UV irradiation; higher NH3 selectivity (85%) and higher
NO3

− conversion (96%) over (Cu0.9Ag/TiO2) catalyst rather than simple TiO2 were
reported.

Solutions for the recovery of N-gases formed during the photocatalytic reduction
should be studied. Reactors that can ensure high mass transfer and efficient nitrate
reduction, and on the other hand, a good recovery of N-gases is much recommended
for investigation. Furthermore, the combination of heterogeneous photocatalysiswith
other techniques to enhance the reduction and the selectivity is also a good option.
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Chapter 8
Advances in the Microbial Fuel Cell
Technology for the Management
of Oxyanions in Water

Jafar Ali, Aroosa Khan, Hassan Waseem, Ridha Djellabi, Pervez Anwar,
Lei Wang, and Gang Pan

Abstract The importance of the water-energy-food nexus is critical to sustainable
development with the growing population on this planet. An upsurge in urbanization
and industrialization is the major cause of water contamination with the oxyanions.
Non-biodegradable nature, high toxicity, and high solubility demand the effective
means to remove oxyanions from water by transforming oxyanions into harmless
and/or immobilized forms. Microbial fuel cell (MFC) technology has emerged as a
promising way to treat toxic wastewater with the generation of bioenergy. Utilization
of various oxyanions as the electron acceptor inMFCcathode can provide the sustain-
able waste management of oxyanions. This chapter has summarized the contempo-
rary advancements and modifications applied toMFC for the treatment/management
of various oxyanions from aqueous solutions.
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8.1 Introduction

The rapid industrial development has significantly amplified environmental contam-
ination by toxic metals and metalloids. The majority of these hazardous elements
are redox-sensitive and can form oxyanions in aqueous solutions. Oxyanions are
negatively charged polyatomic ions having oxygen (AxOz−

y ). Common oxyanions
of Mo, W, As, B, V, Cr, and Se are present in water and wastewater streams [1].
Oxyanions are described by their non-biodegradable nature, toxicity, and high solu-
bility. Thus, oxyanions can accumulate in environmental streams and ultimately enter
the food chain [2]. While considering their harmful impact in wastewater, oxyan-
ions are regarded as major toxins in sewage or wastewater [3]. The primary sources
of harmful oxyanions are alkaline wastes produced by various high-temperature
processes, including thermal treatment of waste, combustion of fossil fuels, and
smelting of ferrous and non-ferrous metals. However, oxyanions are also released
by manufacturing industries, including tannery, electroplating, microelectronics,
battery, fertilizers, and metal finishing [4–6].

The isotopic composition of oxyanions is often used as essential tools for studying
biogeochemical cycles of sulfur and nitrogen. The high concentration of oxyanions
creates an environment that enhances the dissolution of weak-acid oxyanion species,
such as arsenic, antimony, or vanadium that further contaminate groundwater sources.
The increasing concentration of oxyanions in groundwater sources is one of the
emerging environmental problems. Oxyanions have the potential of being trans-
mitted into living organisms through skin absorption, inhalation, and ingestion. This
results in irreversible effects in metabolic reactions [7]. Excessive intake of arsenic
can cause various diseases, which include vascular diseases, skin lacerations, and
cancers in humans [8, 9]. Recent studies posited that trivalent methylated arsenicals
induce carcinogenicity of environmental arsenic. These arsenicals are intermediate
metabolites produced during the methylation step of inorganic arsenic [10, 11].

Extremely toxic contaminants pose severe threats to the environment and public
health, even at low concentrations; therefore, their removal from water and wastew-
ater is of importance to environmental and public health. Given the detrimental
properties of oxyanions, their removal from water and wastewater is crucial for envi-
ronmental and public health reasons [5]. The most common strategies used for the
removal of oxyanions from wastewater and water sources include adsorption, ion
exchange, reverse osmosis, filtration, chemical precipitation, electrodialysis, solvent
extraction, evaporation, and biological approaches [12–16]. All of these methods
have limitations in their efficient applications, especially where it relates to cost-
effectiveness and high energy demands. Moreover, these conventional strategies do
not degrade oxyanions. Instead, they convert them into less toxic secondary waste
that requires further treatment or disposal technique which probably increases the
cost of the treatment process. Hence, it is necessary to develop a new sustainable
mix of technologies that meets the potential energy requirements for the remediation
of water and wastewater contaminated with oxyanion. Biological treatments using
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microbial fuel cell (MFC) technology is presented as an alternative and sustainable
approach because of its potential to transform these contaminants into inert products.

Microbial fuel cell technology (MFC) is an emerging environmental technology,
which simultaneously treats waste and generates bioenergy. MFC has the additional
advantage of a coupled mechanism of wastewater treatment and electricity produc-
tion [17, 18]. The technology applies the metabolic activities of microorganisms for
the conversion of biochemical energy in substrates to electrical energy which pave
the way for the development of electro-microbiology [19, 20]. The simple mecha-
nism for MFCs is that oxidation of organic substrates takes place at the anode, with
the liberation of electrons, which are then transported through an external circuit
(resistance) to the cathode, and the ultimate consumption of electrons will determine
the nature of the by-products in the cathode chamber. There is a terminal electron
acceptor (TEA) in the cathode chamber, which performs a critical role in controlling
the performance of MFCs [21]. Oxyanions can also act as a TEA to generate elec-
tricity in bioelectrochemical systems, thus providing sustainable waste management
of oxyanions along with bioenergy production [22–24].

This chapter is aimed at addressing the contemporary advancements and modi-
fications applied to MFCs for wastewater treatment along with energy generation,
with a focus on the management of oxyanions in aqueous solution.

8.2 Overview and Working Principles of Microbial Fuel
Cells Technology

Bioelectrochemical cells/microbial fuel cells are the galvanic cells used to extract
bioenergy from organic wastewater through electrochemical reaction. MFC reactors
mediate exogenic reaction, which holds negative free reaction energy (Gibbs free
energy) with impulsive energy release [25, 26]. The oxidation-reduction reactions,
with the help of electroactive microbes, generate electricity [27]. The major struc-
tural components of MFCs are cathode, anode, and a separating membrane [28, 29].
Carbon materials, including rods, glassy carbon, graphite plates, carbon felt, carbon
foam, cloth, paper, stainless steel mesh, platinum black, and reticulated transparent
carbon are generally used as the anode material. These carbon materials must be
non-corrosive, conductive and allow the microbes to form a biofilm.

On the contrary, the cathode can be aerobic and anaerobic, depending on the
nature and function of the cathodic material. The anaerobic cathode comprises of the
catalysts materials such as manganese oxide, platinum black, and polyaniline that
facilitates better oxygen reduction reaction (ORR) [30]. The anaerobic cathode may
contain a ferricyanide solution or microorganism for electron transfer. Electroactive
microbes can also serve as biocatalysts at the cathode surfacewhen they are allowed to
form electroactive biofilm (biocathode). This facilitates the electron transfer process
and catalyzes the cathodic reactions [31]. Although membrane separators are now
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modified according to the structural configuration of theMFCs, yet at the initial stage
of the technology, salt bridges were used as membrane separators [32, 33].

8.2.1 Electron Transfer Mechanisms in MFCs

Various terminal electron acceptors readily accept electrons and produce different
products, which are easily diffused out of the cell [34, 35]. Terminal electron acceptor
(TEA) includes oxygen, different oxyanions, and metal oxide contaminated solu-
tions. These mediators must be low cost, non-toxic, non-biodegradable, and high
solubility in the anolyte. They must be able to cross the cell membrane easily and
possess a high electrode reaction rate. Electron transfer in the MFCs takes place in
the following three ways:

(a) The outer membrane cytochrome (C-type) of microorganisms (i.e.,Geobacter
and Shewanella species) directly transfers electrons, produced from nicoti-
namide adenine dinucleotide (NADH), to the electrode surface,

(b) Certain species of bacteria, such as Pseudomonas and Shewanella, secrete a
particular chemical species (e.g., flavins, thionin, neutral red, and pyocyanin),
which acts as mediator molecules and performs electron transfer through these
mediators [36].

(c) Some microorganisms (i.e., Geobacter sulfurreducens and Shewanella onei-
densis) species use conductive appendages (i.e., cellular outgrowth), which are
20 nm long named as “nanowires,” for the transfer of electrons outside the cell
[37].

Besides, the additional by-products of fermentation reaction could also serve as
electron donors. These by-products may include acetic acid, formic acid, and lactic
acid and formate, produced through the pyruvate oxidation [38].

The conventional and basic MFCs are used to study a specific parameter, whereas
highly efficient systems are designedwith advanced architectures tomaximize power
production [39, 40]. Researchers have significantly improved the efficiency ofMFCs
through the modification of the structural design, electrode materials, catalysts, and
microbes [41–44]. The most common configuration is the two-chamber system.
Many variations have been proposed in this basic model, with an effort to improve
the power density [45–47] (Fig. 8.1).

8.3 Removal of Oxyanions from Wastewater Using MFC
Technology

Oxyanions are the types of contaminants in wastewater which cannot be degraded
biologically, and as such, require unique treatment protocols with high molec-
ular selectivity for their removal or transformation. Electrochemically mediated
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Fig. 8.1 Schematic diagram of electron transfer in microbial fuel cell

capture of heavy metals/oxyanions can significantly address the selectivity issue.
As described earlier, oxyanions can be utilized as electron acceptors in MFCs due to
high redox potential, therefore, reducing the overall cost of the treatment process and
enhance sustainability. Also, biocathode (electroactive microbes serving as catalyst)
is another sustainable approach for the bio-reduction of oxyanions in bioelectrochem-
ical systems. Production of no secondary pollutants, easy operation, and low cost
is the prerequisites for environmental remediation technologies [48]. The following
section presents the array of the research reports on the use of MFCs technology for
the removal of some prominent oxyanions.

8.3.1 Chromium Oxyanions

Chromium (Cr) is an element of group 6 in the Periodic Table that has broad industrial
applications in the field of electroplating, tanning, dyes synthesis, and processing
of wood materials [49]. The effluents from these industrial processes release Cr
oxyanion into the environmental matrix with their oxidation number varying from
0 to +6. Among all oxidation states, Cr (III) is more stable and less toxic than Cr
(VI), which is more water soluble, mobile and toxic. Cr(VI) is designated as a class-I
carcinogen by International Research Agency (IRA) on cancer, and the permissible
limit of 50 mg/L in water is as declared by Environmental Protection Agency (EPA)
[50]. Cr (VI) species negatively impact the natural environment, human health, and
other forms of life. Thus, the reduction/transformation of Cr(VI) is mandatory before
the discharge of industrial effluents.
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Generally, chromium in wastewater is removed through any of the conventional
protocols that include chemical reduction, bioremediation, membrane filtration, ion
exchange, and coagulation/flocculation [51–53]. But all these treatment procedures
have several shortcomings, in terms of high energy requirement, high cost, and gener-
ation of secondary waste. The efficiency of the method applied also depends on
the speciation, mobility, and distribution of Cr within the environmental system.
Thus, the removal of Cr-based oxyanions demands a broader and more sustainable
approach [52, 54]. Due to the high redox potential of Cr(VI), it can serve as TEA
in the cathode of MFC. Therefore, the MFC mediated transformation/reduction of
Cr(VI) holds great promise due to the potential generation of renewable energy, low
cost, and high sustainability.

Wang et al., carried out preliminary research for the Cr (VI) reduction usingMFC
operated in fed-batch mode. A complete reduction of 100 mg/L was noticed during
150 h (with an initial pH of 2.0) along with maximum power density of 150 mW/m2.
The Coulombic efficiency (CE) decreased from 59% to 25% when the pH of the
Cr (VI) contaminated wastewater was increased from 2 to 6. Moreover, open circuit
potential also decreased from 0.9 V to 0.52 V [55, 56]. High Cr (VI) removal effi-
ciency (99%) was achieved under acidic pH condition, along with the generation
of power density of 767 mW/m2 [57]. Another study showed that the reduction
of chromate oxyanions (CrO4

2− & Cr2O7
2−) using different anaerobic microor-

ganisms (i.e., Escherichia coli, Shewanella oneidensis, Pseudomonas dechromat-
icans, Desulfovibrio vulgaris, Enterobacter cloacae, and Aeromonas dechromatica,)
as bio-anodes as shown in Fig. 8.2 [58].

Although, 95% reduction efficiency and energy output of 89 ± 3 mW/m2 were
obtained, but the biocathode mediated reduction of Cr(VI) faced the drawback of cell
toxicity. Although, MFCs technology for Cr(VI) reduction is advantageous over the
conventionalmethods, it is still lagging in real-life applications. This is because of the
high concentrations of Cr(VI) present in acidic wastewaters released by the mining
and electroplating industries [59]. Recent researches have targeted the incorporation
of various modifications in the MFCs design, electrode, and substrate materials, and
the addition of some other ions, such as Fe(II), Fe(III), nanoparticles, and graphite
cathodes, that resulted in enhanced reduction kinetics and removal efficiency of Cr
oxyanions.

Electrical repulsion between a negatively charged cathode and chro-
mate/dichromate functional groups can hamper the reduction kinetics. Slow reaction
kinetics in MFC cathode can be improved by introducing electron-shuttle mediators.
Iron-based nanomaterials are among the most commonly used materials for elec-
trode modifications to improve Cr(VI) reduction kinetics via reducing the charge
transfer resistance. For example, it was observed that iron species accelerated the
reduction of Cr(VI) by 1.6 times in an MFC system. And cathodic Coulombic effi-
ciency was also increased from 65% to 81%. The increased electron transfer rate and
the lowered reduction potential of the experimental MFC was attributed to the Fe
(III), which facilitated the reduction of Cr(VI) [60] In a recent study, the cathode in
a dual-chamber MFC was modified with FeS@rGO nanocomposite for Cr reduction
and renewable energy generation. This system exhibited 100% Cr(VI) reduction and
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Fig. 8.2 Chromium reduction in the MFC source [58]

reduction rate was 4.6 times higher than the MFC without the modified FeS@rGO
nanocomposite. The generated power density (154 mW/m2) was 328 times, relative
to the unmodified cathode [50].

Similarly, the natural pyrrhotite-coated cathodewas used to enhanceCr(VI) reduc-
tion performance of an MFC. The modified electrode achieved the maximum power
density of 45.4 mW/m2, which was 1.3 times higher than that of control. In addition,
Cr(VI) removal efficiency was improved from 46% to 97.5% [61]. The reduction of
Cr(VI) was investigated by replacing the conventional cathode graphite with carbon
cloth cathode, and 100% Cr(VI) reduction was achieved [62]. In another study, NaX
zeolite-modified graphite felt was utilized as biocathode, in comparison with HNO3

pretreated graphite felt. TheNaX zeolite proved to be an excellent bioelectrodemate-
rial, resulting in 8.2 times higher Cr(VI) reduction, relative to the unmodified elec-
trode [63]. Though substantial reduction rates of Cr oxyanions have been obtained
in MFC, however, its practical applications are still hampered by low mass transfer
and charge transfer resistance. Introducing electron shuttles is expected to mitigate
this by accelerating the removal of oxyanions, but the approach is not cost effective.
It has been suggested that some in situ electrode modification should be adopted for
bioelectrochemical reduction of Cr for long-term applications [64]. Some studies on
the Cr(VI) reduction using the MFC are summarized in Table 8.1.
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8.3.2 Nitrogenous Oxyanions

Nitrogenous oxyanions, especially nitrate (NO3
−) pollution has become a serious

issue during the last few years, due to increased discharge from the fertilizer industry.
Excessive concentration of nitrate can harm human health, environment, and animal
health. Nitrates can also be converted into nitrites (NO2

−), which is the more toxic
form, with the help of microorganisms [64]. The permissible limit of nitrate is
10mg/L, according toUSPEA. So, the removal of nitrate is essential fromwastewater
and groundwater. Different physical and chemical methods, including ion exchange,
catalytic reduction, and biological denitrification, have been used to remove this
oxyanion fromwastewater and groundwater [65–67]. For bacterial nitrification, both
autotrophic and heterotrophic modes can be used for nitrate removal [68].

Bioelectrochemical systems are innovative systems for wastewater treatment and
bioelectricity generation and nitrates reduction to nitrites. [69–71]. Biocathodemedi-
ated reduction offers a complete conversion of nitrate to N2, under anaerobic condi-
tions inMFCs [72]. The stimulation of denitrification activity of a bioelectrochemical
reactor with the help of an external MFC has been reported [73]. The denitrification
activity was improved when concentration of denitrifying bacteria reached up to 3.5
107, with the power density of 502.5 mW/m2 and output voltage range from 500 to
700 mV [73]. Various approaches, such as electrode/architectural modifications and
introduction of mediators, like Fe(III), have been adopted to increase the efficiency
of nitrate removal by MFC [74, 75]. The removal of nitrate in the anode and cathode
chamber of MFC, using the denitrifying bacteria on biocathode have been investi-
gated. A power density of 2.80 ± 0.05 W/m3 was achieved when nitrate loading of
14± 0.3 g N/(m3 NC•d) was used [76]. Further studies were recommended to inves-
tigate the prominent sulfate formation in the presence of short hydraulic retention
time (HRT) and low temperature.

The performance of a novel stake up-flow baffled reactor MFC was investigated
for the removal of nitrates, where the optimum biocathode denitrification frequency
was 148.3/1.4 g N m−3 NCV d−1 (Fig. 8.3). However, the power density of the
MFC reactor in a closed-circuit system was improved by fourfolds, when compared
with the open circuit system [77]. An autotrophic denitrifying biocathode-based
MFC, coupled with electricity generation, was also utilized for nitrate/perchlorate
reduction. Substrate removal efficiency for nitrate was 87.05%, at the stabilized
power output of 3.10 A/m3 [78]. It is proposed that, nitrate removal efficiency can be
improved using the bioelectrochemical reactors. Therefore, the influence of adsorp-
tion and bio-reduction must be explored further for the management of oxyanions.
These studies have proven that theMFCs/electro-microbiological procedure lowered
the carbon requirements, efficiently removed nitrates, and produced sufficient energy
output. Briefly, nitrogenous oxyanion removal/reduction through MFC is a sustain-
able and effective approach at the laboratory scale. Large-scale applications of this
innovative method have not been thoroughly studied, which demands for long-term
stability of biofilm and biocathode, HRT and temperature.



8 Advances in the Microbial Fuel Cell Technology … 229

Fig. 8.3 a Bioelectrochemical systems for b internal structural design of up-flow baffled reactor;
c assembled MFC Source [77]

8.3.3 Perchlorate Oxyanions

Perchlorate (ClO4
−) is widely used in the production of match sticks, fireworks,

highway safety flares, and rocket propellants. Due to its weak adsorption on mineral
surfaces, high solubility, and low reactivity, it has been detected in groundwater and
drinking waters. Perchlorates have negative impacts on the thyroid gland and human
health; hence, it is recognized as an emerging contaminant [79]. An autotrophic deni-
trifying microbial community was grown on the cathode of MFC and used to remove
amixture of oxyanions (i.e., nitrate and perchlorate). The removal efficiency of ClO−

4
and NO−

3 was 53.14% and 87%, respectively, when the molar ratio of NO3/ClO4 was
1:1 in the influents. The substrate removal was coupled with bioelectricity gener-
ation (3 mA/m3). The perchlorate reduction and influence of nitrate concentration
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on membrane biofilm reactors have been investigated. The study suggested that
the presence of nitrate promoted the reduction/removal of perchlorate ions. Hence,
the simultaneous removal of various oxyanions is possible. Nitrate concentration in
wastewater determines the nature and type of microbial community in biocathode.
Thus, theMethyloversatilis and Zoogloea were are the critical players in membrane
bioreactors andwere posited to follow independent reductionmechanisms for ClO4

−
removal [80]. The role of resazurin, as a redox mediator, to improve the performance
of MFC in the removal of perchlorate ions has been reported. It was reported that
9 µM of resazurin enhanced the perchlorate reduction ratio, up to 101.6%, and
voltage generation by 40% [81]. Furthermore, the catalyzing mechanism of redox
mediator was studied through the respiratory chain inhibitors.

A recent study described the perchlorate ions removal in microbial electrochem-
ical cells, using the Fe/C modified electrodes. Dual-chamber MFC was used to
explore the best cathode catalytic material for oxyanion management without adding
external power or perchlorate-reducing microbial enrichment cultures [82]. These
findings are significant to revolutionize theway for the removal of oxyanions. Collab-
orative interactions are needed to develop some hybrid approaches using microbes
and catalysts for enhanced perchlorate ion reduction.

8.3.4 Selenium Oxyanions

Selenium (Se) is one of the trace nutrients that play an essential role in the metabolic
activities of human and animal life cycles, yet highly toxic at higher concentration.
High accumulation in water bodies may cause acute and chronic toxicities to organ-
isms [83]. Selenium is oxidized into selenate (SeO4

2−) and selenite (SeO3
2−) oxyan-

ions in wastewater and sewage sludge. MFCs have been used for the bio-reduction
of Se oxyanions, with a wider variety of organic and inorganic electron donors [84].
The selenite removal, along with electricity generation, was examined in a single-
chamber MFC, using glucose and acetate as the carbon sources. Using acetate as the
carbon source, 88% Se removal was achieved, while 99%was achieved with glucose
as the carbon source [85]. The power output ofMFCwas not much affected when the
concentration of glucose/substrate was up to 125 mg/L, and Coulombic efficiency
was also improved from 25% to 38%when Se concentration was further increased to
150 mg/L. However, the electricity production was inhibited after 200 mg/L concen-
trations of selenium in theMFC. In another study, Se bioremediationwas investigated
in a microbial fuel cell inoculated with Shewanella oneidensis MR-1. In this setup,
92% of 100 mg/L of Se, was removed after 100 h and Coulombic efficiency was
affected even at very high concentration of 200 mg/L [86]. New approaches must be
developed for further and real-life bioremediation of this oxyanion by MFC.
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8.3.5 Arsenic Oxyanions

Arsenic (As) is a highly toxic metalloid present in water as an oxyanion and over
250 million people around the world consume arsenic-contaminated water. The
arsenic toxicity manifests in the form of neurological damage and even death [87].
MFC/bioelectrochemical systems are gaining attention as a reliable and sustainable
technology for the treatment of arsenic oxyanions. Conventional strategies used for
the mitigation of arsenic have become obsolete due to low efficiency. For example,
conventional zerovalent iron technology has low arsenic removal efficiency due to
the low corrosion rate [88]. Thus, new innovative/sustainablemethodsmust be devel-
oped for the management of arsenic oxyanions [89]. A hybrid system was designed
by combining the conventional arsenic removal approach with MFC [90]. In another
study, substrate competition between iron-reducing bacteria and MFC anode was
considered as a responsible factor for lowering the concentration of Fe and As.
The, As content was reduced by 53% and power density of 12.0 mW/m2 after
50 days [91]. Impulsive anaerobic oxidation of arsenic was achieved in a study,
where various arsenic-resistant and arsenic-oxidizing bacteria, along with electro-
chemically active bacteria interacted for the oxidation of arsenic and bioelectricity
production [92]. It has been reported that iron minerals have good arsenic sorbent
properties that ultimately facilitate the removal from the aqueous solution. There-
fore, iron-based electrode materials could be much efficient in arsenic-based oxyan-
ions remediation. Two different studies applied the first idea, where the pH of the
water was neutralized from ~ 3.7 to ~ 7.2, with 80% removal of Fe and As in an
air-cathode MFCs (Fig. 8.4). However, in the second study, MFC–zerovalent iron
hybrid process was constructed to remove arsenite (As(III)) from aqueous solutions.
As(III) concentration was reduced below the detection limit after 2 h [90, 93].

8.4 Conclusion and Future Recommendations

In summary, microbial fuel cells (MFCs) have emerged as a promising method for
the management of oxyanions. Simultaneous wastewater (oxyanions) treatment and
bioelectricity generation could be achieved sustainably. Although significant results
have been reported, but theMFC technology still needsmore attention for large-scale
implementation. There are some areas where more work needs to be done, such as
electrode surface area, systemarchitecture, and cost ofmaterials. Exploration ofmore
electroactive bacteria will also help in the development of electro-microbiology for
the management of oxyanions. Moreover, the integration of MFC technology with
existing conventional treatment methods may also improve the effectiveness ofMFC
for wastewater treatment and oxyanion removal.
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Fig. 8.4 Abstract model for As and Fe removal in SC-MFC Source [85]
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Chapter 9
Managing Oxyanions
in Aquasystems—Calling Microbes
to Action

Aemere Ogunlaja, Grace S. Peter, and Florence A. Sowo

Abstract Oxyanions are pollutants that pose health risks to humans, impact organ-
isms negatively and can cause environmental hazard like eutrophication. Their
removal from aqua systems is therefore expedient. Although conventional chemical
and physical treatments exist and have beenwell-exploited, the biotreatment option is
the way forward as they are eco-friendly, cheaper and less technical. There are avail-
able scientific studies on the use of biological agents for the removal of oxyanions
fromwaterwhich ranges from the use of plants through to organisms.However, a only
a few of these studies focus on the use of microorganisms for oxyanion removal in
water. This chapter, therefore, focuses on the use of microorganisms for the removal
of oxyanions from water. It provides a collection of reports on the laboratory and
field applications of microorganism removal of oxyanions in water either singly or
as a consortium and highlights their successes and weaknesses. This chapter also
gives a rare insight into genes responsible for arsenic-resistant bacteria that allows
them to effectively accumulate arsenate and arsenite from aqua systems. We present
future perspectives that will aid further research in this area of study.

Keywords Biotreatment · Microorganisms · Aqua system · Health hazard

9.1 Introduction

Microbes are ubiquitous, and their roles cannot be overemphasized. Their metabolic
activities are known to contribute to the stability in the ecosystem through processes
like respiration, fermentation, degradation and transformation. With the upsurge in
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industrialization, which comes with pollution challenges in the environment, treat-
ment and management of pollutants became expedient. The conventional methods
(chemical and physical methods) recorded relative successes and their use have
been in practice dating back to decades ago. However, the negative effects of their
by-products [1, 2], and expensive nature of such treatments have brought biolog-
ical treatment to limelight. Fortunately, harnessing microbial processes in managing
pollutants is environmentally friendly and cost-effective and has become the focus
in recent times.

Toxic oxyanions are mostly that of metals or metalloids. Other oxyanions like
phosphates (PO4

3−), nitrates (NO3
−), sulphates (SO4

2−), carbonate (CO3
2−) and

silicate (SiO4
2−) are important in cell metabolism of organisms including microbes;

hence, they are found naturally in organisms as well as in the environment. However,
their presence in the environment at certain levels constitutes environmental chal-
lenges like eutrophication (as in the case of excess phosphate in water bodies) which
requires treatment to avoid bloom in the water. However, metabolic activities like
respiration by bacteria which require electron acceptors trigger the reduction of
oxyanions. Routes of cellular transport for the transfer of materials are also used by
these oxyanions as they mimic organic molecules because of their structural simi-
larities. In addition, biologically active molecules on cell membranes and walls have
an affinity to bind certain ions or molecules from matrix [3]. These mechanisms in
microorganisms can be exploited in the management of harmful oxyanion.

An earlier report had shown the competitive nature of oxyanions from group
VI element (molybdate, tungstate and chromate) in sulphate respiratory bacteria
(Desulfovibro sp.) resulting in formation of Adenine monophosphate (AMP) instead
of Adenine triphosphate (ATP). The ability to compete with sulphate is due to the
similarities in the stereochemistry of selenate, molybdate and Chromate [4], and
hence, there is anionicmimicry (Fig. 9.1). Although this procedure could be exploited
to reduce oxyanions in the environment, this mechanism will be counterproductive
as it can hamper the normal cellular activities (sulphate reduction) of the bacterial

Fig. 9.1 Similar structures of monovalent phosphorus compared with arsenate and vanadate;
sulphate with selenate, molybdate and chromate. Adapted from Bridges and Zalups [5]
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cells, hence causing reduction in cell density. Harnessing the ability of microbes to
incorporate/transform specific toxic oxyanions without obstructing normal cellular
activities of the microbe therefore proves effective for pollutant clean-up.

Generally, during reduction of oxyanions by bacteria, electron donors are required
but most oxyanion contaminated waters are devoid of them. Hence, donor substrate
which can be oxidized by the bacteria must be added for oxyanion reduction to be
effective. Conventionally, oxyanion removal by autotrophic bacteria is augmented
with hydrogen gas (electron donor), which is preferred to some other organic and
inorganic counterparts because H2 is not toxic among other qualities [6]. The
removal of oxyanions of Selenium, Arsenic, Chromium, Vanadium, etc., using
various mechanisms by microbes will be discussed in this chapter.

9.2 Removal of Contaminants by Microbes in Aqua
Systems

9.2.1 Removal of Selenate and Selenite by Microbes in Aqua
Systems

Selenium, though an essential element to organisms, can also be toxic at certain
concentrations.Whereas, its lack causes white muscle disease in animals, excess of it
causes health problems like liver, muscle and heart diseases such as the Kashin–Beck
disease [7]. This is because selenium replaces sulphur during metabolic activities
[8] due to the close stereochemistry and properties between selenium and sulphur.
Also, selenium usually occurs alongside with sulphur in nature and are both released
into the environment during combustion of coal and oil. The most toxic form of
selenium is their anionic form which occur as selenium (IV) and (VI). Pertechnetate
or perrhenate is a surrogate of selenium which is of environmental concern and
a focus for removal in recent times because it is a product of nuclear fission [9].
Selenium also occurs in its oxyanion forms in wastewaters [10]. Selenite (SeO3

2−)
and selenate (SeO4

2−) account for themajority of the total Se concentration inwaters.
The selenate (SeO4

2−) form is predominantly found in alkaline environment with
some selenite (SeO3

2−), selenite is stable under a more reducing condition [11],
selenite is relatively more toxic than selenate [12]. Removal of selenium oxyanions
by microbes is reported in literatures, and biological treatment is one of the most
promising methods of selenium removal [13].

Oxidation/reduction process in removal of selenium oxyanions is rarely used in
their remediation [13] as a strong chemical reducing agent is needed but a handful
of report indicates the effective use of selenium reducing bacteria. In sulphate-rich
slurry under anoxic condition, Oremland et al. [14] established the removal of seleno-
oxyanions as unrelated to sulphate reduction. They showed that there was increased
rate of reducing selenate (SeO4

2−) to selenite (SeO3
2−) in the presence of lactate

or acetate (100 or 95% reduction respectively, after 5 days) and H2/N2 (99.7% after
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a period of 7 days). Reduction of these oxyanions was inhibited in the presence
of oxygen, nitrate and manganese (IV) oxide. In San Joaquin, California, known
for its enormous agricultural activities, T. selenatis successfully reduced selenium
oxyanions to elemental selenium in the nitrate-rich wastewaters [15, 16]. Thereafter
in same environment, Oremland et al. [17] investigated the removal of selenate by
Sulfurospirillum barnesii, Bacillus arsenicoselenatis and Bacillus selenitireducens
in cultured experiments, while alternating arsenate, nitrate, fumarate or thiosulphate
as the electron acceptor. S. barnesii and B. arsenicoselenatis reduced selenate to
elemental selenium but B. selenitireducens was able to reduce selenite to elemental
selenium. B. selenitireducens further reduced elemental selenium to selenide but S.
barnesii,B. arsenicoselenatis and Selenihalanaerobacterwere ineffective in reducing
elemental selenium to selenide [18]. Their findings led to the installation of an anaer-
obic reactor treatment plant in San Joaquin valley, California. Other bacteria reported
to effectively reduce selenite to selenide include Rhodospirillum rubrum [19] and
Veillonella atypical, Geobacter sulfurreducens, and Shewanella oneidensis [20].

Maltman and Yurkov [21] identified some shortfall in the use of some aforemen-
tioned microorganisms in the removal of selenium oxyanions which include their
relatively low rate of oxyanion removal from aqua systems [16] and the inability to
remove the resultant end products from the environment [22]. In this regard, they
(Maltman and Yurkov [21]) investigated the use of Erythromicrobium ramosum,
Erythromonas ursincola, the Pseudoalteromonas relative, AV-Te-18, and Shewanella
relative, ER-V-8 for selenium oxyanion removal. They demonstrated that for over
48 h and under aerobic condition, E. ramosum (E5) removed 98 μg/ml of selenite
andE. ursincola removed 100μg/ml of selenite while ER-V-8 andAV-Te-18 individ-
ually, removed 103 μg/ml of selenite. However, under the same period and in anaer-
obic condition, ER-V-8 and AV-Te-18 removed 46 and 25 μg/ml of selenite in 24
and 48 h, respectively. These bacteria showed better performance for Se oxyanion
removal than those earlier proposed by Macy et al. [15], Cantafio et al. [16], Staicu
et al. [22], Hunter and Kuykendall [23], and Luek et al. [24]. The advantage of these
bacteria over the earlier reported ones is their ability to mop up the end-product
(elemental selenium) through cellular accumulation and higher capacity to remove
higher levels of selenium oxyanions in the environment within shorter periods of
time.

The remediation of selenium oxyanions also involves using microbial biomass
as biosorbent. As the living cells undergo their biological processes, their active
molecules have affinity to bind certain ion or molecules in the environment or pollu-
tants attach to the functional groups of dead/live cell [13, 25] resulting in adsorption
of matter. This forms the basis for removal of pollutants by biosorption, and it has
been used in removal of oxyanions like selenium inwastewater. The use of bacteria as
biosorbent can be easily managed, requiring less time and can be engineered genet-
ically. Hence, its common use in selenium treatment as reported in the literature.
Fujita et al. [26] demonstrated that Bacillus sp. (SF 1) reduced selenate to elemental
selenium under anaerobic condition in a flow reactor within short retention time but
there was selenite accumulation. Selenate and selenite were however converted into
elemental selenium after a longer retention time. In a mine wastewater contaminated
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with selenate (SeO4
2−) and sulphate (SO4

2−), there was comparison between the
effectiveness of biotrickling and up flow anaerobic sludge blanket (UASB) setup in
selenate and selenite removal. Result showed that the removal of SeO4

2− usingUASB
was unaffected by SO4

2− but biotrickling filter biofilm improved selenate removal
by >70% [13, 27]. Using Pseudomonadaceas and Enterobacteriaceae as biosorbent
also reduced selenium concentrations from between 1.7 and 30 mg Se/L to between
160 and 1000 μg Se/L in three types of wastewater from a mine. Pseudomonadaceas
and Enterobacteriaceae reduced the concentration of Se from 1.7–30 mg Se/L to
between 160 and 1000μg Se/L in three types of wastewater from a mine [28]. Pieniz
et al. [29] used Enterococcus faecalis and Enterococcus faecium for the removal of
selenium at initial temperature of 25 °C and pH of 7.0. 9.9 mg/L and 59.7 mg/L of
selenite were further removed by E. Faecalis and E. faecium, respectively, in 24 h.

Fungi and yeast are also of great interest in their use in biotechnology as they
are known to proliferate at a high rate and can be genetically manipulated easily.
In addition, they (fungi and yeast) have high genetic diversity, can survive various
environmental conditions and can be morphologically manipulated. Furthermore,
growing them is easy and their waste biomass is readily available as industrial by-
products [30]. Though their use is well-documented for treatment of other pollu-
tants, their use as biosorbents for selenium treatment are not well exploited [31];
hence, there are only a few report on their use for removal of selenium oxyanion
from the environment. Organic and inorganic forms of selenium bind with fungi
and selenium can be bioaccumulated intracellularly by forming ionic bonding with
cellular proteins, polysaccharide and phospholipids or extracellularly by active trans-
port. Phanerochaete chrysosporium was used to remove selenite from simulated
wastewater. In a 41-day experiment using a continuous flow bioreactor, there was the
removal of total soluble Se at ~70% [32]. The fungal caused intracellular production
of elemental selenium nanoparticles which led to its morphological changes.

Experimental studies have shown that Fusarium sp., Aspergillus niger, Rhizopus
arrhizus, Mucor SK and Trichoderma reesei reduced selenite to its elemental form
[33] while Saccharomyces warrum reduced selenite in 30–180 μg/mL sodium
selenite. In the later study, S. warrum accumulated 0.6–2.2 mg/g of selenium from
malt wort and 0.3–0.9 mg/g from sparge water, respectively [34]. The biosorption
capacity (127 mg/g) of Ganoderma lucidum biomass on selenium was also reported
by [35], and they revealed that the carboxyl, carbonyl, hydroxyl and amino groups
played significant role in the process.

Like other cells, algae have proteins, lipid and polysaccharide on their cell walls;
thesemolecules have sulfate, carboxyl, hydroxyl, and amino functional groupswhich
confer on it, high binding capacity to metalloid and metals [36]. The suitability of
algae as biosorbent used for pollutant removal technology is also attributed to its
cost-effectiveness, abundance and sustainability [37] even though their adsorbent
capacities can be improved by pre-treatment. The capacity of Spirogyra biomass
with potential for selenium removal was improved by either autoclaving, heating, or
chemical pre-treatment with sodium hydroxide and acetic acid [38]. It was reported
that the pre-treatment by autoclaving caused the best effect on biosorption capacity
[38]. Pre-treatment of Gracilaria biomass (by-product of agar production) with ferric
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solution and conversion to biochar showed its capacity to absorb Se (IV) and (VI)
at low capacity (2.7 mg/g) [13]. Nevertheless a 98% removal of Se (IV) from mock
solution by modified Gracilaria biochar has been reported [39].

9.2.2 Removal of Arsenate and Arsenite from Aqua Systems
by Microbes

Arsenic is naturally found in sediments but can be released during geological activi-
ties like digging of shallowwells. Arsenic is suspected to be leached out of sediments
through microbial metabolism [40]. Oxyanions of arsenic are also immobilized by
natural organic matter (NOM) through mechanisms like complexation [41]. Weath-
ering of rocks and other anthropogenic activities like the use or production of chemi-
cals containing arsenic can also contribute to arsenic levels in the environment. High
concentrations of arsenic were found in domestic drinking water from shallow-well
in the American Midwest and Bengalese [40, 41]. Arsenate (AsO4

3−) and Arsenite
(AsO3

3−) are the most common toxic oxyanions of Arsenic found in aqua systems
[42]. Arsenate exists readily in aqua systems due to its relatively high solubility
although they could form phosphate precipitate and other types of precipitates in the
environment in the presence of insoluble iron compounds and calcium [40]. Arse-
nate is stable in aerobic aqua systems like surface water and shallow groundwater
while arsenite can be found in deep groundwater usually under moderately reducing
anaerobic condition [43]. Arsenate toxicity is due to its structural similarity with
phosphate (Fig. 9.1) while Arsenite in water can mimic non-ionized glycerol and
hence, can be transferred by glyceroporin membrane channel proteins to cells [44,
45]. Its affinity to protein thiol groups, protein-DNA and its DNA-DNA cross-linking
also make it more toxic than Arsenate [46–48]. Arsenite is reported as 25–50 times
more toxic than Arsenate [49, 50]. Hence, the removal of Arsenic oxyanions with
the aid of microbes is addressed in this section.

An option used in treatment plants forArsenic removal is the oxidation ofArsenite
to its less toxic form, Arsenate [51]. Although chemical oxidation is conventionally
used by adding reagents, they constitute environmental hazards because of toxic
by-products from the process. This drawback is overcomed when biological pre-
treatment technique is used for the oxidation process [52]. The oxidation of arsenite
can be achieved by a wide range of bacteria like heterotrophic arsenite oxidizers
through detoxification reactions or by the chemolithoautotrophic growth strategy [40,
53, 54]. Another option for Arsenic removal is the reduction of Arsenate. Bacteria
are known to cause the reduction of Arsenate and their uses in Arsenic removal are
well-documented [55, 56].

Most times, the treatments of oxyanions in aqua systems are achieved by a
combination of biological/physicochemical adsorption processes like biogenic iron
and manganese oxides used in oxidation and adsorption [57] for Arsenic removal.
Other successful combined methods for Arsenic removal are biofilters coupled with
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activated granular Fe-hydroxides, metallic Fe adsorbents and alumina [58, 59] and
biological/iron/manganese oxidation systems [60]. In a study, Corsini et al. investi-
gated the use of twenty (20) indigenous bacterial isolates in removing arsenate and
arsenite from groundwater in Lombardia, Italy [61]. The isolates majorly from the
genera Achromobacter, Rhodococcus and Pseudomonas with the chromosomally
encoded arsenical resistance (ars) operon genes were able to reduce 75 mg/L arse-
nate to arsenite. Among three arsenite oxidizing isolates, Rhodococcus sp., Achro-
mobacter sp. and Aliihoeflea sp., the strains of Achromobacter sp. (1L) and Aliihoe-
flea sp. (2WW) had aioA genes for arsenite oxidase. The combination of oxidation
by 2WW strain with goethite adsorbent caused the removal of Arsenite (from 200
to 8 μg/l) in groundwater which accounted for 95% removal of arsenite. In another
work, Akhter et al. [62] reported the presence of genes responsible for arsenite oxida-
tion and arsenic resistance in Pseudomonas stutzeri TS44 indicating its potential for
arsenite removal from the environment. Later, the use of functionalized melanin (Fe
and Cu impregnated) extracted from P. stutzeri for arsenite and arsenate removal in
aqueous system was studied [63]. Results indicated that within pH of 4.0–6.0 there
was >99% removal of both oxyanions in 50 min and 80 min for Fe-melanin and
Cu-melanin, respectively. 99% adsorption efficiency was recorded after four reuse
cycles of the adsorbent by desorption of Fe and Cu bound to the oxyanions and
re-functionalizing with Fe and Cu, which suggests their sustainable use for arsenic
removal.

Individual or consortiums of microbes have also been tested for their potential
to remove arsenic. Findings show that Momordica charantia oxidized arsenite in
45min, Inonotus hispidus biosorbed both arsenate and arsenite in 30min and Staphy-
lococus xylosus transformed both Arsenite and Arsenate in 30/150 min, respectively
[50, 64–66]. In 1 mg/L arsenite and arsenate contaminated water, Teclu et al. [46]
reported 70% and 87% removal of arsenite and arsenate, respectively, after 14 days
of using a mixed culture of sulphate-reducing bacteria (SRBs) in a batch mode after
a 14 days. Under similar conditions, with 5 mg/L each of the oxyanions, there were
61%and 81% removal of arsenite and arsenate, respectively, due to increased concen-
tration of the oxyanions which impacted the bioremoval efficiency. In the same study,
50 ml of SRB cell pellets were also examined for their capacity to sequester As (III)
and As (V) from the 1 mg/L and 5 mg/L contaminated waters. A 6.6% and 10.5%
of 1 mg/L As (III) and As (V), respectively, were sequestered in the contaminated
water while 6.4% and 10.0% of 5 mg/L As (III) and As (V), respectively, were
sequestered in the contaminated water after 24 h contact. As (III) removal was lower
than that of As (V) and efficiencies of removal for the actively growing SRB were
better than the SRB cell pellets for both oxyanions in this study. The sulphide from
metabolic activity of SRB is known to react with the dissolved arsenic oxyanions to
form an arsenic sulphide precipitate, which can lead to a decrease in the availability
of dissolved arsenic. However, due to the formation of soluble thioarsenite as by-
product during this process, the procedure is not stable and it is also not satisfactory
[67].

Sun et al. [68] in their study aimed at overcoming this hindrance by proposing
a sulphur-reducing process using a community of sulphur-reducing bacteria (SRB)
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other than sulphate reduction in the aforementioned treatment system. Their proce-
dure indicated the use of reduced numbers of electron donors, and the rate of
sulphide production was relatively higher [68–70]. Their findings also showed that
the produced sulphides precipitated arsenite causing >99% removal, thioarsenite
formation was eliminated and the procedure efficiently removed arsenite at acidic
pH natural to arsenic-contaminated waters. Their findings indicated that treatment
of arsenite using sulphur reducing bacteria is a better alternative than sulphate-
reducing bacteria. Two strains of Bacillus cereus (P1C1Ib, P2Ic) and one of Lysini-
bacillus boronitolerans (P2IIB) species out of 38 strains isolated from mine waste
that impacted soils in Paracatu, Brazil, showed potential for arsenite removal [71].
These three strainswere resistant to 3000mg/L of arsenitewhich is among the highest
concentrations of arsenite tolerated by arsenic resistant bacteria earlier reported by
Escalante et al. [72], Shakya et al. [73], Majumder et al. [74], Huang et al. [75]. Even
though their use in arsenic treatment is not yet reported, they could be exploited.

The ability for organisms to exist in the presence of pollutants is linked to their
genes that induces the expression of resistance proteins. This knowledge is applied in
genetic engineering. Several genes are related to arsenic resistance and metabolism.
The asoA and asoB genes in A. Faecalis [40], arsC gene in more than 50 organisms
ranging from bacteria, yeasts and protists [76], arsB and acr3 genes in arsenic-
resistant bacteria [77] are well documented. Among such resistant proteins expressed
by the arsenic-resistant genes is ArsR. The ArsR gene has specific affinity for As
(III) but not for other oxyanions like phosphate and sulfate. Kostal et al. [51] studied
the expression of ArsR gene by bacterial cells in the accumulation of arsenate and
arsenite. They genetically modified E. coli such that the strain over expressed ArsR
gene which resulted in selective accumulation of arsenite. Although they recorded
relative success, high expressions of ArsR led to reduction in cell density. This set
back was rectified by the addition of fusion partner (elastin-like polypeptide) in the
protein. The modified ArsR (ELP153AR) gene showed better performance as their
over expression did not affect cell density but caused 5 times and 60 times higher
accumulations levels of Arsenate and Arsenite respectively. Other reports on Arsenic
removal using microbes include work by Kim et al. [78] and Ahmad et al. [79].

9.2.3 Removal of Chromate from Aqua Systems by Microbes

The oxyanions of chromium are chromate and chromite. Chromate is soluble and
toxic while chromite is insoluble at≥7.0 pH. Chromite is less toxic because it cannot
easily be transported through cell membrane [80, 81]. However, they are micronu-
trients to organisms [82]. Chromate at high concentration inhibits the growth of
microbes. It causes mutagenic and carcinogenic effects in humans [83] but at low
levels in the environment, some microbes can reduce chromate to chromite [84].
Species of microbes that are resistant to chromate live in chromate-contaminated
environment with levels as high as 500 mg/L [85] and 250 mg/L [86]. Species like
Pseudomonas fluorescens LB300 and yeast grew in 270 mg/L and 500 mg/L of Cr
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(IV) [84, 87], respectively, while P. Ambigua showed tolerance to 2000 mg/L of Cr
(IV). However, for the synthesis of RNA, DNA and proteins were inhibited. It caused
87% and 13% removal of soluble and insoluble fractions of chromate, respectively
[88]. Other chromate-tolerant bacteria are Bacillus firmus (49,400 mg/L), from soil
contaminated with electroplating effluent [89] and CMBL Crl3 strain (45,000 mg/L)
in wastewater from leather tanning industry [90]. A major medium of cellular trans-
port for chromate from the environment is the sulphate transport pathway [91, 92],
although sulphate intakewas reported to be unaffected by the presence of Cr (IV) [84,
93, 94]. There is also the outward translocation of Cr (IV) through cell membrane
[95]. Other genes associated with transport of chromate are MtrC and OmcA [96–
98] while genes associated with chromate reduction include ChrR, NemA and NfsA
[99, 100].

Microbes tolerant to chromate at high concentrations are potential candidates for
chromate removal and such studies are well-exploited and reported but not all resis-
tant or tolerant bacteria are efficient in chromate removal [101]. Thus, the selection
of microbes useful for chromate removal does not only depend on their tolerance to
high levels of chromate but testing for their chromate reduction capability. Studies
showed that even though two species of bacteria had similarCr (IV) reducing capacity
(40 μg/L) and tolerance levels (80 μg/L), the removal of Cr (IV) was 10 μg/L
and 30 μg/L (Bacillus sp. and Arthrotobacter sp.) respectively, after a 46 h period
[102]. Also, BrevibacteriumAKR2 strain tolerated 1000 and 1500mg/L of chromate
showing 91% and 86% chromate removal respectively, in 24 h [103].

Chromate reduction to chromite could be achieved aerobically by using chromate
reductase, anaerobically by using Cr (IV) as electron acceptor or reduction or by
chemical reactions with sugars, amino acids, organic acids, glutathione, nucleotides
or vitamins [104]. Chromite is then immobilized as species of hydroxide [105, 106].
Several experimental reports indicate the use of individual microbes for the removal
of chromate [107–109]. Nonetheless, they prove challenging practically. Instead,
the use of bacterial consortiums is more feasible in nature. For instance, Ma et al.
[110] monitored the use of a consortium of bacteria for chromate removal and
established that the removal was by extracellular enzyme and not by adsorption.
However, the diversity and richness of the bacteria decreased with reduction of chro-
mate. Although, the success of using free cells for chromate removal is usually
challenging because of chromate toxicity and the cellular damage they impose on
cells, yet the use of immobilized cells has proven effective in biological treatment of
chromate in wastewater [81]. ImmobilizedMicrobacterium sp. removed 100 μMCr
(VI)within four days [111] and immobilizedDesulfovibrio vulgaris caused reduction
of 0.5 mM Cr(VI) to 0.1 mM in 22 h [112]. Other immobilized bacteria cells used in
chromate removal include Desulfovibrio desulfuricans [113], Streptomyces griseus
[114], Pannonibacter phragmitetus LSSE-09 [115], Pseudomonas S4 [116], etc.
The reuse of the immobilized cells of Pseudomonas S4 [116] and S. griseus [114]
was proven sustainable as the reduction of chromate with recycled cells recorded
similar removal efficiency. A combination of adsorption, biosorption and bioac-
cumulation processes using substrate and microorganisms has proved efficient in
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oxyanion removal. Gao et al. [117] investigated chromate removal using immobi-
lized bacteria onmaifanite/ZnAl-LDHs compared to natural maifanite. Furthermore,
constructed rapid infiltration systems (CRIS) has been developed as a technology
with the potential to be exploited for oxyanion removal from aqueous systems.

9.2.4 Removal of Phosphate from Aqua Systems
by Microorganisms

Phosphorus (P) normally originates from human and animal wastes, food processing
effluents, commercial fertilizers, industrial wastewater, agricultural land runoffs and
household detergents, it is amajor nutrient contaminant inwater. The forms of oxyan-
ions of phosphorus include orthophosphate, polyphosphates and organic phosphorus
which enter into water bodies through mining, industrial and agricultural activities
and sewage discharges. Excessive concentrations of phosphorus in water usually
lead to eutrophication [118, 119]. This consequently causes the deterioration of
water quality due to the growth of plants such as algae that disrupt the ecological
balance of the waters affected [120] as low levels of oxygen can cause death of some
aquatic lives [121, 122]. Algae bloom is potentially risky to human health because
of the consumption of aquatic food contaminated with algal toxins or the direct
exposure to waterborne toxins [123].

Polyphosphates and organic phosphate are converted to orthophosphate by hydrol-
ysis/or microbial mobilization [124, 125]. Orthophosphate is soluble, and it is
directly assimilated by most plants, including algae, and they also have the ability to
strongly adsorb onto inorganic particles, matters/sediments in water. Several strains
of bacterial and fungal species have been described and investigated in detail for
their phosphate-solubilizing capabilities [125, 126]. Such isolates include species
of Pseudomonas and Bacillus [127], fungi, actinomycetes and even algae. Other
bacteria that have been reported as phosphorus solubilizer include Rhodococcus,
Arthrobacter, Serratia, Chryseobacterium, Gordonia, Phyllobacterium, Delftia sp.
[128, 129], Azotobacter [130], Xanthomonas [131], Enterobacter, Pantoea, and
Klebsiella [132], Vibrio proteolyticus, Xanthobacter agilis [133]. Many different
strains of these bacteria have been identified as phosphate solubilising bacteria
(PSB), including Pantoea agglomerans (P5), Microbacterium laevaniformans (P7)
and Pseudomonas putida (P13) strains which are highly efficient insoluble phos-
phate solubilizers. It was reported by Bass et al. [134] that a consortia of four
bacteria synergistically solubilize phosphorus at a much faster rate than any single
strain. Solubilized phosphorus can then be finally removed by chemical or physical
methods.



9 Managing Oxyanions in Aquasystems—Calling Microbes to Action 247

9.2.5 Removal of Perchlorate and Chlorate from Aqua
Systems by Microbes

The oxyanions of chlorine, perchlorate (ClO4
−) and chlorate (ClO3

−) are highly
soluble, strong oxidants that are deposited in the environment through both anthro-
pogenic and natural processes [135–137]. Perchlorate is a common chemical which
has diverse range of industrial uses ranging from pyrotechnics to lubricating oils
[138]. However, it is predominantly used as an energetic booster or an oxidant in
solid rocket fuels by themunitions industry [139, 140]. It is toxic to humans because it
inhibits the uptake of iodine by the thyroid gland [141], thereby disrupting the produc-
tion of thyroid hormones, potentially leading to hypothyroidism in both infants and
young children [142, 143]. Humans usually gets exposed to it through oral ingestion
as contamination is widespread in soil, fertilizers, and groundwater, allowing it to
readily move into the food chain [144]. It also has a negative effect on ecosystems
because it leads to loss of environmental quality. According to Smith et al. [145],
short-term exposure has been shown to affect the nervous, respiratory, immune, and
reproductive systems.

One of the most promising, effective, and economically friendly method utilised
for the removal of perchlorate is the use of bacteria in biotechnological systems,
because they are capable of reducing and eliminating the oxyanion. Xu and Logan
[144] reported that the use of bacteria in removing perchlorates usually leads to the
complete degradation of perchlorate ions into Cl− and O2. Perchlorate and chlo-
rate are reduced to chlorite (ClO2

−) by the enzyme perchlorate reductase (pcr; EC
1.97.1.-), and further broken down into O2 and Cl− by the enzyme chlorite dismu-
tase (EC 1.13.11.49) [146, 147]. The biological degradation pathway is as follows:
ClO4

−(perchlorate)→ClO3
−(chlorate)→ClO2

−(chlorite)→Cl− (chloride)+O2.
Studies on the kinetics of microbial reduction and gene regulation of ClO4

−
have been reported [148, 149]. In both reports, the diversity of perchlorate-reducing
microorganisms (PRMs) is presently confined to bacteria andAchaea alone.Majority
of them, both cultured and uncultured, belong to the bacteria domain. They are, gener-
ally called perchlorate-reducing bacteria (PRB) and among bacteria, proteobacteria
represented the most prominent species (α, β, γ, δ and E subgroups, dominated by
β), and a minor fraction by Firmicute. Achaea and protozoa community in ClO4

−
reducing bioreactors is scarcely reported. An archaea reducing ClO4

− from a marine
environment (Archaeoglobus fulgidus) from the phylum Euryarchaeota, has been
reported [150]. Perchlorate-reducing bacteria are phylogenetically diverse; these
include alphaproteobacteria, betaproteobacteria, gammaproteobacteria and deltapro-
teobacteria classes, with betaproteobacteria being the most commonly detected class
[151]. In a study carried out by Acevedo-Barrios et al. [152], bacterial strains
belonging to the betaproteobacteria class showed biological capacity to reduce
concentrations of KClO4 between 10 and 25%, they also reported that the genera
nesiotobacter and salinivibrio showed the highest percentage (25%) of perchlorate
reduction, while the genera vibrio, bacillus, and staphylococcus presented the lowest
proportion ofKClO4 reduction,with 14%, 12%and10%, respectively. Recent studies
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have shown that the amount of perchlorate reduced may be inversely proportional to
increased salinity in an aquatic system [153].

According to Youngblut et al. [154] and Coleman et al. [155], dissimilatory
(per)chlorate reducingbacteria (DPRB)use a highly conservedperchlorate reductase,
PcrABC, to reduce perchlorate to chlorate and subsequently to chlorite. The chlorite
is rapidly removed by another highly conserved enzyme, chlorite dismutase (Cld),
to produce molecular oxygen (O2) and innocuous chloride (Cl−). The oxygen that is
produced is then respired by the same organism generally through the use of a high-
affinity cytochrome cbb3-oxidase. A report by Brundrett et al. [156] has shown that
due to their unique ability to generate molecular oxygen under anaerobic conditions,
they are capable of stimulating oxygenase-dependent anaerobic metabolisms. This
was first shown in anoxic co-cultures of DPRB with obligate aerobic hydrocarbon
utilizing Pseudomonas spp. [157, 158]. In these studies, degradation of benzene
and naphthalene was demonstrated under anoxic conditions when the cultures were
amended with chlorite. The chlorite was directly dissimulated into O2 and Cl− by
the active DPRB, and the biogenic O2 was subsequently available for the aerobic
Pseudomonas to use as a co-substrate and an electron acceptor for the hydrocarbon
metabolism in an oxygenase-dependent manner. The production of oxygen by these
organisms makes them suitable for the bioremediation of a broad diversity of recal-
citrant xenobiotic compounds under anoxic or oxygen limiting conditions, both
insitu and in bioreactors. The optimal temperature range for perchlorate reduction is
28–37 °C [159, 160].

9.2.6 Removal of Nitrate and Nitrites from Aqua Systems
by Microbes

Nitrogen is an essential nutrient available and utilized in various forms by living
organisms. It is largely inaccessible as nitrogen gas (N2) and must undergo various
transformations involving reduction and oxidation. Other inorganic forms of nitrogen
include ammonia and nitrate while organic forms include amino and nucleic acids.
Nitrite (NO2

−) is an oxyanion of nitrogen with symmetrical structure made up of one
nitrogen atom bonded to two oxygen atoms. It is also an intermediate in the nitrogen
cyclewhereinNH4

+ is converted intoNO2
− bymicrobes during nitrification. Nitrates

and nitrites exist as highly soluble inorganic salts in the environment and are soluble
in water. Nitrate is produced from nitric acid and is known as the conjugate base
of nitric acid. It is also a metabolic product of nitrite oxidation during the latter
stages of the nitrogen cycle. Both nitrate and nitrite are intentionally introduced to
the environment majorly for agricultural purposes and are thus present in food crops
and the water we drink [161].

Ingested nitrates and nitrites have been implicated in the endogenous synthesis
of N-nitroso compounds (NOCs) such as nitrosamines, a carcinogenic compound
associated with stomach and colorectal cancer (CRC). Long-term dietary nitrate
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derived from animals are associatedwith rectal cancer while colorectal cancer (CRC)
is associated with nitrate exposure in drinking water [162]. Nitrate and nitrite are
also contributing factors to methemoglobinemia (blue blood syndrome) which is
an uncommon condition of the blood where the oxygen transporting ability of
haemoglobin is impaired. This is brought about by the attachment of nitrites to
the oxygen atoms in the blood resulting in a deficiency of oxygen thus changing
haemoglobin to methemoglobin. Nitrites have also been implicated in stomach
cancer. The primary and major source of nitrate contamination in different water
bodies especially ground and surface water is associated with agricultural activities.
Other means of contamination include runoffs from landscapes exposed to nitrogen-
based fertilizer usage, animalmanure and also sewage. This results in eutrophication,
distrophication or hypertrophication of thewater body resulting in hypoxia; the deple-
tion of oxygen and formation of dead zones incapable of supporting life. Although, it
is not as lethal as nitrite, nitrate levels measuring above 30 parts per million (ppm) are
capable of inhibiting growth, ability to reproduce, and impairs the immune system
of aquatic species. In animals, nitrate poisoning results in an increased heart rate,
respiration, colour change of blood and tissues from red to blue or brown. Plants also
suffer from an elevated nitrate level resulting in asphyxiation and plant death.

Several processes have been established for the removal of nitrite in water. The
oxygen-limited autotrophic nitrification and denitrification (OLAND) process uses
normal nitrifiers, dominated by ammonium oxidizers using nitrite as electron accep-
tors, ammonia is oxidized to nitrogen gas. This is followed by the action of hydrox-
ylamine oxidoreductase (HAO) or its related enzyme which is responsible for the
loss of nitrogen [163]. The downside of the OLAND process includes the need for
aeration when converting ammonia into nitrites and an additional external carbon
source such as methanol over an extended period of time [164]. The completely
autotrophic nitrogen removal over nitrite (CANON) process is aimed at complete
autotrophic nitrogen removal over nitrite in a single reactor. Using this process, 85%
of ammonia is mainly converted into nitrogen gas and 15% is recovered as nitrate
with a negligible production of nitrite at 0.1%. Unlike the OLAND process, CANON
does not require an external carbon source [164, 165]. The SHARON–ANAMMOX
process is complicated as it uses a double-stage partial nitration/anaerobic ammo-
niumoxidation technique and requires the dilution of ammonia in high concentrations
[164, 166].

Given the foregoing and the setback in the above illustration for nitrate conver-
sion to nitrogen gas, the total removal or conversion of excess nitrate and nitrite
to gaseous nitrogen has been the focus for several scientists. Several organisms
categorized as ammonia oxidizers and nitrite oxidizers are required in a two-step
sequence in converting ammonia to nitrite, and nitrite to nitrate called nitrification.
Nitrification occurs at the aerobic/anaerobic interface, but nitrifying bacteria have
a high affinity for oxygen. Some nitrite-oxidizing bacteria includes: Nitrospira (δ-
proteobacteria), Nitrobacter (α-proteobacteria), Nitrococcus (γ-proteobacteria) and
Nitrospina. Ammonia-oxidizing organisms use ammonia or nitrite as electron donors
and CO2 as their sole carbon source. In the presence of iron oxide (ferrihydrite
or magnetite), S. oneidensis MR-1 was capable of removing nitrite with gaseous
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nitrogen as the end product. Both ferrihydrite and magnetite compounds remained
stable with gaseous nitrogen yield of 65.56% and 23.13%, respectively [167].

Nitrification has been adopted in the removal and reduction of nitrogen in recycled
water using either autotrophic or heterotrophic organisms. A heightened ammonium
and nitrite removal were reported following autotrophic microbial activities in the
presence of heterotrophic strains. Several Janthinobacterium species were capable
of nitrite removal at temperatures as low as 25 and 15 °C. In an experimental setup
of heterotrophic ammonium and nitrite (HAN) removal complex made up of Janthi-
nobacterium and Dyadobacter species applied in an trout (Oncorhynchus mykiss)
aquaculture system, Dyadobacter species removed un-ionized ammonia below the
recommended level for trout culture by converting ammonia to nitrite which was also
removed by Janthinobacterium sp. to a level below the range limit (1000 μg l−1) in
the aquaculture system. The pHwas the only affected variable in the designed system
owning to the acid production during nitrification. Following this experiment, trout
stresses were alleviated and the aquaculture productivity increased in comparison
with the control. It was however established that Janthinobacterium sp. can grow
and degrade nitrite within a range of 2–15 °C at a pH of 6.8, a condition capable
of antibacterial and fungal roles [168]. Another study established the capacity of
nitrate/nitrite-dependent anaerobic methane oxidation (n-DAMO) archaea coupled
with anaerobic ammonium oxidation (Anammox) in a membrane biofilm reactor
(MBfR) for the removal of nitrogen from landfill leachate. The n-DAMO archaea
utilizes methane in reverse methanogenesis to provide electrons to reduce nitrate to
nitrite [169], and the presence of anaerobic ammonium oxidation bacteria (AnAOB)
removes the electrons needed by n-DAMO for its denitrification process. To avoid
this, the growth of n-DAMO archaea was influenced in an MBfR using ammonium
and nitrate as a start-up, loaded at a consistent low level to enable accumulation
of n-DAMO archaea biomass for nitrate removal [170]. The activities of AnAOB
(converting nitrites to nitrates) were stimulated following the addition of nitrite into
the MBfR already fed with ammonium and nitrate. This made nitrates available for
the denitirification process of n-DAMOarchaea. The nitrate removal rate of n-DAMO
archaea reached about 160.0 mg NO3

−-N L−1 d−1 within 200 days of the study. The
n-DAMO and Anammox process are said to be efficient in the removal of nitrogen
from landfill leacheate [171].

Nitrosomonas, Nitrospira and Candidatus brocadia are described as ammonium
oxidation bacteria (AOB), nitrite oxidation bacteria (NOB) and anammox bacteria
(AnAOB), respectively [172]. To evaluate nitrification ability in recycled water or
seawater, AOB andNOBwere subjected to different saline conditions. Amoving bed
bioreactor (MBBR) with immobilized microbial granules (IMG) was tested on recy-
cled synthetic aquaculture wastewater for the nitrification at 2.5 mg/L NH3-N daily.
Although increase in salinity from near zero to 35.0 g/L, decreased the microbial
activity of NOB by 86.32%. At high salinity of 35.0 g/L NaCl, the IMG effectively
converted ammonia into nitrate up to 92%.Nitrosomonas sp. andNitrospira sp. were
established as the dominant genera for AOB and NOB at different salinity levels
[173]. Nitrifying biofilms developed in brackish water were compared to nitrifying
biofilms developed in freshwater to acknowledge the most robust when subjected
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to salinity changes. After 60 days, the brackish water biofilm had half the nitrifi-
cation capacity of the freshwater biofilm, less diverse microbial community, lower
proportion of nitrifiers, and a significantly different nitrifying community composi-
tion.Nitrosomonas andNitrosospira species were the main ammonia oxidizers in the
brackish water biofilms. Nitrotoga was the dominant nitrite oxidizer in both treat-
ments while Nitrosomonas sp. was dominant in the freshwater biofilm. However, the
low concentrations of ammonia and nitrite, and the rapid increase of nitrate concen-
tration, indicate the complete nitrification in both reactors within the 60 days. This
study concludes that biofilms develop nitrification in brackish water in comparable
time as in freshwater, and brackish start-up can be a strategy for bioreactors with
varying salinity [174].

9.2.7 Removal of Bromate and Its Related Oxyanions
from Aqua Systems by Microbes

Bromate is a conjugate of bromic acid, slightly soluble inwater and denser thanwater.
It is commonly formed by the reaction of bromide and ozone: Br− + O3 →BrO3

− .
In water containing bromide, photoactivation can cause liquid or gaseous bromine to
generate bromate. Following ozonization of water, several bromated ions are formed
via multistage oxidation of bromides by molecular ozone or hydroxyl radicals [175,
176]. Bromine exists in several forms: Bromide ion (Br−), Hypobromite (BrO−),
Bromite ion (BrO2

−), bromate ion (BrO3
−) and perbromate ion (BrO4

−). Bromate
formation is a multistep oxidization process by the transfer of oxygen from ozone
(O3) [175, 177]. Following the formation of bromite, the activity of ozone in water
triggers the production of intermediary radicals such as hydroxyl radical (·OH),
BrO2·, andO3·−. Bromide ionmay also reactwith the hydroxyl radical (·OH) creating
the bromine radical (Br.) which is oxidized by ozone to produce the intermediate
radical, BrO· that is hydrolysed to Bromite ion (BrO2

−). The last stage of oxidation
by ozone yields bromate ion BrO3

− [178] (Fig. 9.2).

Fig. 9.2 General pathway in the production of bromate from bromide. Source [178]
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The international Agency for Research on Cancer (IARC) classified bromate as
a level IIB carcinogenic compound. Ozonation has proven to be the most effec-
tive in disinfecting drinking water. However, it produces disinfection by-products
(DBP) such as aldehydes, carboxylic acid, ketoacid, ketone, inorganic halogen and
nitrile [179, 180]. This is problematic especially if bromide is present in water as
it can be oxidized to bromate [181] as shown in Fig. 9.2. The maximum permitted
concentration of bromate in drinking water is 10 μg/L [182, 183]. However, due to
ozone treatment of water, bromate concentration in potable water ranges between 0.4
and 60 μg/L making it a major factor that limits the adoption of large-scale ozona-
tion during water treatment processes [184]. Remediation of bromate from water
using microbes is more advantageous as it is cost effective and requires low energy
consumption in comparison with chemical and physical methods.

The mechanism of bromate bioremediation is not well-studied. Thus, biological
technology leverage on bromate as the electron acceptor to generate bromide (Br−)
without the accumulation of stable Bromite ion (BrO2

−), and hypobromite (BrO−).
Postulations of co-metabolism of bromate via nitrate reductase, (per)chlorate reduc-
tase and sulfate reductase have been made [185, 186]. However, in a bid to ascer-
tain this claim, numerous studies nullify these claims as reduction of bromate is
inhibited in the presence of nitrate. Pseudomonas sp., a denitrifying bacteria was
confirmed capable in reducing Bromate to bromide but in the presence of nitrate,
bromate reduction did not occur [187, 188]. It was also established that bromate
reduction ability of an autohydrogenotrophic microbial community was also inhib-
ited by high concentrations (50mg/L) of nitrate in a rotating biofilm-electrode reactor
[189]. Reasons being that nitrate is the more preferred electron acceptor in the pres-
ence of bromate when the electron donor, methane, was limited [190]. In another
study, bromate was removed when measurable concentrations of dissolved oxygen
(DO) and nitrate were discharged, but upon their introduction, bromate removal
decreased [191]. It was established that in the presence of bromate, DO, and nitrate,
DO competed against bromate as electron acceptor [192]. Bromate reduction was not
hindered in the absence and presence of sulphate possibly due to the lower potential
of sulphate to bromate and nitrate [178, 188, 193]. A diaphorase isoform belonging
to a bromate-reducing bacterium Rhodococcus sp. Br-6, possess a bromate-reducing
activity, but in an indirect way that involves the interplay of biotic and abiotic reac-
tions, the latter was dependent of redox mediators including ferric iron and a redox
dye 2,6-dichloroindophenol (DCIP) [194].

Microbes capable of reducing bromate include denitrifiers, sulfate-reducing
and (per)chlorate reducing bacteria which are ubiquitous and phylogeneti-
cally diverse in the environment. Analysis of the 16S rRNA amplicons would
provide genetic biomarkers used in identifying bromate-reducing organisms some
of which include Gammaproteobacteria, Firmicutes, Betaproteobacteria, Acti-
nobacteria [193], Clostridium (Firmicutes), Citrobacter (Proteobacteria) [185].
Bacteroidetes, Alphaproteobacteria [186]. Sphingomonas sp. 4721 (Proteobac-
teria) Deinococcus sp. 4710 (Deinococcus–Thermus) [192]. pirochaetacea spp.
(Spirochaetes) and Denitratisoma spp. Proteobacteria [195]. Exiguobacterium
(Firmicutes), Arthrobacter (Actinobacteria), Chlorobium (Bacteroidetes) [189].
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Bromate-reducing biochemical mechanisms which could be by co-metabolism,
respiratory or other specific pathways can be clarified and ascertained via the inte-
gration of metagenomics and metatranscriptomic technologies. This would provide
genetic insight to the metabolic pathways which would be useful in improving
bromate removal efficiencies under different environmental conditions.

9.3 Future Perspective

It is noteworthy that contaminants do not occur singly in water (oxyanions inclu-
sive) but in mixture with others substances in the matrix they are found, having a
wide range of concentrations. In this light, the successful removal of contaminants
should be tackled from amulticontaminant removal approach. A few researches have
addressed this challenge. For instance, Manna et al. [196] reported the successful
removal of arsenate and chromate from an aquatic matrix but only with bioinspired
silica nanoparticles assembled microsphere. Their design, mimicking silica struc-
ture of diatoms, showed efficient oxyanion-binding property with high recyclability.
However, the use of organisms in multioxyanions removal in aquasystems is rare.
Furthermore, the use of biological treatments is the right direction for removal of a
wide range of pollutants from the environment since they are eco-friendly and rela-
tively cheaper. However, their use for large scale water treatment is still minimal.
There is need for more research addressing the use of microorganisms in oxyanion
removal from aqua systems at this level.
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Chapter 10
The Halogen-Oxyanion Derivatives
as Contaminants of Concern in Water

Moses O. Alfred, Daniel T. Koko, Ahmad Hosseini-Bandegharaei,
Artur J. Motheo, and Emmanuel I. Unuabonah

Abstract Due to the adverse health and environmental effects of halogen, based
on oxyanions in water, the occurrence and distribution have been of great concern,
worldwide. Therefore, in this chapter, the occurrence, chemical structure, the natural
and anthropogenic sources of these oxyanionswere appraised. The impacts on human
health and the environment and their fate in water are carefully enunciated. Different
techniques that have been developed for the determination of halogen-oxyanions in
aqueous solutions are discussed. Finally, a perspective for future research on halogen-
based oxyanions is provided, and the possible research gaps, which are begging for
answers, are also highlighted.

Keywords Halogen oxyanions · Water · Pollution · Environmental management ·
Perchlorate · Bromate

10.1 Introduction

Oxyanions are polyatomic negatively charged ions, containing oxygen with the
generic formula AxOy

z− (where A represents a chemical element, O represents an
oxygen atom and z represents the overall charge of the ion) [1]. Some of these anions
are generated and leached into water bodies through anthropogenic activities and
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natural means. Research into the removal of these anions from the environment is
relatively very low when compared with those for cationic pollutants [2].

Among these oxyanions, the most toxic and mostly available in considerable
concentration inwater bodies are the halogen-based types [3]. Halogens, being strong
oxidants, combined easily with oxygen to form polyatomic oxyanions. Of the six
halogens elements, which include fluorine (F), chlorine (Cl), bromine (Br), iodine
(I), astatine (At) and tennessine (Ts), in the periodic table, the oxyanions of chlorine,
bromine and iodine are the most readily available. Polyatomic oxyanions with halo-
gens can exist in four different forms, depending on the number of oxygen atoms
present.

To name the most common form of the anion, use the stem of the halogen’s name
and add the ending “-ate”. If the oxyanion has one less oxygen than themost common
form, the ending changes from “-ate” to “-ite”. If there is one less oxygen than the “-
ite” anion, add the prefix “hypo-” to the beginning of the “-ite” anion’s name. If there
is one more oxygen than the most common anion (the “-ate” anion), add the prefix
“per-” to the beginning of the “-ate” anion’s name. Examples of these oxyanions
include nitrate (NO3

−), nitrite (NO2
−), sulphate (SO4

2−), sulphite (SO3
2−), perchlo-

rate (ClO4
−), chlorate (ClO3

−), chlorite (ClO2
−), hypochlorite (ClO−), perbro-

mate (BrO4
−), bromate (BrO3

−), bromite (BrO2
−), hypobromite (BrO−), periodate

(IO4
−), iodate (IO3

−), iodite
(
IO2

−)
, hypoiodite (IO−), tellurate (TeO4

2−), tellu-
rite (TeO3

2−), selenate (SeO4
2−), selenite (SeO3

2−), arsenate (AsO4
3−), arsenite

(AsO3
3−), phosphate

(
PO4

3−)
, phosphite (PO3

3−), carbonate (CO3
2−) and borate

(BO3
3−).

Fluorine is the first member of the halogen family. It is the most reactive and the
lightest, found as toxic pale yellow diatomic gas. Because of its reactivity, it forms
compounds with all other elements apart from He, Ne and Ar. It is not found in
elemental state but exists as minerals like fluorite, apatite and cryolite [4]. It is a
strong oxidizing agent and has the ability to form compounds with oxygen, such
as oxydifluoride (F2O or OF2) and dioxygen fluoride (F2O2) [5]. The formation of
fluorine oxyanions in water is very difficult, because the contact of oxygen difluoride
with water results in explosion, which makes them unstable [5]. Another reason F
does not form oxyanions is its lack of energetically accessible orbitals for octet
expansion [5].

The most common oxyanion of chlorine is chlorate. Its major source in water is
from the use of chlorine dioxide disinfectants and oxidants. Chlorite is also found
in water, due to the same application of hypochlorite as disinfectants and oxidants
[6, 7]. Perchlorates usually get to the aquatic environment from the manufacture and
use of rockets, fireworks and ammunition [8]. The negative impacts of perchlorate
led to publishing a reference dose (RfD) in 2002 for perchlorate as 0.00003 mg/kg/d,
with a drinking water equivalent level (DWEL) of approximately 1 µg/L [9, 10].
This was later updated in 2005 by the National Academy of Sciences and USEPA to
0.0007 mg/kg/d, with a DWEL of 24.5µg/L [11], a value based on the no observable
effect level (NOEL) of 0.007 mg/kg/d for inhibition of iodide uptake [11, 12].

Bromine occupy the fourth period in the periodic table. It can be oxidized to form
oxyanions of environmental concern, such as hypobromite, bromite, bromate and
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perbromate [3]. Based on its negative impact on human health and the environment,
bromate is considered to be the most important oxyanions of bromine. It contains
bromine in its highest oxidation state +5, so it is an oxidizing agent, especially
under acidic conditions. They are formed in water when ozonation is employed as
disinfection method for water that contains bromine [13]. The existing guidelines on
bromate contamination are based on its maximum acceptable concentration (MAC)
of 0.01 mg/L (10 µg/L) on renal cell tumours in rats, taking into consideration
limitations in analytical methodology and treatment technology [14]. The maximum
contaminant level (MCL) of bromate was proposed to be 0.010 mg/L by the United
States Environmental Protection Agency (USEPA) [14]. Salts of bromate include
sodium bromate (NaBrO3) and potassium bromate (KBrO3), both of which are white
crystalline substances that readily dissolve in water. Both salts are used in industrial
dyeing processes, for hair treatments and as dough conditioners in bread formulation.
Bromate has been extensively used as an oxidizer in food processing, such as flour
milling, beer malting and cheese making [15].

Iodine is the least reactive element of the halogens (besides astatine) because of its
large atomic size. It exists in low-temperature geochemical environment as elemental
iodine (I2), iodide (I−), iodate (IO3

−) and periodate (IO4
−). Iodine is a trace element

that exists in natural waters, such as seawater, freshwater and rain water [16]. It has
several synthetic isotopes, including some that are radioactive with short half-lives. It
is chemically similar to chlorine and bromine, but much less reactive as an oxidizer.
Iodine-129 (129I) has been reported to be one of the top risk radioactive contaminants
in the environment, due to its long half-life (1.6 × 107 years), toxicity and mobility
[17]. Iodine exists in large quantity, as iodate, in diet enhancement tablets and in
iodized salts, for the treatment of hypothyroidism [18]. This results in large amount
of iodates in the environment [18]. The existence of the different iodine oxyanions
depend on the environmental pH value. However, iodate tend to be the dominant
specie alongside iodide [19]. As the environmental pH value increases, naturally
occurring iodides are easily oxidized to iodate (IO3

−), periodate and iodide [20].
Astatine (At) is considered to be the rarest element in the earth’s crust, because

it is only formed from the radioactive disintegration of heavier elements. Other than
exhibiting more metallic character than other halogens, it is similar to iodine in prop-
erties. Its isotopes are stable, apart from At-210, which disintegrates easily to the
deadly Po-210 [21]. It is known to concentrate in delicate parts of the human body,
such as thyroid gland, lungs, spleen and liver [22]. The effects of At in the environ-
ment cannot be over emphasized, bearing in mind that some isotopes are used in
nuclear medicine for the treatment of cancer. Hence, there is a possibility that they
leach into the environment [23]. However, the chemistry of oxyanions of At is not
well established; therefore, it would not be further considered in this chapter.

Tennessine (Ts) was recently discovered in the year 2010, but was formally added
to the periodic table in the year 2016 [24]. Considering the position of Ts on the
periodic table, it is expected to behave like the other halogens. Scientific explanations
observed that relativistic effects from the Ts’s valence electrons will inhibit it from
producing anions or achieving higher oxidation states. Therefore, in some sense, it



266 M. O. Alfred et al.

behaves like a metalloid or post-transition element. However, being radioactive in
nature, it posed health risk to animals/human.

This chapter highlights the occurrence, distribution and effects of halogen-based
oxyanions in water. The impact of these oxyanions on human health and the envi-
ronment, the different techniques that have been explored for their determination
in aquatic environment and methods that have been employed for their removal in
aqueous system are presented. Considering the fact that there are few/no report(s)
confirming the presence of fluorine, iodine, astatine and tennessine oxyanions in
water, the focus of the chapter is limited to the oxyanions of chlorine and bromine.
The chapter closes with a peep into future research, regarding halogen-based oxyan-
ions in water and possible research gaps begging for further understanding especially
in the behaviour andmanagement of these oxyanions inwater. A brief review of some
of these research works is presented in Table 10.1.

10.1.1 Research Trends

The results of the analysis of published research articles on the occurrence of halogen
oxanions in water in the last 100 years, are presented in Fig. 10.1. Scopus® Analyse
document search tool, with the search term “halogen oxyanions in water” for each of
the oxyanions of halogen (e.g. perchlorate, chlorate, chlorite and hypochlorite) was
used; to get the total contribution of each of the anions, the sum of the individual
halogen oxyanions was used.

According to the search results, oxyanions of chlorine are the most popular
among the halogen oxyanions (Fig. 10.1). A yearly comparison of the publications
mentioning the halogen oxyanions in the past 100 years (Fig. 10.1a), shows that there
are more mentions for the oxyanion of chlorine than for any other halogen oxyanion
per year. However, there is paucity of report on the oxyanions of fluorine, astatine
and tennessine, which accounted for why these oxyanions are not represented on the
charts. Chlorine oxyanions contributes 83.74% (15,557 articles) of total number of
publicationsmentioning any halogen oxyanions,while bromine and iodine contribute
only 10.94 (2032 articles) and 5.32% (988 articles), respectively (Fig. 10.1b).

Oxyanions of chlorine started gaining research interest around 1960 (Fig. 10.2a).
For oxyanions of bromine, there was not much attention until 1980 (Fig. 10.2c),
while for iodine oxyanions, reports have only focused on iodate. Ever since, the
number of publications reporting the oxyanions of chlorine and bromine has grown
(Fig. 10.2a).

For the oxyanions of chlorine, hypochlorite has been the most reported, which
may be due to its use as bleach and disinfectant. With 5357 published articles (i.e.
34.43% of the total publications related to oxyanions of Chlorine), hypochlorite is
the most reported of all the oxyanions of chlorine. Chlorate is the least reported,
contributing only 7.44% of the total number of articles on oxyanions of chlorine
(1158 articles in the last 100 years) (Fig. 10.1b).
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Table 10.1 Occurrence of halogen oxyanions in water

Anions Matrix Analytical method Concentration
(mg/L)

References

ClO3
− Drinking water Spectrophotometry 4.5 × 10−6 [25]

ClO2
− Drinking water In-electrode coulometric

titration
0.25 [26]

ClO2
− Raba river

Rudawa
Dlubina

UV/vis spectrophotometry 220
230
170

[27]

ClO3
− Drinking water Liquid

chromatography-electrospray
ionization-mass spectrometry
(LC-ESI-MS/MS)

0.19 [28]

ClO3
− NaClO solution Iodometric titration 2–50 [29]

ClO2
−

ClO3
−

Drinking water
Drinking water

Flow injection A and ion
chromatography

0.03
0.04

[30]

ClO2
−

ClO3
−

Water
Water

Potentiometric titration 13.0
3.38

[31]

ClO4
− River water

Drinking water
Groundwater
Mineral water
Swimming
pool

Ion chromatography 16.1
14.8
5.41
2.58
205

[32]

ClO4
− Local city

hardwater
Ion chromatography 5.0 [33]

ClO4
− Drinking water Liquid–liquid extraction

followed by flow injection
electrospray mass spectrometry
(ESI/MS)

1 × 10−5 [34]

ClO4
− Groundwater

for human
consumption

Ion chromatography-mass
spectroscopy-mass
spectroscopy (IC-MS/MS)

1.5 × 10−4 [35]

ClO4
− Groundwater Ion

chromatography-electrospray
ionization-mass spectrometry
(IC-ESI-MS)

24.4 × 10−6 [36]

BrO3
− Drinking water Dispersive liquid–liquid

extraction and gas
chromatography-electron
capture detection

50 × 10−5 [37]

BrO3
− Bottled

drinking water
Ion chromatography with
spectrophotometric detection
after post column reaction

5–169 × 10−3 [38]

BrO3
− Waters Diffusion reflection

spectroscopy
5.0 × 10−4 [39]

(continued)
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Table 10.1 (continued)

Anions Matrix Analytical method Concentration
(mg/L)

References

BrO3
− Water from

centralized
supply
Sift drinks
Purified water
Table water
Table water
Medicinal
water

Photometric redox
determination

0.4
1.7
3.4
5.6
3.7
9.1

[40]

BrO3
− Tap water Spectrophotometry 25–750 [41]

BrO3
− Drinking water Spectrophotometry using

phenothiazines
0.67 and 2.25 [42]

IO3
− Sea water and

evaporates
Determined
spectrophotometrically as the
starch-iodine complex without
prior separation or
concentration of the iodine

50–84 × 10−3 [43]

IO3
− Sea water Determination of iodate using

methylene blue as a
chromogenic reagent

0.5–14 [44]

IO3
− Spring water

Groundwater
Sea water
Stream water

High performance liquid
chromatography (HPLC) with
amperometric and
spectrophotometric detection,
and off-line UV irradiation

16.7
234
50–51.5
0.58–2.07

[45]

Fig. 10.1 Charts showing a the trend in research for the management of halogen oxyanions and
b the contribution of each member of the halogen family to these studies
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Fig. 10.2 Charts showing a the trend in research for the management of chlorine oxyanions, b the
contribution of each oxyanions of chlorine to the management of studies, c the trend in research for
the management of bromine oxyanions and d the contribution of each oxyanions of chlorine to the
management of studies

For the oxyanions of bromine and iodine, bromate (Fig. 10.1d) and iodate have
been the most reported in literatures. Bromate contributed 92.18% of the total reports
on the bromine oxyanions (Fig. 10.1d), and iodate contributed about 98% for iodine.

10.2 Occurrence, Sources and Fate of Halogen Oxyanion
in Aqua Systems

10.2.1 Oxyanions of Chlorine

Chlorine oxyanions are negatively chargedpolyatomic ions consistingof chlorine and
oxygen. The chlorine atom is in an odd-number positive oxidation state, and oxygen
atoms with lone pairs of electrons surround the atom. All chlorine oxyanions possess
oxidizing ability, but variation exists in their stability. There are four types of chlorine
oxyanions which are hypochlorites (ClO−), chlorites (ClO2

−), chlorates (ClO3
−)
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and perchlorates (ClO4
−), and they exhibit unfamiliar trends in their characteristics.

Their oxidizing ability decreases, and they becomekinetically inferior oxidizers,with
increasing number of atoms of the oxygen in the oxyanion. Thus, more oxygenated
anions are more stable with respect to oxidation and reduction [46].

10.2.2 Fate of Chlorine-Oxyanions in Waters

10.2.2.1 Perchlorates

Perchlorate consists of chloride atom attached to four oxygen atoms (ClO4
−), and

it occurs in both anthropogenic and natural sources [47, 48]. It is a white crys-
talline powder or clear liquid, and its common chemical forms include ammonium
perchlorate, sodium perchlorate, potassium perchlorate and perchloric acid [49]. It
is a strong oxidizing agent and a constituent of variety of industrial and consumer
products, which include missile fuel, fireworks, vehicle airbags, fertilizers and other
products [50]. Perchlorate cannot be easily degraded in the environment because of
its highwater solubility, diffusivity and stability,whichmakes it a persistent inorganic
pollutant in water [51]. The characteristics and uses of some perchlorate compounds
are summarized in Table 10.2.

Perchlorate was first identified as a chemical of concern by the USEPA in 1985,
following its discovery in wells around hazardous waste sites in California [51, 52].
In an aqueous systems, its fate is relative to the chemical and physical properties of
the system [49]. Their salts are highly soluble in aqueous medium, but the ClO4

− is
very stable in the environment. It undergoes biodegradation by anaerobic bacteria,
releasing significant level of carbon and electron donors, like oxygen and nitrate [53].

In the soil, ClO4
− movement depends on the presence and circulation of water,

since it has poor sorption ability which is why it does not bind to soil particles [54].
In the presence of adequate water, it may be completely leached from the soil [55].
Terrestrial and aquatic plants can take up perchlorate and accumulate it in various
tissues or degrade it in their leaves and branches. At low concentrations, usually in
groundwater, it is transferred along the groundwater gradient towards the elimination
point [56]. These observations demonstrate that the knowledge aboutwater flowpaths
and aquifer properties are essential prerequisites to understand groundwater ClO4

−
contamination [53].

10.2.3 Sources of Perchlorate

The sources of perchlorate are classified as natural and anthropogenic (man made
manufactured) [57].Naturally, occurring perchlorate hasmainly been associatedwith
the geographies of extremely arid climates. Artificial sources result predominantly in
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areaswhere themanufacture, use and storage of ammunitions and rockets propellants
took place over a period of time [58].

10.2.3.1 Natural Sources

In general, the atmospheric source of ClO4
− is the UV-mediated photo-oxidation

of inorganic chlorine in the presence of ozone [53]. Other natural sources of ClO4
−

include volcanic eruptions [57, 59] and from the conversion of organic chlorine to the
inorganic forms [60]. Recent study suggested that the volatilization of chlorinated
solvents could also give rise to the formation of ClO4

− [59].
Another natural source of perchlorate is from atmospheric sources around arid and

semi-arid deserts [53]. Perchlorate from the atmosphere is deposited on the earth’s
surface by a wet and dry process, which is subsequently transferred to surface or
groundwater because of its high solubility and poor sorption [53]. This shows why
most natural ClO4

− occurrences are restricted to arid and semi-arid environments, as
the evapotranspiration is strong and the amount of atmospheric deposition exceeds
the rate of dissolution by the on-going precipitation [61]. Study has shown that the
concentration of ClO4

− increases with aridity index and the period of arid conditions
[61]. Perchlorate is also found as a natural impurity in nitrate salts from Chile, which
are imported and used to produce nitrate fertilizers, explosives and other products
[62, 63]. The type of soil may also play an important role in ClO4

− accumulation
[53], and site-specific biological activities (e.g. plants or bacteria) can also influence
ClO4

− accumulation [64].
Paleogeochemical deposits are rich sources of naturally occurring perchlorate that

are intensively mined and used for agricultural and industrial purposes.

10.2.3.2 Anthropogenic Sources

The main anthropogenic source of perchlorate is from areas where ammonium
perchlorate is manufactured [65]. Synthetic ClO4

− was first manufactured in
commercial quantities inMasebo, Sweden in the 1890s [55]. Being a strong oxidizer,
ammonium perchlorate is widely used in solid propellants for rockets explosives,
fireworks and missiles [66, 67].

Perchlorate also exists in several products as impurities. For instance, it is found
in sodium hypochlorite and sodium chlorate as a breakdown product and manu-
facturing by-product, respectively [68]. Sodium hypochlorite (NaOCl) has several
applications, which include; surface purification, bleaching, odor removal and water
disinfection. Hypochlorite solutions contain trace amounts of ClO4

− that is formed
during and after manufacture [11]. Most of the perchlorate contaminated sites are
found in or close to military establishments, where wastewater containing perchlo-
rate was discharged on the ground without proper treatment [69]. Electrochemical
production of sodium chlorate can also generate ClO4

− impurities at 50–230mg kg−1

ClO3
− [68].
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10.2.4 Effects of Perchlorate on Human Health
and the Environment

The effects of perchlorate can be studied based on their impact on the environment
and the direct effects on human. Intensive industrial development has contributed to
the increased pollution of the environmentwith hazardous oxyanions such as perchlo-
rates, which are leached from different sources [2]. Perchlorates is very poisonous at
very low concentrations and can be transferred into living organisms via inhalation,
ingestion and skin adsorption, causing irreversible effects [70].

Perchlorates are also promising effective thyroid disruptors. Several investigations
have proven that perchlorate contaminates the ground and surface water, basically
at fireworks manufacturing and display sites [49, 50, 71]. The health and ecological
effects of perchlorate released fromfireworks have been assessed and reported to lead
to direct or indirect perchlorate water contamination [72]. Environmental perchlorate
contamination may also happen in areas used for missile recycling, propellant or
ammunitions disposal, or other military operations [55].

A major toxic effect of perchlorate on human is thyroid disruption. Perchlorate
competitively inhibits the sodium iodide symporter (NIS), an intrinsic membrane
glycoprotein responsible for the uptake of iodide into the thyroid and other organs
[50]. Iodide uptake inhibition is considered the mode of action for perchlo-
rate [49]. Perchlorate is observed to be an endocrine disruptor because it can interfere
with iodide uptake by the thyroid gland and thus result in decreased thyroid hormone
production [47, 73]. Perchlorate also affects other tissues, where NIS is known to
be present, such as lactating breast epithelium, gastrointestinal tract, placenta, skin
and mammary gland [49]. The presence of perchlorate decreases the synthesis of
circulating thyroid hormones in the adult and decreases their placental transfer to the
foetus in pregnant women [74].

The Agency for Toxic Substances and Disease Registry (ATSDR) has established
a minimal risk level (MRL) of 0.0007 mg/kg/day for chronic duration oral exposure
(365days ormore) to perchlorate.AnMRL is an estimate of the daily humanexposure
to a hazardous substance that is likely to be without appreciable risk of adverse
non-cancer health effects over a specified duration of exposure [50].

In 2011, United States of America Environmental Protection Agency (USEPA)
determined that perchlorate meets the Safe DrinkingWater Act criteria for regulation
as a contaminant. EPA thenworked with the Food andDrugAdministration (FDA) to
develop a dose-response model for determining the effects of perchlorate on thyroid
hormone production in humans. In 2017, EPA completed a peer review to evaluate
EPA’s draft dose-responsemodel. It is proposed that a future peer reviewwill evaluate
EPA’s draft approach for deriving a maximum contaminant level goal (MCLG) for
perchlorate in drinking water [65].
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10.2.4.1 Chlorates and Chlorites

Chlorate (ClO3
−) is a monovalent inorganic anion obtained by the deprotonation of

chloric acid (HClO3), with the chlorine in the +5-oxidation state. It is a conjugate
base of a chloric acid. Meanwhile, chlorite (ClO2

−) is a conjugate base of chlorous
acid (HClO2). Themost commonly used of these is sodium chlorite (NaClO2).When
dissolved in water, it forms positively charged sodium cations (Na+) and negatively
charged chlorite anions (ClO2

−).
Chlorite and chlorate are disinfection by-products, resulting from the use of chlo-

rine dioxide as a disinfectant and odour/taste control inwater [7]. TheWHOguideline
values for chlorite and chlorate (0.7mg/L each) are designated as provisional because
the use of chlorine dioxide as disinfectant may result in their guideline values being
exceeded [75]. European Council Directive 98/83/EC do not indicate a limit value
for chlorite. However, the current Italian regulation for chlorite in drinking water is
set at 0.7 mg/L by the Decree of the Ministry of Health of 5th September 2006 [75].

Chlorate was not included in the final Stage 1 Disinfectants and Disinfection By-
products (D/DBP) rule, because the health effects data at that time were inadequate
to establish a maximum contaminant level goal (MCLG) [76]. Thus, managing chlo-
rate was an issue for water systems until the US Environmental Protection Agency
(USEPA) established a maximum contaminant level (MCL) for this compound in the
year 2015 [77]. This results from the facts that the use of hypochlorite has increased
as a result of safety, security, regulatory or community concerns [11].

10.2.5 Sources of Chlorate and Chlorite

The major sources of chlorate and chlorite are water treatment plants that utilize
hypochlorites for disinfection purposes [78]. Chlorate is produced, spontaneously,
from the disproportionation reaction of hypochlorites (Eqs. 10.1 and 10.2) [79]. In
this reaction, the amount of chlorate continues to appreciate as a function of the
storage temperature, pH, time and concentration of the hypochlorites [79].

2ClO− → Cl2 + O2 (10.1)

3ClO− → Cl2 + ClO3
− (10.2)

Chlorite can be sourced from rock minerals, modified in the course of burial, plate
collisions, hydrothermal activity or contact metamorphism [80]. Examples of such
rock minerals include clinochlore, pennantite, chamosite, greenschist, phyllite and
greenstone.
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10.2.6 Effects of Chlorate and Chlorite on Human Health
and the Environment

Chlorate causes oxidative destruction to red blood cells in mammals leading to
haemolytic anaemia and methemoglobin formation [81]. In addition, NaClO3 can
lead to nephrotoxicity via redox imbalance, causing DNA and membrane damage,
metabolic alterations and brush border membrane enzyme dysfunction [82]. Due to
its toxicity, chlorate has been included in the third USEPA Contaminant Candidate
List and it is under examination as a part of the current microbial and disinfection
by-product regulations review [83].

The health impact of chlorate on human is the toxicity, through ingestion and
inhalation, which typically lead to goitrogens, methemoglobin [7] and the enlarge-
ment of the thyroid gland [6]. Exposures to chlorites give rise to oxidative stress,
resulting in changes in the red blood cells [60, 61], cause anaemia and affect the
human nervous system [1].

Chlorite is not considered to have carcinogenic effect to humans, but may lead to
haemolytic anaemia and allergic dermatitis [7, 84]. In some toxicological research,
no definite toxicological effect associated with chlorite was observed, but it was
recommended that prolonged exposure to 120 and 360 mg/L of chlorite may cause
weight loss in mice and cerebellar lesions in the offspring of rats [75].

10.3 Oxyanions of Bromine

The presence of bromate (BrO3
−) in drinking water can be attributed to two principal

sources:

1. Electrolysis of NaCl: The electrolytic reactions of sodium chloride that result
in the production of hypochlorite solutions produce residues of bromate in the
presence of some bromide.

2. As disinfection by-product (DBP): The main source of bromate in water results
from the use of ozone to disinfect drinking water, and the ozone reacts with the
naturally occurring bromide in the source water [13, 85].

Br− + O3 → BrO3
− (10.3)

Bromate formation in disinfected drinking water is influenced by factors such
as bromide ion concentration, pH of the source water (maximally at 8.8), the
concentration of ozone and the reaction time used to disinfect the water.

The formation of bromate results from different oxidation processes of bromine,
which include chlorination in the presence of sunlight/UV [86], ozonation [87] and
sulphate-based oxidation [88, 89]. However, it has been reported that the bromate
formed during the chlorination treatment rapidly reacts with organic carbon present
in the water treatment system to form other brominated disinfection by-products like
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bromoform [90, 91]. The mechanism of bromate formation can be studied under
two stages. The first stage involves the transformation of Br− to HOBr/−OBr; and
the subsequent stage involves the transformation of HOBr/−OBr formed to bromate
[88].

The most commonly used bromate is that of potassium. Potassium bromate is a
colourless, odourlesswhite crystal or powder, highly soluble inwater and less soluble
in acetone, dimethyl sulphoxide, ethanol, methanol and toluene [92]. It has a melting
point of 350 °C and decomposes at 370 °C [93, 94]. In distilled water, potassium
bromate degrades (350–400 °C) to form potassium bromide (KBr) and oxygen (O2).
Potassium bromate was an active ingredient in baking industries [95] before it was
banned, due to some acute health implications, such as abdominal pain, diarrhoea,
irritation to the mucous membrane of the upper aero-digestive tract and vomiting
[93].

10.3.1 Fate of Bromates in Waters

Bromate is non-volatile; thus, it is slightly adsorbed onto soil or sediment. Because it
is a strong oxidant, its fate in the environment is strongly dependent on the interaction
with organic matter, which results in the formation of bromide ion. Bromate remains
very stable in solution at ambient temperature, whichmakes it difficult to be removed
by simple treatment method like boiling, filtration, etc. [91]. Despite the fact that
bromate is a thermodynamically strong oxidant, it degrades abiotically within air-
dried soil by up to 64% in 14 days, under aerobic and anaerobic conditions [96],
but the reaction rates are not significant in a natural context [91]. The relatively
high solubility enhances its contamination of water bodies following any industrial
spillage. Its low chemical reduction rates suggest that it is conservative while in
surface and groundwaters, acting as analogue to bromide, which has been extensively
used as a tracer in aquifers due to its unreactive nature.

10.3.2 Effects of Bromine Oxyanions in Water
and the Environment

The European Union has classified bromate as one of the substances that causes
cancer under the category Group 1B [93], while it is classified as a Group 2B or
“possible human” carcinogen by the International Agency for Research on Cancer
(IARC), because of the tumour induction in rats and mice and lack of evidence of
carcinogenicity inhuman [97].
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The first toxicological study on KBrO3 was conducted in Japan in the year
1978, which reported that potassium bromate exerted toxicological effects in exper-
imental rats after two years of oral administration [98]. From both acute and sub-
acute test using oral administration, it showed some significant toxicity symptoms
like hypothermia, dullness, weakness, nasal discharge, lacrimation, diarrhoea and
decreased appetite [93]. It is also had significant effects on the kidney as well as
nervous system and can cause hearing loss [13].

Bromate has been proven to be an animal carcinogen, resulting from the high
dose testing, causing DNA damage [99]. Hence, it is a probable human carcinogen
under apt dose conditions. Nevertheless, recent researches have proven bromate to
decompose in stomach acid and in blood. The particular cancer type found in male
rats, resulting from laboratory experiment, is not applicable to human.

The Environmental Protection Agency (EPA) and the World Health Organiza-
tion (WHO) have established the maximum contaminant level (MCL) for bromate
in public water systems at 10 ppb [100]. These recommendations were determined
based on the conservative assumptions concerning human cancer risks (approxi-
mately 1/10,000 per lifetime) at low doses, as well as the analytical procedure capa-
bilities at the time. Analytical methods can now achieve quantification limits below
1 ppb [101].

Other bromine oxyanions include bromites (BrO2
−), hypobromites (BrO−) and

perbromates (BrO4). Hypobromites are chemical compounds similar to hypochlo-
rites, found to be present in the immune cells and used as germicide and antiparasitic
substance [102]. Perbromate is a compound that contains BrO4

− functional group,
with bromine having an oxidation state of +7. Perbromate has been identified as
a new potential disinfection by-product (DBP), but the concentration detected was
negligibly small, under drinking water conditions [103]. Generally, there is a dearth
of information on the presence and management of bromites, hypobromites and
perbromates in water.

10.4 Oxyanions of Iodine

In comparison with other halogens, iodine oxyanions are scarce in the environment
[104]. However, the presence in the earth crust has been explained using the iodine
cycle, which involves different geological and biological stages. The ocean sediments
have been reported to account for about 68% of the iodine in the natural environment
and 27.7% is obtainable from sedimentary rocks. The most common forms of iodine
found in the ocean are iodate, iodide and elemental iodine [104].

The nuclear power process gave rise to iodine oxyanions in the atmosphere and
terrestrial environment before World War II [105]. For instance, the I-131 and I-129
produced artificially, through the fission of uranium and plutonium results in the
generation of iodine oxyanions [106]. It can also be generated from fallout from
natural disasters like Chernobyl, etc. [107].
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10.4.1 Fate of Iodine Oxyanions in Waters

Iodate (IO3
−) is one of the naturally occurring forms of iodine in the environment.

The presence of this oxyanion of iodine in the environment insinuates their obvious
transfer intowater bodies. It is observed that the highmobility of iodate in the environ-
ment is facilitated by their ability to adsorb to ordinary common sedimentminerals or
synthetic materials in aqueous environment rendering them even difficult to removed
[108]. The stable iodine isotope (127I) is ubiquitous throughout the earth’s surface
in igneous rocks and soils, most commonly as impurities in saltpetre and natural
brines [109]. These anions can be released into the environment from both natural
sources and anthropogenic activities. The natural sources include volatilization of
iodine from the oceans, weathering of rocks and volcanic activity. Anthropogenic
activities, such as oxyanion waste stream effluent frommunicipal plants and burning
of waste and fossil fuels, are the sources of iodine oxyanions [110]. In the atmo-
sphere, iodine undergoes extensive photochemical changes and can exist as gaseous
inorganic, gaseous organic or particulate forms [111].

Iodine oxyanions are mainly introduced into surface and groundwater via rain-
fall, for non-coastal regions, and the combination of rainwater and ocean spray in
coastal regions [112]. For elemental iodine, which is diatomic molecule (I2), it is not
particularly soluble in water; however, it is able to form more soluble anion species
(e.g. iodate (IO3

−)) [113]. The structures of halogen compounds is clear to scien-
tists, except for the structure of iodate [104]. Studies have found that there are large
intermolecular forces at play in between the oxygen and iodine [18]. These interac-
tions give the molecule a trigonally distorted octahedral area around the iodine [114].
This configuration can also be seen in lithium iodate, ammonium iodate and cerium
iodate. Some of the iodates are soluble in water, while some, like calcium iodate, are
insoluble and can be removed by filtration [115].

In aqueous solution, using the hard soft acid base (HSBA) system, iodide acts
as a soft base, but iodate act as a hard base. Iodate commonly pairs with hard acids
such as potassium (K+), sodium (Na+) and lithium, while iodide (I−) commonly pairs
with soft acids such as silver (Ag+), copper (Cu+) and gold (Au+). The oxidation and
reduction reactions of iodine in the environment are very complex. Iodate dominates
at higher pH and higher activity of electron or electrode potential measurement (Eh),
suggesting that iodide is an easily oxidized species [116].

10.5 Measurement of Halogen Oxyanions in Aqua Systems

Until recently more focus was placed on the determination of organic halogens,
due to their persistent and bio-accumulative nature. Recently, attention has been
shifted towards the inorganic forms, to understand their environmental roles [117].
The increasing interest in the monitoring of halides and halogen oxyanions has
led to the development of sensitive and selective analytical methodologies for their
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Scheme 10.1 Measurement technique for the determination and quantification of halide-based
oxyanions

determination [117]. Thesemethods canbe classified into; classical, chromatography,
spectroscopy, flow injection analysis and electrophoresis [117] (Scheme 10.1).

The selection of the method to be used in a particular analysis depends on: the
availability of appropriate equipment; the number of samples to be analysed; expected
content of the analyte; and the required detection and quantification limits [118].

Ion chromatography (IC) with suppressed conductivity detection remains the
mostly used method for the determination of halide-based oxyanions. Nevertheless,
indirect or hyphenated methods, such as liquid chromatography mass spectropho-
tometry (LC/MS), gas chromatography mass spectrometry (GC/MS) and so on are
gradually gaining popularity and may replace the popular IC method in a matter of
time [118, 119].

10.5.1 Classical Methods

Classical methods such as iodometry and potentiometry titrations have been used
for the determination of halide-based oxyanions. These methods are based, almost
exclusively, on their oxidizing characteristics [118]. However, most of the classical
methods are laborious, lack sensitivity and suffer from interferences [118].
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The general classification of the classical methods is: Titration (iodometric
methods); spectrophotometric; and electroanalytical methods (i.e. potentiometric,
amperometric and polarographic) [118].

10.5.1.1 Titration Methods

Different titration methods such as amperometric, direct potentiometric and iodo-
metric titrations have been used for the determination of halogen oxyanions in water
[120]. Some of these methods have been chosen as standard and reference methods
for the determination of these oxyanions and validation of other newer methods.
For example, Pisarenko et al. [121] used the iodometric titration method and direct
potentiometric titration, with sulphite ion, as a reference method for measuring the
concentration of chlorate ion in concentrated sodium hypochlorite solutions and
selective quantitation of hypochlorite ion, respectively.

10.5.1.2 Spectrophotometric Methods

Although lack of chromophore(s) in halide-oxyanions makes the direct spectropho-
tometrically measurement difficult, their identifications have been achieved by inter-
acting the oxyanion with other chemical species that are capable of absorbing
photons, thereby improving the absorbance of the electromagnetic spectrum.

Based on this technique, several spectrophotometric applications for the measure-
ment of halide-based oxyanions have been reported. For instance, a method, which
involves the reduction of bromate in the presence ofmetabisulphite, to form bromine,
followed by the reaction of the bromine with reduced fuchsin, to form a bromurated
red coloured product that absorbs at 530 nm has been reported for the determination
of trace amount of bromate in drinking water [122]. Using this method, Cl−, ClO3

−
and SO4

2− interferences that affect the commonly used ion chromatography method
have no impact on the determination of bromate [122]. The linear response of the
method is up to 20 mg/L of bromate, while the limit of detection is 1 mg/L (40 mm
path length). The precision is 6% at 5 mg/L level of bromate (n = 10) [122].

Similarly, an indirect spectrophotometric determination of bromate was proposed
byOliveira et al. [123]. In their experiment, several phenothiazines, such as chlorpro-
mazine, trifluoperazine and thioridazine were tested. However, observations showed
that chlormopromazine was more sensitive and had a lower limit of detection than
the other phenothiazines. The methodology gives a linear range, between 25 and
750 µg/L, with limit of detection (LOD) of 6 µg/L, good precision (RSD < 1.6%, n
¼ 10), and determination frequency for bromate measurement [123].

Salami et al. [124] explored a spectrometry multi-commutation flow system
for the measurement of hypochlorite in bleaching products. This method was also
adapted for the determination of hypochlorite inwater. Hypochloritewas determined,
based on the spectrometric measurement of its reaction product with N, N-diethyl-p-
phenylenediamine (DPD at 515 nm). The linear range for the method was between
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2.68 × 10−5 and 1.88 × 10−4 mol L−1 (2–14 mg L−1), with the limit of detection
of 6.84 × 10−6 mol L−1 (0.51 mg L−1). Analyte recovery ranged between 97.2 and
102.5% and the statistical analysis of the proposed method agreed with the reference
iodometric method at 95% confidence level [124].

Another study reported a simple kinetic-spectrophotometricmethod for the simul-
taneous determination of binary mixtures of iodate and bromate in water samples
[125]. The method was based on the kinetic profiles of different ratio of the
analytes, thereby, allowing for the rapid and accurate simultaneous determination
of bromate and iodate. The method was capable of simultaneous determination of
0.05–1.50 g mL−1 each, with the ratio 30:1–1:30 for iodate–bromate [125].

Hosseini et al. [126] reported a method for a highly selective spectrometric deter-
mination of chlorate ions in the presence of chlorite ions. The method was based
on the production of a coloured haloquinone, through the reaction of chlorate with
benzidine in a hydrochloric acid medium (Eqs. 10.4 and 10.5).

ClO3
− + 5Cl− + 6H+ → 3Cl2 + 3H2O (10.4)

NH2H2N -Cl+H2N NH2
+Cl-+ Cl2

(10.5)

The method has a detection limit of 8 × 10−7 g/L chlorate, which is comparable
with detection limit of ion chromatography, at 4 × 10−7 g/L chlorate [126].

Pena-Pereira et al. [117] gave a critical overview of contributions devoted to
spectrophotometric determination of relevant halogen-containing species, with focus
on the utilization of optical sensing of target analytes. The review focused on
different nanoparticles that have been synthesized for the sensing of these oxyan-
ions in different matrix, providing analytical validation of the reported methods and
compliance with validation requirements [117].

10.5.1.3 Electroanalytical Methods

A selective potentiometric technique was developed for the simultaneous determi-
nation of OC1− at high concentration (e.g. 1–3 M) alongside low concentrations of
ClO2

− and ClO3
− (e.g. 50–150 mg/L), when these species are present together in

solution. The method used sulphite ion as a mask, to selectively and quantitatively
remove OC1− at pH 10.5. This is so because, SO4

2− does not react with ClO2
− and

ClO3
− at pH10.5. The remaining SO4

2− is quantitatively removedwith tri-iodide ion.
Following the masking procedure, the sequential determination of ClO2

− and ClO3
−

is carried out either by iodometric titration at the appropriate pH or by ion chro-
matography. The results from the direct potentiometric titration using sulphate are
comparable with those of an indirect reference method [127].
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A method has been proposed for the electrochemical determination of perchlo-
rate ion by voltammetry, at the interface between two immiscible phases (water–o-
nitrophenyloctyl ether). A demountable original-design amperometric ion-selective
electrode, based on a laser-micro-perforated polymeric membrane, was fabricated
for voltammetric measurements. The conditions of analytical signal recording in the
determination of ClO4

− were determined. The effect of interfering ions was assessed
and amperometric selectivity coefficients were calculated. The accuracy of the proce-
dure was verified by the added–found method. The developed electrode was applied
to the determination of perchlorate in natural and drinking waters [128].

Salimi et al. [129] prepared a modified electrode used as a chronoamperometric
detector for chlorate, iodate and bromate determination in flow systems or chromato-
graphic instruments. The modification procedure was used for sensor and biosensor
fabrications, using porphyrin derivatives as electron transfer mediators [129]. Ordeig
et al. [130] described the direct detection of bromate, chlorate and iodate, usingmodi-
fied arrays of platinum ultra microelectrodes. The detection limits for these ions were
IO3

− 0.76 µM; BrO3
−, 2.34 µM and ClO3

−, 133.2 mM [130].

10.5.2 Chromatography

Chromatography is a technique that involves the separation of a mixture of compo-
nents, thus allowing for their individual quantification. Separation of the components
is usually achieved based on their relative mobility on a stationary phase while being
carried along in a mobile phase. The main advantage of these methods of analysis is
their ability to simultaneously measure different analytes at the same time. Different
chromatographic techniques such as ion chromatography (IC), high performance
liquid chromatography, gas chromatography (GC), and the hyphenated forms, with
mass spectrometer (LCMS and GCMS), have been used for the measurement of
halide-based oxyanions [28, 131–135].

10.5.2.1 Ion Chromatography

Ion chromatography is the routine method used for the measurement of halide-based
oxyanions [118]. This is majorly because of the possibility for the simultaneous
determination of several ions within minutes. These ions include: Ions of the same
element with different oxidation states; those with different charges (cations and
anions); and different species (organic and inorganic anions) [118]. Other advantages
of ion chromatography include good limits of detection and quantification (at the
level of µg/dm3), ability to analyse a small amount of the sample, the possibility of
using various detectors and a simple preparation method of analysis [136]. These
have made it evolve as the standard method of choice for the determination of ionic
species by many standard organizations such as the APHAmethods 4110 for various
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anions and oxyanions [120, 135], ASTM method D6581-18 and USEPA Methods
321.8 for determination of BrO3

− [137].

10.5.2.2 High Performance Liquid Chromatography

Constantinou et al. [28] reported a liquid chromatography-electrospray ionization-
mass spectrometry-mass spectrometry (LC-ESI-MS/MS) method for the simulta-
neous determination of ClO3

−, ClO4
− and BrO3

− in water and food samples. The
study reported that 69% of the 284 water samples analysed contained chlorate above
the limit of quantitation (LOQ) of 0.01 mg/L, with maximum amount of 1.1 mg/L.
Bromate was detected in 5 drinking water samples at levels above the LOQ, at
concentrations up to 0.026 mg/L. While for the determination of these anions in
food, 247 food samples comprising of 19 different commodities, including fruits,
vegetables, cereals and wine, were analysed. Chlorate was found to be present at
maximum concentration of 0.83 mg/kg in a sample of cultivated mushrooms, while
perchlorate was determined to be at concentrations below the LOQ of 0.05 mg/kg
[28].

10.5.2.3 Gas Chromatography

Reddy-Noone et al. [138] developed a hyphenated gas chromatography method for
the determination of bromate, iodate, bromide and iodide. For bromate and iodate
determination, free bromide and iodide were first removed by anion exchange, with
silver chloride, exploiting the differences in silver salts solubility product, being
AgCl, 1.8 × 10−10, AgBr, 5.0 × 10−13, AgI, 8.3 × 10−17, AgBrO3, 5.5 × 10−5

and AgIO3, 3.1 × 10−8, followed by the ascorbic acid reduction of the oxyhalides
to halides. The halides are then converted to 4-bromo-2, 6-dimethylaniline and 4-
iodo-2,6-dimethylaniline, by their reaction with 2-iodosobenzoate in the presence
of 2,6-dimethylaniline, at pH 6.4 and 2–3, respectively. The haloanilines were then
extracted via Single dropmicroextraction (SDME) in 2µL of toluene or liquid-phase
microextraction (LPME) into 50 µL of toluene and injection of 2 µL of extract into
GC-MS.TheLPMEwas found to bemore robust, sensitive and gives better extraction
in shorter period than SDME. Linearity range was obtained between 0.05 µg and
25 mg/L of bromate/bromide and iodate/iodide, with a limit of detection of 20 ng/L
of bromate, 15 ng/L of iodate, 20 ng/L of bromide and 10 ng/L of iodide for LPME
[139].

10.5.3 Flow Injection Method

Flow injection analysis is one of the earliest techniques used for the determination of
halide-based oxyanions. For instance, as early as 1984, flow injection voltammetry
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at a glassy carbon electrode was used for the measurement of hypochlorite in water
[140]. This was achieved by the injection of the solution into a dilute sulphuric acid
eluent containing 1% of potassium bromide. The amount of hypochlorite in solution
was determined through the quantity of bromide that was replaced. Method linearity
range was between 0.08 and 2 × 10−3 M. Hypobromite solutions containing an
excess of bromide can be analysed using a similar method, but with the omission of
potassium bromide from the eluent [140].

Similarly, Abdalla and Al-Swaidan [141] determined iodate, bromate and
hypochlorite as iodine by flow injection amperometry at a platinum or glassy carbon
electrode by injecting them into an eluent 0.20 M in hydrochloric acid and 0.024 M
in potassium iodide or an eluent 2 M in sulphuric acid and 0.12 M in potassium
iodide. The methods linearity is from 10−3 to 10−7 M [141].

Gordon et al. [142] developed a flow injection non-ion chromatographic method
for the determination of bromate ion in bromide containing ozone treated waters
using chlorpromazine. The workers reported a high precision (better than 2.5%) and
accuracy (±1 µ/L BrO3) at a linear range of 1.0–30.0 µ/L BrO3

− and a limit of
detection (LOD) of 0.8 µ/L [142].

10.6 Future Perspective

The occurrence, distribution and effects of presence of halogen-based oxyanions in
water are of high concern. Acquiring knowledge about their structure, their fate in
water and specially their adverse effect on the human health and environment are of
great importance. Keeping this in view, the precise determination of these oxyanions
in aqueous media and their removal from water bodies are two realms which need
competent focus in future research. Therefore, priority should be placed on devising
sensitive methods for the precise determination of these substances in water media.
In addition, finding highly effective and cost-effective ways for removal of such
pollutants should be as a matter of urgency.
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Chapter 11
Monitoring and Management of Anions
in Polluted Aqua Systems: Case Studies
on Nitrate, Chromate, Pertechnetate
and Diclofenac

Rana Ahmed, Philippe Moisy, Amitabh Banerji, Peter Hesemann,
and Andreas Taubert

Abstract Anionic pollutants are widespread and pose severe environmental risks.
This chapter focuses on four different anions as representative examples for various
classes of anionic pollutants originating from various anthropogenic sources and
activities: nitrate from agriculture, chromate from leather and tanning industries,
pertechnetate from nuclear industry and military activities and finally, as an example
of an organic anion, diclofenac from the pharmaceutical industry.All four anions pose
different risks, but their management calls for similar remediation strategies. This
chapter summarizes these strategies and discusses their challenges, their advantages
and disadvantages.

Keywords Oxyanions · Diclofenac · Anionic pollutants · Adsorption · Water
management · Surface chemistry

11.1 Introduction

Over the past decades, anion toxicity has been widely recognized as a tremendous
environmental and health problem. Anion management and sequestration in water
bodies have therefore been established as a central issue in most parts of the world.
While there is a rather large and heterogeneous group of anions causing these prob-
lems, some anionic species are particularly important in terms of their health risks.
As a result, tremendous efforts have focused on the removal of these anions from
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water bodies such as rivers, lakes and groundwater. The current chapter focuses
on four anions, two of which are classical oxyanions (chromate and nitrate), one is
radioactive (pertechnetate) and one is an organic anion (diclofenac). All these anionic
species pose similar health and environmental risks and can often be treated with
similar methods as those used for metal oxyanion-contaminated water and soil.

Nitrate NO3
− is of prime concern on a global scale, primarily due to problems

associatedwith eutrophication [1, 2]. ChromateCrO4
2− and related ions are common,

for example, in regions with leather and tanning industries [3, 4]. Pertechnetate
TcO4

− is found in nuclear testing sites and in hospital wastewaters [5–7]. Diclofenac
(DCF) is the only non-oxyanion in this series.We chose it as a representative example
for pharmaceutical pollutants [8, 9] and as an illustration that often similar strategies
can be used for water purification. These ions are different in that nitrate is based
on a nonmetal, chromate and pertechnetate are based on a metal and DCF is an
organic compound. However, quite some of their properties such as solubility and
bioavailability are similar, leading to related strategies for water management.

Characteristically, oxyanions with a similar structure and with similar properties,
for instance, SO4

2−, NO3
− or PO4

3−, often coexist. As the concentrations of these
individual anions can be quite high, and as anion exchange is often unspecific, the
sequestration of anions can be more challenging than sequestration of cations [10,
11]. For example, Zhou et al. [12] found that ClO4

− often coexists with NO3
− in

groundwater at very different concentration levels. Similarly, SeO4
2− coexists with

SO4
2− in coal-mining wastewaters, again in very different concentrations. SeO4

2−
and SO4

2− also coexist with NO3
− in flue gas desulfurization wastewater. Addition-

ally, some wastewater contains very high concentrations of some oxyanions (e.g.,
fertilizer industry wastewater at 1000 mg/L of NO3

− or nuclear industries wastew-
ater at 50,000 mg/L of NO3

−). These high concentrations of one specific anion
often hamper an effective sequestration. Additionally, the high solubility and high
stability of nitrogen oxyanions make nitrogen compounds even more challenging
to remove from wastewater. As a result, these processes are often energy and cost
intensive [13]. For example, coprecipitation shows low potential for NO3

− removal
[14], while conventional ion exchange produces NO3

−, SO4
− and Cl− containing

brine that requires further disposal and triggers secondary pollution [15].
Occasionally, very specific properties of a particular oxyanion may also hinder

effective sequestration. For example, the high volatility of Tc(VII) (in the form of
Tc2O7) in wastewater makes the operation of its vitrification or glassification process
inefficient [16]. Also, the low selectivity and sensitivity toward competing anions
such as Cl− andCO3

2−, which are present inmuch higher concentration than pertech-
netate, cause many methods for TcO4

− removal methods to be rather poor. Similarly,
Zhang et al. [17] reported that DCF removal efficiency varies from 0 to 80% in most
wastewater treatment plants (WWTPs). Such a large variation may be attributed to
multiple factors such as acidity of the water in the WWTP, aerobic/anaerobic ratios,
sunlight irradiation and effectiveness of enzymatic cleavage of glucuronide conju-
gates of DCF. Katarina et al. [18] found that conventional WWTPs are ineffective
for DCF removal and a significant fraction of DCF escapes into effluents unchanged.
Designing a selective, efficient and stable means for CrO4

2− reduction or adsorption
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is challenging as well [19]. One central reason for this issue is that chromium-based
anions typically coexist with very high concentrations of CO3

2−, HCO3
−, SO4

2−,
PO4

3− and Cl− in cooling water and effluents from pigment and tannery industries.
This reduces the overall effectiveness of the adsorbents for CrO4

2− sequestration
[19, 20].

Although some progress in the development of effective water treatment materials
and processes has been made, a tremendous need for effective, yet cheap and simple,
processes for water treatment worldwide remains. This chapter presents recent and
promising approaches, with a focus on green and sustainablematerials and processes.
Before discussing these approaches, we will briefly summarize and classify the most
common and important oxyanions.

11.2 Common Oxyanions: Sources, Abundance
and Occurrence

Industrialization and industrial production rely on the use of many hazardous
elements and compounds such as heavymetals,metalloids, oxyanions and derivatives
[21–24]. Oxyanions are a particular challenge to water treatment because they are
highly water-soluble, very mobile and non-biodegradable and therefore contaminate
groundwater, natural aquatic systems and soils [11, 25].

Oxyanions are negatively charged polyatomic ions with the generic formula
AxOy

z−, where A represents different metal or nonmetal elements and O are oxygen
atoms. Oxyanions can be both monomeric and polymeric [26, 27]. Oxyanions can be
produced from many reactions and processes. Usually, industries that generate alka-
line wastes, mostly through high-temperature processes (thermal waste treatments,
metal smelting, fossil fuel combustion), are considered as the common sources of
oxyanions [28].

However, not all oxyanions are equally important in terms of availability and
contamination. According to Adegoke et al. [27], ClO4

−, AsO4
3−, SeO4

2−, BO3
3−,

CrO4
2− and MoO4

2− are common along with NO3
−, SO4

2−, PO4
3− and CO3

2−.
Han et al. [29] reported that SbO4

3− and TeO4
2− are toxic even at trace levels as

well as AsO4
3− and BO3

3−. Besides, MnO4
− [30], MoO4

− [31] and BrO3
− [26, 32]

have often been studied considering their sequestration from industrial wastewater
because of their ability to pollute the natural aquatic system.

Furthermore, oxyanions such as VO4
3− and WO4

2− are emerging pollutants,
even though their biogeochemistry is still poorly understood. Doğan and Aydın [33]
reported that vanadium is released in large amounts into the aquatic environment
from glass, rubber, inorganic chemical and pigment industries. Also, the production
of phosphoric acid from vanadium-rich minerals results in large amounts of VO4

3−
ion extraction and release.

Tungsten has been identified as an emerging environmental contaminant by
the United States Environmental Protection Agency (US EPA) [34, 35]. Indeed,
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Petruzzelli and Pedron [36] showed that WO4
2− is thermodynamically very stable

in the environment.
Radiotoxic oxyanions such as TcO4

− are gaining attention around some parts
of the world, especially in regions where production of weapons-grade plutonium
and nuclear testing sites are located. Sun et al. [37] showed that TcO4

− is highly
mobile and can be transported into groundwater. Due to its highmobility and toxicity,
noticeable attention is also directed towardReO4

− sequestration [37, 38].Ghosh et al.
[38] classified ReO4

− as a rare oxyanion, which is sometimes used as a substitute
for TcO4

− because of the structural likeness of the two anions in terms of hydration
energy and charge density. Table 11.1 summarizes the oxyanions that frequently
occur in the aquatic environment and their sources.

Furthermore, besides conventional oxyanions as defined above, organic drugs
and metabolites bearing anionic groups such as carboxylate or sulfonate have
also caused increasing concern. Their concentration has grown due to increased
release from medical and pharmaceutical wastes to open waters and groundwater
in North America and Europe [57–59]. Low-cost over-the-counter drugs like the
nonsteroidal anti-inflammatory drugs (NSAIDs) ibuprofen, diclofenac, naproxen and
indomethacin have therefore been identified as emerging contaminants [60]. Because
of the heavy discharge by households, hospitals, pharmaceutical industries and agri-
culture, diclofenac is on the “Watch list of the EU Water Framework Directive” [9,
57]. As a result, DCF has been studied and reviewed in far more than 400 scientific
articles in the previous two decades [9].

11.3 Oxyanions in Aquatic System: Public Health
and Environment

In natural environments, oxyanions exist in a variety of species. Speciation depends
on numerous factors including pH, electrochemical potential (Eh), redox conditions,
electrolyte compositions, temperature and microbial activity [26, 61]. For example,
SO4

2− is thermodynamically more stable than SO3
2− at pH 6.5–8.5 and Eh 0.1–0.4 V

[26]. Also, SO4
2− can be protonated at sufficiently low pH yielding HSO4

−; both
sulfate and sulfuric acid are major drivers in the formation of atmospheric aerosols,
which have been held responsible for climate change, adverse public health effects
and natural sulfur cycle misbalance [62]. Above 600 mg/L, the presence of SO4

2−
noticeably changes the taste of drinking water and causes laxative effects. There-
fore, for industrial effluent and mine drainage, a maximum allowed concentration
of 250–1000 mg/L SO4

2− has been set [53]. Depending on the pH and concentra-
tion, different species such as HSO3−, S2O5

2−, SO3
− and dissolved SO2 exist in the

aquatic environment [63].
Nitrate is another very common and highly soluble water contaminant. It naturally

occurs in the nitrogen cycle and is the most stable form of N for oxygenated systems
[1]. In contrast, NO2

− preferably exists in reducing environments and can be oxidized
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Table 11.1 Important oxyanions as classified by the US EPA

Element Oxyanion species Uses and sources References

Priority pollutants

As AsO4
3−, AsO3

3− Wood preservation, metal
adhesives, textile,
pigments, electric plants,
pharmaceuticals

[25, 39]

Cr CrO4
2−, Cr2O7

2− Tannery, pigments,
electroplating, cooling
tower blowdown,
chromium plating

[3, 39, 40]

Se SeO4
2−, SeO3

2− Glass, electronics, coal
combustion, mining,
petroleum industries, metal
refineries

[41–44]

Sb SbO4
3− Mining, smelting, waste

incineration, fossil fuel
combustion

[31, 41, 45]

Contaminant candidate list (CCL4)

Cl ClO3
− Paper and pulp, flour and

oil processing, leather
de-tanning, cleaning agent
production

[26, 46, 47]

Mo MoO4
2− Stainless steel production,

metallurgy, pigment,
catalyst industries

[25, 31, 46, 48]

Mn MnO4
− Iron and steel alloy

manufacturing, bleaching
and disinfection
by-product, catalysis

[46, 47]

Te TeO4
2−, TeO3

2− Gold mining, deep-sea
hydrothermal vent systems

[46, 49, 50]

V VO4
3− Photography, glass, rubber,

ceramic, mining, oil
refining

[25, 46, 48]

Emerging contaminants

Cl ClO4
− Solid rocket fuel propellant,

pyrotechniques, explosives,
fireworks, munitions

[26, 32, 51]

W WO4
2− Military sites, fertilizer

production, golf clubs, heat
sinks, metal wires, turbine
blades, television sets

[25, 35]

(continued)
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Table 11.1 (continued)

Element Oxyanion species Uses and sources References

Most abundant oxyanion species

P PO4
3−, PO3

3− Food and beverage industry,
agriculture, fertilizer,
detergent production

[27, 52]

S SO4
2−, SO3

2− Beam house of tanning,
fertilizer, chemical, textile,
soap, paper

[53–55]

N NO3
−, NO2

− Nitrogenous fertilizer
production, wastewater
disposal, agricultural runoff

[1, 2, 26, 47]

Further hazardous pollutants

B BO3
3− Glass manufacturing, flame

retardants, soap and
detergent production

[25, 47]

Br BrO3
− Textiles, flour milling, beer

production, fish paste
production

[26, 32, 47]

Tc TcO4
− Plutonium production,

military tests and waste,
fission material production,
radiopharmaceutical tracer

[56]

to NO3
−. Gee Chai et al. [64] reported that one common biological NO3

− formation
process includesNitrosomonas andNitrobacter species. First, ammonium is oxidized
to NO2

− byNitrosomonas andNitrobacter and then further oxidizes NO2
− to NO3

−.
A high NO3

− concentration in surface water increases algal growth and causes
eutrophication and extinction of aquatic life [2, 65]. Vegetables, meat and drinking
water are vectors for both NO3

− and NO2
− uptake by humans and animals. The

World Health Organization (WHO) has categorized NO3
− as a major drinking water

contaminant with a maximum permitted limit (MPL) of 50 mg/L because it causes
stomach cancer in adults and blue baby syndrome in infants [66].

NO2
− is considerablymore toxic thanNO3

− and causes respiratory tissue hypoxia
and cell failure. In light of this, the European Food Safety Authority (EFSA) has set
the MPL of 10–500 mg/kg and 50–175 mg/kg for NO3

− and NO2
−, respectively, for

different types of food [65]. Rajmohan el al. [13] and Mohseni et al. [15] showed
that high concentrations of NO3

− in surface and groundwater are an acute problem
in the UK, Europe, Japan, China, Saudi Arabia, Australia, North America, Morocco,
western Iran and India, among others. Bijay et al. [67] suggested that developing
countries in Asia or humid tropics of Africa are potentially more prone to NO3

−
pollution due to the high amounts of nitrogen-containing fertilizer used in agriculture.
The study also revealed that countries with lower fertilizer use in north, central and
west Africa (where soils are mostly aridisols and likely to stay dry almost all year)
are less affected by NO3

− pollution.
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Besides nonmetal-based oxyanions, a wide variety of metal and metalloid oxyan-
ions is found in the aquatic system in large quantities with a diverse speciation.
For example, chromium is a toxic metal known to form many oxo species. Its most
important oxidation states are Cr(III) and Cr(VI) [68]. Cr(III) is an essential nutrient
for cell function and the metabolic system, relatively stable and less of a threat for
public health and environment [69]. On the other hand, Cr(VI) affects the water
ecosystem and the plant and animal kingdom adversely due to its high solubility
mobility and lethal character [3]. Considering the different forms of Cr(VI) (e.g.,
HCrO4

−, CrO4
2−, Cr2O7

2−, H2CrO4), HCrO4
− is the dominant species at a pH 2.5–

5 [70]. Rakhunde et al. [68] stated that the chances are higher to find HCrO4
− and

CrO4
2− in typical surface water when the concentration of chromium is less than

5 μg/L. HCrO4
− and CrO4

2− are the prevalent species between pH 6 and 7, whereas
concentrated Cr(VI) likely contains Cr2O7

2− in highly acidic media [71]. Liu et al.
[72] reported the presence of HCrO4

− at lower pH and the transformation to CrO4
2−

and Cr2O7
2− with increasing pH.

These anions can bioaccumulate and cause damage to aquatic organisms such as
mucous secretion, irregular swimming, discoloration, erosion of scales, increasing
mortality and disorder in osmoregulatory functions [73]. Generally, Cr(VI) is taken
up by the human body through the respiratory tract and skin, leading to teratogenicity,
mutagenicity, carcinogenicity, neurotoxicity, liver and kidney failure, respiratory
problems, skin disease and many other issues [71, 73, 74].

Several studies suggest that plants also take up CrO4
2− and Cr2O7

2− and subse-
quently suffer from lower plant yield, stem growth, root growth, germination and
photosynthesis [74–76]. Probably, chromium also percolates through soils, under-
goes various changes such as oxidation, reduction, precipitation and dissolution in the
presence of dissolved oxygen and MnO2, and ultimately contaminates the ground-
water [74]. As a result, Cr(III) and Cr(VI) compounds are major contaminants and
regulated by the WHO and US EPA. For drinking water, a maximum 0.05 mg/L is
permissible by the WHO, while the US EPA only allows 0.01 mg/L [70].

Like chromium, vanadium forms a wide variety of oxyanions. A substan-
tial increase of vanadium compounds in water and soil and the potential toxi-
city of these compounds is currently raising concerns around the world [25, 77].
According to the Forum of European Geological Surveys (FOREGS), the vana-
dium concentration in European soil ranges from 1.28 to 537 mg/kg [78]. Vana-
dium has been adopted in both US EPA Contaminant Candidate Lists (CCL 3 &
4) [77] based on the fact that high vanadium exposure can irritate the mucous
membrane and lead to gastrointestinal disturbance, anemia, cough and bronchopneu-
monia, among others [33, 79]. Generally, a pH above 3 is best for the formation of
various monovanadate (e.g., VO2(OH)2−, VO3(OH)2−, VO4

3−), polyvanadate (e.g.,
V2O6(OH)3−, V2O7

4−, V3O9
3−, V4O12

4−) and decavanadate (e.g., V10O26(OH)24−,
V10O26(OH)5−, V10O28

6−) species [80].
Recently, an increasing use of tungsten has raised interest and concern. Although

tungsten appears inert and less toxic, it impedes the growth of nitrogen-fixing bacteria
and plants and is toxic for fish and other aquatic species [81]. Moreover, the death of
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ryegrass and red worms [25] and other observations make W an emerging contam-
inant [35]. Tetrahedrally coordinated WO4

2− is the dominant form under neutral to
alkaline conditions, while under acidic condition tungsten forms polytungstates like
W7O24

6− and H2W12O43
10− [25, 81].

Similar to tungsten, rising levels of tellurium oxyanions in seawater, mining areas
and industrial areas have attracted enormous attention for quite some time. Tellurium
is perceived as the least available stable element in the environment and may exhibit
various oxidation states [82, 83]. Harada and Takahashi [84] found HTeO3

− as the
main species at pH 2–4 and Eh 0–0.4 V. In contrast, HTeO4

_, TeO3
2− and TeO4

2− are
the dominant species at neutral to alkaline condition (pH 7.5–12) with an Eh range of
0.1–0.5 V [84]. Their solubility increases with temperature and alkalinity, and Te(IV)
is ten times more toxic than Te(VI) [84]. Tellurium often stems from the rubber and
metal industry. Further transport causes bioaccumulation in kidney, liver, heart and
other tissues showing acute toxicity particularly in young children [85]. Furthermore,
microorganisms and bacteria suffer from TeO3

2− even at concentrations as low as
1 μg/mL [86].

A completely different source of pollution, production of weapons-grade pluto-
nium, nuclear fuel reprocessing facilities and research sites have been generating
nuclear waste for decades. Among others, these sites produce radioactive technetium,
a common surface and groundwater contaminant in nuclear testing sites [87] such
as the United States Department of Energy (US DOE) sites [88]. Moreover, 99mTc is
also used as a radiotracer in clinical settings [89].

Multiple studies have specified that technetium mostly occurs as Tc(VII) in the
form of TcO4

− under atmospheric ormoderately oxidizing conditions[56, 87]. Under
moderately reducing and anaerobic conditions, TcO2*2H2O and TcS2 are the domi-
nant species as Tc(IV). Due to its high solubility and mobility, TcO4

− is taken up
by plants and thus accumulates in the food chain using the same mechanism as
SO4

2− and PO4
3− [56]. Persistent accumulation of TcO4

− in lung tissue may initiate
significant risks, where technetium tainted dust or vapor inhalation promotes the
chance of lung cancer and associated maladies [90]. Finally, TcO4

− uptake causes
cell death for blue-green algae [91] and the same study also finds TcO4

− responsible
for constraining photosynthesis and suffocation for many organisms.

Besides these purely inorganic oxyanions, organic anions represent another class
of emerging contaminants. As a representative example, the presence and treatment
of diclofenac (DCF), a common painkiller, inwater has thoroughly been investigated.
DCF and related compounds are widely spread over the globe. DCF was identified
as ubiquitous organic pollutant in various water bodies, and it was therefore included
in the EU watch list of emerging contaminants [92].

The fate of DCF has become a significant concern since most of the DCF (almost
75%) escapes the WWTPs unaltered and therefore contaminates aquatic environ-
ments and soil in its both parent and metabolite forms [9, 93, 94]. DCF has also
been detected in drinking water in many countries including USA, Japan, Germany,
France, Spain, Sweden or Taiwan [8, 9]. Long-term DCF exposure to the human
bodymay cause gastrointestinal bleedings, renal papillary necrosis, peptic ulceration,
hepatotoxicity and renal failure, among others [95]. Furthermore, DCF is responsible
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for renal failure in birds leading to their death [96]. Liver, heart, pulmonary and renal
lesions in vultures, mice, rats and many other animals have also been linked to DCF
[96–98].

11.4 Current Approaches to Oxyanion Sequestration

11.4.1 Nitrate as an Example of a Nonmetal-Based Oxyanion

Multiple solutions to address the problem of nitrate removal and reduction exist.
As stated above, nitrate is a severe environmental problem [1, 2, 13, 15, 65, 67]
and there is thus a need to effectively treat water contaminated with nitrate. These
developments and approaches have been reviewed [99–107], and we will thus focus
on a series of examples to illustrate the breadth of these approaches. They can be
broken down using a materials perspective, but, unlike in the case of CrO4

2- (see
below), the variability of these different approaches seems somewhat broader and
less centered around one or two core concepts.

Biomass and carbonaceous materials

Biomass, biochar and other carbonaceous materials have been studied for nitrate
removal. For example, Heaney et al. [108] have shown that biochar can be modi-
fied with suitable components to improve nitrate sorption efficiency. They used low
molecular weight organic acids (citric, malic, oxalic acids) to protonate the biochar
which was otherwise not effective for nitrate removal. According to the authors,
surface protonation provides enough positive charges on the biochar to remove nitrate
by electrostatic interactions.

Exploiting waste materials that would otherwise be burned, Pan et al. [109] modi-
fied biogas residueswith amine and ammoniumgroups. The sorption capacities of the
materials were up to ca. 62 mg/g for nitrate and showed excellent reproducibility in
recycling experiment. In a similar approach, Zhao et al. used agro-waste (corn cobs,
peanut shells, cotton stalks) to produce carbonaceous adsorbents, but the highest
capacity reported by these authors was around 15 mg/g.

Machida et al. [110, 111] showed that polyacrylonitrile (PAN) and rayonfibers can
be transformed to carbonaceous adsorbents via steam activation or solvent treatment
and subsequent carbonization. The two studies reported closely related approaches
aiming at the introduction of nitrogen into the carbonaceous fiber materials. Nitrogen
doping is intended to produce amine and ammonium sites that would then facilitate
nitrate uptake via ionic interactions.

Taoufik et al. [112] used activated carbon and statistical analysis to evaluate the
performance in nitrate removal with the highest fraction of nitrate removal being
ca. 96%. While this work provides an interesting approach to minimize the actual
number of experiments, there is essentially no information on the type of activated
carbon used by the authors. As such, a valorization of the work is rather difficult.
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As an extension of the work described above, Yin et al. [113] fabricated Mg–Al
modified biochars from soybean waste. The addition of Mg and Al, which produced
MgO, AlOOH and MgAl2O4 within the biochar matrix, increased the surface areas,
up to ca. 350 m2/g, and a maximum nitrate adsorption capacity of ca. 40 mg/g was
achieved. One question that was not addressed in this study, however, is the loss of
Al(III), which may pose environmental risks in itself.

In a somewhat different approach, Oyarzun et al. [114] demonstrated that carbon
electrodes can be modified with suitable surfactants, and the application of suitable
potentials to the electrodes further supports the adsorption or desorption of nitrate,
due to mostly electrostatic interactions. This is an interesting approach because it
enables an effective and simple adsorbent regeneration, in principle even in situ
(Fig. 11.1).

Composites

Viglasova et al. [115] investigated the synthesis and properties of
biochar/montmorillonite composites for nitrate removal. The biochar was produced
from bamboo, and the main data showed that the addition of montmorillonite

Fig. 11.1 Concept of nitrate removal using carbon electrode adsorbents. Figure reprinted from ref.
[114] with permission
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(yielding a carbon/mineral composite) more than doubled the adsorption capacity,
when compared with plain biochar.

Cui et al. [116] used carbon materials obtained from crude oil waste modified
with chitosan and iron oxide to remove nitrate. The resulting hybrid spheres showed
an interesting adsorption behavior: over five recycling experiments, exactly the same
rates of removal were recorded. In contrast, phosphate removal was less effective
with continuous spent adsorbent recycling. The authors proposed that the interactions
responsible for nitrate and (dihydrogen) phosphate removal are comprised of electro-
static interactions between various charged groups on the surface, but also through
hydrogen bonding and exchange between nitrate or phosphate and surface-adsorbed
anions such as chloride.

Again using chitosan, Zarei et al. [117] synthesized Ag-TiO2/γ -Al2O3/chitosan
nanocomposite thin films. The films exhibit some porosity, and their main principle
of action is not adsorption but photocatalytic nitrate reduction. The catalyst removes
ca. 50% of nitrate at catalyst doses of 1 g/L. Competing anions reduce the activity
of the catalyst, and the highest activity was reported at pH over 7.

Using poly(ethylene imine) (PEI) rather than chitosan, Suzaimi et al. [118] modi-
fied porous rice husk silica with polyamine chains to enhance nitrate adsorption.
The interesting feature of these materials is that the underlying silica matrix had an
MCM-48 structure and therefore a high surface area (>700 m2/g). Being porous, the
materials contained large fractions of PEI after the modification step. This reduced
the surface area but enhanced anion uptake through protonation, and hence elec-
trostatic interaction. Indeed, the authors reported a nitrate sorption capacity of ca.
40 mg/g for neat rice husk silica and about 80 mg/g for the PEI-modified material.
Using synthetic MCM-41 rather than biogenic MCM-48 type structures, Ebrahimi-
Gatkash et al. [119] produced amino modified mesoporous materials with nitrate
sorption capacities up to 38 mg/g. Moreover, Phan et al. [120] used an analogous
approach by modifying rice husk ash with triamines. The resulting materials showed
a very high adsorption capacity of over 160 mg/g and a reasonable recyclability over
10 cycles.

Karthikeyan and Meenakshi [121] reported the performance of
magnetite/graphene oxide/carboxymethylcellulose nanocomposite beads prepared
by a precipitation technique (Fig. 11.2). The beads are uniform in size and showed
good adsorption capacities for phosphate and nitrate. The highest capacities were
found at around neutral pH, at ca. 40 mg/g (even though the abstract and conclusion
of this article states roughly twice this value).

Yang et al. [122] described a bifunctional adsorbent based on Fe(OH)3 and an
amine-modified polystyrene resin. The composite provided a large number of adsorp-
tion sites, and the authors reported that there is essentially no competition between
nitrate and phosphate. Similar to another study [116], the authors found that the
adsorption capacities of phosphate were reduced over ten recycle experiments, while
the nitrate capacity essentially remained the same. High-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM), along with elemental
mapping, further showed that both nitrogen (i.e., amine modification and nitrate)
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Fig. 11.2 a, b Photographs of porous spheres for nitrate removal, c–f scanning electronmicroscopy
images of beads and bead surface. Figure reprinted from ref. [121] and used with permission

and phosphorus (i.e., phosphate) were homogeneously distributed throughout the
materials (Fig. 11.3).

Using poly(amido amine) dendrimers rather than PEI to modify graphene oxide,
Alighardashi et al. [123] produced powderswith aflake-likemorphology. The authors
claimed that the nitrate removal is essentially independent of pH between pH 3.5 and
10.5 but as the data are given without error estimations, this is rather hard to quantify.

Jaworski et al. [124] used montmorillonite modified with various ammonium
surfactants to introduce positive charges into the inorganic host and to open up the
montmorillonite layer structure to improve the accessibility of internal sites. The
importance of the interlayer opening is illustrated by the fact that in most cases no
nitrate removal was observed with short-chain surfactants, while with longer-chain
surfactants the exchange/removal capacity increased.

Finally, Omorogie et al. [125] described papaya seed/clay hybrids for the removal
of nitrate. This work is based on earlier work [126] establishing that papaya/clay
hybrids are effective for heavy metal removal but the more recent publication [125]
demonstrates that these composites are in fact useful and effective for removal of a
wide range of pollutants including anions.

Inorganics

Wang et al. [127] demonstrated that halide alloying in BiOX (X=Cl, Br) can be used
to optimize the photocatalytic reduction of nitrate. The authors performed an in-depth
analysis of thematerials includingmeasurements of the photocurrent generated upon
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Fig. 11.3 a STEM-HAADF image and b elemental maps of Fe, O, P and N in the yellow frame
in panel (a) of adsorbent prepared by Yang et al. Figure reprinted from ref. [122] and used with
permission

irradiation and supported these measurements with analyses of defects. In particular,
the authors showed that oxygen vacancies on the surface of the nanosheets were key
reaction sites that favored the adsorption and reduction of nitrate, Fig. 11.4. Overall,
this is a very interesting fundamental study, providing access to further concepts for
catalyst design for nitrate reduction.

Li et al. [128] demonstrated highly effective photocatalytic reduction of nitrate
with an inorganic/inorganic hybrid catalyst made from Pd/In clusters with different
stoichiometries supported on FeOx. Using a combination of experimental and theo-
retical methods, the authors demonstrated that the key step in the catalytic process is
an electron transfer from the Pd/In cluster to the FeOx support. This electron transfer
is supposed to generate positively charged sites on the clusters, promoting the adsorp-
tion of nitrate and hydrogen, which then favors the catalytic nitrate reduction reaction
at these sites.

Geng et al. [129] also studied the photocatalytic reduction of nitrate, but using a
more conventional material, AgCl on TiO2 nanotubes. The authors demonstrated that
the chemical nature of the hole scavenger (formic acid vs. several other compounds)
drastically affected the performance of the overall reaction. Moreover, the authors
also showed that, with increasing irradiation time, theAgClwas transformed toAg(0)
nanoparticles that can clearly be distinguished in transmission electron microscopy
analysis. Recycling experiments showed a reproducible performance over four cycles
similar to other data [128], albeit with longer times needed for nitrate reduction.

Following the same general concept, Adamu et al. [130] showed that Cu-enriched
TiO2 was able to degrade both nitrate and oxalic acid at the same time. The authors
highlighted the importance of the thermal treatment, as only some of the materials
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Fig. 11.4 Schematic representations of an NO3
− ion adsorbed on the surface of BiOCl0.72Br0.28

a without and bwith O vacancies (computational results). Figure reprinted from ref. [127] and used
with permission

showed the necessary photochemical activity while others did not show any activity.
In particular, the presence of Cu2O appeared to be a key requirement for proper
reaction of the catalyst with nitrate. The authors assigned this to the redox behavior
of the Cu(I) ion, which was deemed necessary for the electron transfer reactions.
Khatamian et al. [131] developed an ultrasound-assisted route for Fe3O4/bentonite
hybrids. The materials effectively removed nitrate from aqueous solution, and the
adsorbents were separated from the liquid phase by applying a magnetic field. In
spite of this, it is difficult to compare the data to other work because the authors did
not provide adsorption capacities.

Chu et al. [132] synthesized ammonium-modified zeolite Y by attaching aminosi-
lanes to the zeolite solids. The resulting powders effectively removed nitrate, ammo-
nium and phosphate from aqueous solution, and the materials can easily be recycled
via washing with aqueous NaCl. In a similar study, Wu et al. [133] used LaCl3 or
hexadecyl trimethylammonium bromide-exchanged NaY zeolite. The La-modified
zeolite showed high nitrate removal capacities.

Rezvani and Taghizadeh [134] used a simple raw material, clay (although they
unfortunately did not specify the exact type of mineral), that was ground to below
150 μm in diameter, then hand formed into small spheres of ca. 5 mm in diam-
eter and allowed to dry. A second type of material was prepared from montmo-
rillonite clay with particle sizes below 20 nm. Both materials were heat-treated at
1000 ºC to produce ceramic spheres. Adsorption experiments showed that nitrate
was removed from solution by these particles, but as the authors did not provide
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errors of their experimental results, it is not possible to compare the performances
of the two materials.

Resins and Gels

One of the major aspects in water treatment is cost. Duan et al. [135] have therefore
studied the use of commercial trimethylamine-modified poly(styrene) (PS) anion
exchange resins for nitrate removal. The authors identified a number of aspects that
are critical for proper nitrate removal from nitrate-rich groundwater. In particular,
the presence of sulfate and bicarbonate was reported as a major influence on the
performance of the resin and the authors assigned the improved performance in
some cases to the specific sulfate/chloride or bicarbonate/chloride ratios present in
the system. Li et al. [136] followed the same approach, and the triethyl ammonium
groups on the PS resins were found to be the most efficient moieties for nitrate
removal.Moreover, these authors also stated that poly(acrylic) resins did not perform
as well as the PS-based resins.

Li et al. [137] studiedmagnetic cationic hydrogels based on (3-acrylamidopropyl)
trimethylammonium chloride producing a highly charged hydrogel network. The
magnetic properties were introduced into the system by addition of γ -Fe2O3 during
the synthesis. The authors reported a considerable pH dependence, and the highest
nitrate sorption capacity of ca. 95.5 mg/g was observed between pH 5.2 and 8.8.
Using a related approach, Sun et al. [138] synthesized gel adsorbents from an alky-
lammonium acrylate that were able to remove nitrate from real secondary treated
wastewater.

Kalaruban et al. [139] described the combination of adsorption and electrodiffu-
sion.A stainless steelmesh boxwas filledwithDowex ion exchange resin, and a piece
of copper was used as the counter cathode. The combination of applying a potential to
the steel/copper pair with the presence of the Dowex resin in the vicinity of the steel
mesh box provided a better nitrate removal efficiency than either Dowex or potential
difference alone. The authors also highlighted that there is a strong dependence on
the performance from the electrode distance and the applied potential. The optimum
settings are a distance of 1 cm, a potential of 3 V and a temperature of 30 °C.

Using a membrane approach, Maghsudi et al. [140] showed that pressure and the
combination with a column setup can greatly enhance nitrate removal. The authors
reported removal of over 90% of nitrate using appropriate combinations of pre-
treatment and membrane separation. Activated carbon improved the performance of
the process.

Khalek et al. [141] investigated chitosan/gelatin/poly(2-(N,N-dimethylamino)
ethyl methacrylate) mixed gels along with different modifications of this combi-
nation. The gels were prepared by gamma irradiation, and various modifications,
such as the reaction with thiourea to provide thiol groups, were investigated. The
authors highlighted that the presence of SiO2 improved the adsorption capacity,
when compared with the materials prepared without silica. While the authors did
not provide detailed insights into why this is the case, they provided thermodynamic
information, which allowed for the estimation of the contributions of the individual
components to the overall sorption process.
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Various processes

Finally, there are a few approaches that cannot be grouped in one of the above
sections. First, Zhang et al. [142] reported a nitrate-dependent ferrous oxidation
process. This process involves bacteria, and the authors initially attempted to couple
nitrate reduction with As(III) oxidation to simultaneously remove nitrate and arsenic
from solution. However, the authors found a rather strong pH dependence of this
coupled process; thus, the reaction did not work properly in all pH regimes. Conse-
quently, the authors employed a modified process, with a separation of the two steps,
whereby first nitrate is reduced by the bacterial process followed by removal of the
arsenic.

Saha et al. [143] fabricated a biofilm containing three bacterial strains that, in
combination, simultaneously removed nitrate and phosphate to levels considered
safe for drinking water. The authors highlighted the fact that the combination of
several bacterial strains in the bioreactor is necessary, as individual strains were
not able to individually perform the same reactions at the same level. According to
the authors, “This is by far the fastest, energy efficient technology for wastewater
treatment, which adds to sustainability of irrigation and aquaculture and reduced
dependency on synthetic fertilizers and potable water for irrigation.”

Gao et al. [144] introduced a new ultrafiltration process for simultaneous removal
of nitrate and phosphate. The key component in this process is a tailor-made
membrane based on amorphous zirconium hydroxide, quaternary ammonium salts
and poly(vinylidene fluoride). Membranes were fabricated by phase inversion and
had thicknesses in the order of 80 to 250 μm. According to the authors, the high
nitrate and phosphate removal efficiencies were due to the high ion exchange capac-
ities and the high number of surface hydroxyl groups introduced via the amorphous
zirconium hydroxide.

Kalaruban et al. [145] used a combination of adsorbents (Dowex resins, amine-
grafted corn cobs, amine-grafted coconut shells), in combination with a semi-
continuousmembrane process. Essentially, themethod involved the adsorption of the
contaminant onto the adsorbents, followed by membrane diffusion and separation of
the purified water phase using a pump setup. The process is continuous in the sense
that the water feed and effluent can be run in continuous mode but the adsorbents
must be exchanged once their capacity is exhausted.

Using a completely different approach, Hosseini andMahvi [146] used controlled
freezing for nitrate removal. The authors highlighted the fact that freezing is among
the simplest andmost readily available processes even to non-experts.Moreover, their
data suggested that a single freezing–melting run may in many cases be sufficient to
lower the nitrate concentration to below theWHO limits considered safe for drinking
water.
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11.4.2 Chromate as an Example of a Metal-Based Oxyanion

As detailed in the introduction, chromium, especially Cr(VI), poses significant envi-
ronmental threats and health hazards [71, 73–76]. As a result, there is a need for
chromium removal from water bodies and drinking water sources. Given the fact
that a large fraction of chromium contamination occurs in developing countries,
these water treatment methods must be cheap, readily accessible and preferably be
based on local resources. The following sections illustrate some of the developments
that have been put forward over the last years. These developments have also been
reviewed [147–152].

There have been numerous suggestions as to how Cr can be removed from water
by adsorption. From a materials perspective, these can be grouped into: biomass and
carbon-based adsorbents; composite materials, typically organic or carbon/inorganic
composites; inorganic materials; and polymer resins and gels. Sometimes, these
materials also containmoieties that provide photocatalytic or redox activity to further
enhance the materials performance beyond mere adsorption.

Biomass and carbonaceous materials

Biomass is among the most interesting pools for raw materials because there is a
large variety of biomaterials that is accessible worldwide. Moreover, biomass comes
in a virtual unlimited supply and depending on the region, different biomasses are
available. Thus, there is no need for long transport chains, and often, biomass is avail-
able as waste material that is not used otherwise. Therefore, there is no competition
with food supplies.

Biomass and carbonized biomass have been studied for chromium removal [149,
151, 152]. To highlight a few recent approaches, we will focus on some studies that
have appeared in the recent past and put forward interesting examples of this general
approach.

Erabee et al. [153] studied the use of garden waste for the generation of activated
carbons. A pool of agricultural waste was treated with ZnCl2 as an activating agent,
andfixed bed studies showed thatCr(VI) can be removed fromaqueous solution using
the resultingmaterials. Among other variables, the authors showed that the flow rates
did not significantly influence the performance of the materials. However, increasing
the column length in fixed bed experiments drastically improved the overall removal
effectiveness from 42 to 95%, when the bed depth was increased from 3 to 7 cm.

Using a somewhat unusual biomass resource, Sterculia villosa Roxb., Patra et al.
[154] prepared sorbents for Cr(VI), using a combination of grinding (below 200 nm),
acid activation and thermal treatment. The surface areas of the material ranged
between 700 and 800 m2/g, and the presence of Cr on the dry samples was shown
using energy-dispersive X-ray spectroscopy. The authors also reported a strong pH
dependence of Cr adsorption, with an essentially 100% removal efficiency at low pH
(2–3) and ca. 10–20% at pH above 7.

Pakade et al. [155] studied macadamia nut shells as a source of activated carbon
production. Macadamia is farmed in large volumes in Australia, Hawaii and South
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Fig. 11.5 Synthesis of guanidine-modified graphene oxide for chromate sorption. Reprinted from
ref. [156] with permission

Africa, and macadamia nut farming produced large amounts of nut shells that are
essentially unused agro-waste. The activated carbon was produced by a steam-
activated heat treatment at 900°C producing carbons with surface areas >900 m2/g
and adsorption capacity of 23.3 mg/g at pH 2. According to the authors, the process
also involved some reduction of Cr(VI) to Cr(III).

Using an approach that may not currently be accessible to mass applications
due to high cost, Mondal et al. [156] presented an interesting fundamental study
on how reduced graphene oxide can be functionalized with guanidine groups to
enable Cr(VI) removal (Fig. 11.5). The authors performed an in-depth characteriza-
tion of the materials and demonstrated a maximum adsorption capacity of 139 mg/g
in acidic conditions and 51 mg/g in acid-free conditions. Importantly, these results
can be achieved at low adsorbate concentrations and even increase further at higher
concentrations of 400 ppm, to reach 173mg/g. Clearly,while this approach is not suit-
able for large-scale applications, the general idea is certainly interesting for further
technology development.

Using a closely related approach, Nkutha et al. [157] have made graphene-
based sorbents by modification of graphene oxide with amino- and mercaptosilanes
providingmaterials with –NH2 and –SH functional groups suitable formetal binding.
The main outcome of the article is the observation that, analogous to the work by
Mondal et al. [156], the highest adsorption efficiencies were observed at pH 2. Again,
the issue that could be raised here is that neither graphene nor specific silanes are
necessarily very cheap; there is thus a need to further transfer these reactions and
concepts to cheaper and more readily available carbon materials.
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In a somewhat different approach, Bashir et al. [158] used carbon materials
produced from sugarcane bagasse to directly bind heavy metals (Cd and Cr) in
contaminated soil to prevent (or at least reduce) the uptake of heavy metals by crops
and to improve microbial activity favoring plant growth. Biochar was produced via
a rather simple process using pyrolysis at 500°C for 2 h. As the raw materials have a
particle size in the millimeter range, the resulting products are rather coarse-grained.
The authors demonstrated that the resulting biochar reduces the concentrations of
free Cr and Cd by up to 85%. In particular, experiments in real soil samples demon-
strated a high effectivity even at comparably low doses of added carbon to the soil of
15 g/kg of soil. The authors also measured the heavy metal uptake in plants grown
on treated soils and found a significant decrease in Cd and Cr content in the respec-
tive plants. Moreover, biochar addition also positively affects the microbial activity.
Overall, this is therefore a highly interesting approach toward removing heavymetals
not only from open surface waters but also in food production.

Saranaya et al. [159] used Annona reticulata Linn fruit peels to remove Cr(VI)
from aqueous solution. The somewhat unique aspect of this study is the fact that
the materials were neither heat-treated nor carbonized; rather, the authors directly
used the oven-dried materials. This is an interesting aspect because avoiding heat
treatments reduces the energy and equipment cost involved in material preparation.
Questions that need to be addressed, however, involve the long-term stability of
such materials upon exposure to aqueous media. The authors highlighted that the
materials were among the best performing fruit peel-based adsorbent for Cr(VI)
reported so far,with amaximumcapacity of 111mg/g.Overall, biomass and biomass-
derived materials are clearly a benchmark technology in low-cost, high-performance
approaches for Cr removal from water and aqueous media. There are, however,
alternative approaches that will be discussed next.

Composites

Besides carbon, composites are of interest because they can combine the advan-
tageous properties of carbon or organic matter such as open pore structures and
high surface areas with advantages of inorganics such as high sorption capacities or
high mechanical stability. Indeed, numerous composites have been reported for Cr
removal from water [133, 147].

Xu et al. [160] have prepared magnetic carbon/magnetite nanocomposites with
high surface areas (Fig. 11.6). The synthesis of the materials was achieved by elec-
trospinning of polystyrene in a fibrous mesh followed by calcination in the presence
of ferric nitrate, producing robust magnetic carbon composites. The main features
of these materials are the capacity to rapidly adsorb Cr(VI) as CrO4

2− and the high
adsorption rate constants.

Kumar et al. [161] developed a similar system, through the combination of
graphitic carbon nitride (g-C3N4)withmagnetite nanoparticles. Thematerial simulta-
neously adsorbs Cr(VI) and reduces p-nitroaniline through a photocatalytic process.
The authors reported a very high adsorption capacity of 555 mg/g for Cr(VI). This
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Fig. 11.6 aRemoval percentage (RP%)ofCr(VI) versus pH,b effect of different adsorbent dosages,
c comparison of Cr(VI) adsorption performance, d Cr(VI) adsorption rate qt versus t for and corre-
sponding kinetic plot, e Cr(VI) adsorption isotherm at different temperatures, f Cr(VI) adsorp-
tion retention on magnetic carbon composite. Figure and caption reprinted from ref. [160] with
permission

valuewas assigned to the presence of numerous –OH, –NH2, –NHRand other coordi-
nating groups on the material surface. Interestingly, the surface areas of these mate-
rials were below 100 m2/g but the materials showed excellent Cr(VI) and Cr(III)
removal efficiency, approaching 99% at higher pH. This is an interesting difference
to carbon-based materials, such as those discussed above [153–159], which showed
high adsorption capacities at low pH but performed rather poorly at high pH.

Xing et al. [162] synthesized iron oxide nanoparticles with an aminosilane surface
coating. The combination of amino groups and nanoscale dimension of the material
led to rapid Cr(VI) removal kinetics such that solutions containing up to 100 mg/L
were Cr-free within one minute. Moreover, the materials can easily be recycled by
a simple washing process. On the other hand, the Cr adsorption capacity was rather
low at 8 mg/g.

Greenstein et al. [163] have developed iron oxide/polymer composites, including
core–shell nanofibers for heavy metal removal. To produce the composite filter
materials, the authors used electrospun poly(acrylonitrile) (PAN) fiber mats with
embedded iron oxide nanoparticles to generate PAN/hematite composites with
different iron oxide loadings. The resulting fiber mats, Fig. 11.7, remove As(V),
Cr(VI), Cu(II) and Pb(II) and, according to the authors, “generally matched expec-
tations from more traditional iron oxide sorbents.” The article highlighted two inter-
esting aspects that extend beyond more classical adsorbents: core–shell hybrid fibers
prepared by the authors show a significantly higher performance, and the mate-
rials, being filters, were able to remove suspended solids along with dissolved metal
ions. This is certainly an interesting combination of capabilities with tremendous
application potential.
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Fig. 11.7 Size distribution histograms, photograph of the fiber mat and SEM image of the fiber
mats for a PAN, b embedded PAN/Fe2O3, and c core–shell PAN/Fe2O3@Fe2O3 nanofibers. Figure
reprinted from ref. [163] with permission

Finally and using a different approach, Sathvika et al. [164] used Saccharomyces
cerevisiae and Rhizobium in combination with carbon nanotubes to remove Cr(VI)
from aqueous solution. The cell wall of the biological species was held responsible
for the effective adsorption of the Cr(VI) ions to the materials. As the authors high-
lighted in their article, the work illustrated the “confluence of biotechnology and
nanomaterials as an emerging area toward heavy metal remediation.”

Inorganics

A further extension of adsorbent materials is the use of fully inorganic materials.
Again, these studies have been reviewed [147, 150] but a few new developments
should be highlighted. Hajji et al. [165] studied the adsorption of chromate onto
siderite, ferrihydrite and goethite. The focus of this study was not on the optimization
of adsorption capacities or the adsorption rates. Rather, the authors performed an in-
depth analysis of the (competitive) adsorption of Cr(VI) and related species. The data
provided clear evidence that the material (adsorbent) architecture is a key parameter
to control for adjusting not only adsorption but also desorption behavior.

Similarly, Wang et al. [166] studied the role of calcium polysulfide (CPS) in
CPS/iron oxide composite materials (Fig. 11.8). Again, the study focused on the role
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Fig. 11.8 Proposed mechanism of iron oxide-promoted Cr(VI) sequestration using CPS under
acidic conditions. Reprinted from ref. [166] with permission

of the iron species and the polysulfide in these adsorbents and the authors proposed
that an electron shuttling processes between all constituents were responsible for
effective Cr(VI) adsorption along with the reduction of Cr(VI) to Cr(III). The sulfur
species and the redox couple Fe(II)/Fe(III) were assigned key roles in this process.
This is an interesting and detailed account of how the combination of adsorption and
redox chemistry could provide new approaches to water treatment.

Wang et al. [167] reported on the use of sulfidated zerovalent iron for Cr(VI) and
Sb(III) removal. Similar to the previous study [166], these authors reported a clear
influence of the sulfur present in the adsorbents on the performances. Especially, the
Fe/S ratio controlled the efficiency of Cr(VI) and Sb(III) removal and the presence
of Sb(III) promoted Cr(VI) removal, while the inverse effect was not observed.

Whitaker et al. [168] explored the use of biogenic iron oxides (BIOS) for Cr(VI)
uptake. The rationale behind this approach is that BIOS are nanocrystalline, have a
high surface area and are often partly porous. Moreover, they contain many defects
in their crystal structure to accommodate foreign ions like Cr(VI) and they often
also contain organic components that may further enhance the adsorption capaci-
ties and/or the adsorption rates. Similar to ref. [166], Whitaker et al. [168] did not
focus on improving adsorption behavior. Rather, they focused on understanding the
mechanisms and single processes that happened during adsorption and reduction of
Cr(VI) to Cr(III). They again proposed an electron transfer from Fe(II) to Cr(VI),
similar to ref. [166], but through a less complicated pathway.
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Suzuki et al. [169] followed similar ideas, but using fungal Mn oxides (BMOS)
rather than BIOS. In contrast to all studies discussed so far, this work focused on
Cr(III) and the authors showed thatBMOSare effective oxidizers forCr(III) toCr(VI)
under aerobic conditions. Moreover, BMOS were effective adsorbents for Cr(III),
reaching a maximum of ca. 120% of Cr(III) with respect to the molar Mn content.
While the oxidation and release of Cr(VI) is an issue, the very high Cr binding
capacity of these materials is clearly an asset.

Thomas et al. [170] studied a series of green rusts for Cr(VI) remediation. The
particular focus of their study was the investigation of cation substitution within
the green rusts and the effect on Cr uptake. The most obvious effect was that Mg(II)
effectively stabilized the green rust and thus provided a solution to a commonproblem
with green rust, namely the low stability if exposed to environmental conditions.
The authors suggested that Mg-stabilized green rusts could be a viable adsorbent for
Cr(VI) remediation and could also be sinks for bivalent metal ions such as Ni(II) or
Cu(II).

Gels and Resins

While there are numerous organic adsorbents [147] including algae [148], gels and
resins have attracted attention as well. To just highlight a few recent approaches,
Zhang et al. [171] used Fe-cross-linked alginate hydrogels to perform a synergistic
redox reaction between Cr(VI) and As(III), resulting in Cr(III) and As(V), both of
which can then be removed to over 80% from aqueous solutions using the as-prepared
hydrogels. The key responsible functional component is Fe(II), which formed upon
irradiation and enabled the reduction ofCr(VI) toCr(III), to start the reaction cascade.

Kou et al. [172] used recombinant proteins to produce protein hydrogels
containing specific metal or oxyanion binding domains (e.g., to bind chromate).
While the synthesis is rather complex, the power of the approach lies in the fact that
protein-binding motifs can be combined to even address complex situations with
water containing numerous heavy metal species at the same time.

Xie et al. [173] used hyper-cross-linked polymeric ionic liquids to remove Cr(VI)
in highly competitive conditions, with Cl−, NO3

−, H2PO4
− and SO4

2− present in
the solution. The cross-linked resin can be recycled and—exploiting an advantage
that is intrinsic to all ionic liquids—can be adjusted to account for changes in the
application by exchange of ions.

Finally, Hesemann and coworkers have used ionosilicas to remove chromate from
aqueous solution [174]. The high number of positive charges in these materials
provided solid adsorbents with high capacities of up to 2.6 mmol/g.
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11.4.3 Pertechnetate as an Example of a Radioactive
Oxyanion

Technetium presents many oxidation levels in aqueous solution, from +VII to −
I [175]. The most stable oxidation state in aerated solution is +VII, in the form
of the oxyanion TcO4

−. Correspondingly, the redox chemistry of this element is
very complex, and several disproportionation reactions result in the coexistence of
several oxidation states in equilibrium in solution [175]. The chemical forms are very
different with coordination numbers between 4 and 9, and Tc species come in the
form of oxyanion, cation, oxocation and neutral species with low solubility, such as
TcO2, or volatile as Tc2O7 or the salt of CsTcO4 [176]. While this chapter focuses
on the oxyanion TcO4

−, it is important to note that several reservoirs at different
oxidation states are likely to exist in the environment. Technetium is a radioele-
ment, meaning that all isotopes (from 90 to 110) are radioactive [177]; therefore, the
toxicity is both chemical (that of a heavy metal) and radiochemical (radiotoxicity).
Technetium is a natural, non-primordial element formed by spontaneous fission of
the uranium isotope 238, and the quantities in the earth’s crust are very small, below
�10–15 mol.L−1 [178]. As a result, most of the Tc on earth is anthropological. It was
first produced (95mTc43 and 97mTc43) by man using a cyclotron at the University of
Berkeley by Lawrence, following the irradiation of a natural molybdenum target by
deuterons, according to the nuclear reaction:

AMo42(d, n) →A+1 Tc43

Synthesis by artificial means led to its name, which means “artificial” in Greek.
It has been isolated and characterized, first by Perrier and Segré in 1937 [175]. The
use of techniques of trace chemistry developed in radiochemistry and the analogy
with the other elements of group VII (with Mn and Re) of Mendeleïev’s periodic
classificationmade it possible to initially describe its chemical properties [177]. Only
three isotopes have a radioactive decay period longer than 61 days. These are the
isotopes 97, 98 and 99 with a half-life greater than 105 y (97− T1/2 = 2.6 106 y, 98−
T1/2 = 4.2 106 y and 99− T1/2 = 2.13 105 y) [175]. As these isotopes are radioactive,
they must be handled in facilities dedicated to the handling of radioactive substances
[179]. The one present in the largest quantity is the isotope 99Tc, which is a soft
beta emitter (Emax = 293.5 keV and Eavg = 84.6 keV), with no associated gamma
radiation emission. The specific activity is 6.36 108 Bq.g−1. It is mainly produced
by the fission reaction of fissile isotopes such as 235U or 239Pu. The quantity depends
on the nuclear reaction, the fuel (235U, 238U, 239Pu, …) and the burnup. For example,
there is about 1 kg of Tc per 1 ton of uranium in spent nuclear fuel [180]. The
best-known isotope, especially for medical applications, is the metastable 99mTc
isotope (radiopharmaceuticals isotope). It is mainly produced by irradiation of 99Mo
by neutrons according to the following nuclear reactions:

98Mo42(n, γ )99Moβ− →99m Tcγ− →99 Tc43
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The half-life of 99Mo is T1/2 = 2.75 d. The transition from 99mTc to 99Tc leads to
the emission of gamma radiation of the order of 140 keV with a very short half-life
of T1/2 = 6.02 h [175].

Technetium is present in the environment mainly due to human activities [181].
There are two particular areas: nuclear testing and preparation of plutonium for
these weapons, and nuclear reactor accidents. Concerning the atmospheric testing
of nuclear weapons, it should be noted that the fission of the 235U and 239Pu nuclei
produces 99Tc, in a volatile form of Tc(VII) (Tc2O7) at high temperature. Hydrol-
ysis in the atmosphere leads to the formation of the anion TcO4

−. Concerning the
production of plutonium for military applications, the joint production of Tc and
its subsequent separation from other fission products leads to the accumulation of a
very large amount of Tc, a fraction of which is released into the environment from
the fission product storage vessels. The release of 99Tc during the accident at the
Chernobyl (Ukraine) reactor in 1986 and Fukushima (Japan) reactor in 2011 also led
to the release of the TcO4

− anions into the atmosphere from volatile Tc(VII) species
(Tc2O7 and CsTcO4, mostly). The amount of artificial Tc present in the environment
has been estimated to be in the order of 2 tons (1.3 103 TBq), and the chemical
form in aqueous media under aerobic conditions is indeed Tc(VII) in the form of the
TcO4

− anion [178].
It is in the spent fuel cycle of nuclear power that the quantity of technetium (99Tc)

accumulated is the highest [182]. During the reprocessing, the release into the envi-
ronment is controlled. Depending on whether the spent fuel cycle is closed (as in
France, Japan, etc.) or opened (as in the USA, etc.), the Tc is present either in a dedi-
cated containment matrix or in the fuel. The chemical form is multiple, ranging from
zero oxidation state (Tc metal) to a pertechnetate salt, via TcO2. Regardless of the
conditioning (containment matrix or spent fuel), this nuclear waste will be stored in
suitable geological disposal sites. However, it should be noted that the transmutation
of 99Tc by nuclear reactions (neutron) leads to stable Rh and Pd nuclides. Concerning
the use of the 99mTc isotope in medical applications, the quantity involved is very
small but will most likely increase with the development of nuclear medicine in the
world [183]. For medical applications, the chemical form is also extremely variable.
The most common forms are the TcO4

− anion and complexes in solution of the
oxidation state +V and +III, like TcO3+ and Tc3+. The speciation of the Tc element
in environmental aqueous media generally depends on aerobic or non-aerobic condi-
tions. In an aerobic environment, Tc will mainly be in the oxidation state+VII, in the
anionic form TcO4

−, whereas in an anaerobic environment, Tc can exist in different
oxidation states: the oxidized form Tc(VII), therefore TcO4

−, and the reduced form
Tc(IV), TcO2 [184, 185]. This will also be linked to the presence of redox agents in
the environment and the presence of complexing agents such as carbonate anions,
humic acids or chloride ions depending on the geological site [175, 176]. Given the
low concentration of Tc, radioactivity (the specific activity of 99Tc is 6.36 Bq.g−1)
is generally used as a unit of mass (Bq.g−1) and volume (Bq. L−1) concentration.

The pertechnetate anion in aqueous solution, often after a redox reaction, has
a strong capacity to sorb onto mineral surfaces (rocks, sediment and soils) and to
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accumulate in plants and microorganisms [178]. These natural compartments there-
fore constitute an important reservoir of the element Tc in the environment, and
it is important to consider them for the remediation of aquatic environments. The
concentration of 99Tc in aquatic environments is highly variable (several orders of
magnitude) and greatly depends on the location of the sampling: near or far from a
source of Tc. It also depends on the date of the measurement: before or after nuclear
test shutdowns, accidents at the Chernobyl and Fukushima reactors or the reduction
of Tc release in spent nuclear fuel processing operations. The orders of magnitude
range from 0.02 Bq.L−1 to 20 Bq.L−1 (close to Monaco in 1986, May) [186] in
rainwater, and from 10–5 Bq.L−1 to 10–1 Bq.L−1 in seas and oceans [181]. These
concentrations are well below 10–10 mol.L−1, which is extremely low on the chem-
ical scale. The concepts of radiochemistry (trace scale chemistry) are generally used
to describe the speciation of ions in solution [187]. Even though these concentrations
are very low, the radiotoxicity of 99Tc is very high and the long-term risk associated
with humans is very significant.

Very few studies concern the remediation of natural waters (groundwater, rain-
water, lakes, rivers and seas and oceans) by technetium. The vast majority of the
work concerns the treatment of industrial solutions resulting from the production of
plutonium for military applications [188] and to a lesser extent the management of
waste from medical applications [89, 189]. However, it should be noted that there
is vast literature concerning either the separation of technetium in PUREX separa-
tion processes (separation of uranium and plutonium from fission products such as
99Tc) or the remediation of storage tanks for fission products from the preparation
of “military plutonium.” In these processes, liquid–liquid extraction and separation
on ion exchange resin are often used. In the case of separation by liquid–liquid
extraction, ammonium extracts or molecular or supramolecular complexing agents
are commonly used [190].

While liquid–liquid extraction techniques are very well suited for the separation
of constituents in macro-concentration, this technique is poorly suited for species
that are very diluted in the environment. Moreover, in the case of radioactive pollu-
tants, the subsequent management of organic solvent or ion exchange resin contam-
inated with a radioactive substance is an additional constraint. This work will not
be further developed here, but it was routinely presented at the annual specific Tc
and Re chemistry conference (ISTR—International Symposium on Technetium and
Rhenium—Science and Utilization). These more conventional approaches were not
described in this chapter, but many publications are available on the subject [16,
188–194]. However, recent developments concerning the use of bi-functionalized
anion exchange resins for the recovery of TcO4

− from groundwater should be noted
[195].

Furthermore, in the case of the separation of a radioactive element, it is necessary
to consider the effect of ionizing radiation on the separation system. For example,
mineral supports are often preferred over organic supports, due to the radiolytic
degradation of the more fragile organic bonds [196]. Finally, it should be considered
that selectivity is extremely important for trace elements because other contaminants
in the environment, which are not always radioactive, may be present at much higher
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concentrations (103 to 106 times higher). Moreover, it is also important to consider
the management of the radioactive waste after separation. In the most recent work,
the separative system developed is also intended to be transformed into a containment
matrix [88, 197, 198]. In addition, it should be noted that the constraints linked to
the handling of a radioelement such as Tc often lead to the use of stable chemical
analogues such as ReO4

− and ClO4
− or the 99mTc isotope in the ultra-trace state,

which is easy to detect thanks to its gamma emission.
The most recent scientific approaches developed for the separation of Tc are of

two types: separation by ion exchange on metal–organic framework (MOF) supports
and adsorption on active surfaces of nanoparticles. Other systems, such as organic
adsorbents, layered double hydroxide or dendrimer systems will not be discussed
here [16, 199].

Recent works showed the practical interest and promise of MOF materials for the
treatment of solutions contaminated with radioactive anions such as 129I−, 79SeO3

2−,
79SeO4

2− and 99TcO4
− [190, 200]. These cationic MOFs are built from neutral soft

donor ligand and transition metal. The few main criteria that guide the synthesis
of MOFs, in order to amplify the interaction with the TcO4

− anion, include: the
exchange anion used for the construction of the MOF must be compatible with the
medium and must constitute pores/channels suitable for anion exchange (ClO4

−,
Cl−, NO3

− and SO4
2−); the hydrophobic nature of the surface of the material and of

the pores/channels is an asset for selectivity; and the possibility of creating a network
of hydrogen bonds.

The choice of transition metal is also important. For the capture of the TcO4
−

anion, two MOF structures have been specifically studied: SCU-100 and cationic
Zr-based MOF [200, 201]. Recently, an eightfold interpenetrated three-dimensional
cationic MOF material SCU-100 has shown high immobilization capabilities for
TcO4

− anion with fast kinetics. Sorption isotherms were measured at room temper-
ature with TcO4

− or ReO4
−. The good selectivity towards other anions, which are

present in higher concentrations than Tc, and the radiostability of the structure are
further attractive factors in these new materials. The proposed mechanism is based
on anion exchange and strong interaction between the Ag+ sites constituting MOF
SCU-100 with the tetradentate neutral nitrogen-donor ligand. The single-crystal X-
ray diffraction on the ReO4

−-based structure highlights the coordination between
the two metals, Re and Ag (Re–O-Ag), and the existence of several hydrogen bonds.

Hesemann and coworkers have developed a strategy using a platform made from
mesoporous silica [202], to covalently bind reactive chemical functions. These prop-
erties have been exploited by using an imidazolium unit and different alkyl chain
lengths between the mesoporous network and the imidazolium cation, and also the
one fixed on the second nitrogen of the imidazolium. These ion exchange mate-
rial showed a very good extraction capacity for the TcO4

− anion and especially an
excellent selectivity against other anions (Fig. 11.9). These results were explained by
the hydrophobicity of both the mesoporous silica support and the presence of alkyl
chains. The alkyl chains also allowed the structuring of the mesoporous silica/water
interface by a network of hydrogen bonds.
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Fig. 11.9 Distribution coefficients of TcO4
− in the presence of different competing ions (c =

0.1 mol L−1). Reprinted from [202] with permission

Shen et al. [203] studied technetium removal from water. The separation is
based on the sorption of the anion ReO4

− (as TcO4
− surrogate) on an ordered

urea-functionalizedmesoporous polymeric nanoparticle (urea-MPN). The nanosized
spherical morphology and 3D interconnected ordered cubic mesopore structure were
obtained by the surfactant directed self-assembly process with the low-concentration
urea–phenol–formaldehyde resol oligomers under hydrothermal conditions. The
sorption capacity of this material was good, with fast kinetics (less than 30 min).
Analysis by NMR and XPS spectroscopies showed that the mechanism involved the
effective hydrogen bond provided by the urea functional groups bonding the tetra-
hedral ReO4

− anion. In addition, the nanometric dimensions of the channels and the
large specific surface favored the diffusion of the anion. Finally, the hydrophobic
pore surface of the urea-MPN was also beneficial for decreasing the ReO4

− charge.
The stability of the ordered mesoporous structure is maintained after an irradiation
with 200 kGy dose radiation.

In a recent study [204], the recovery of the ReO4
− anion (used as a simulant of

TcO4
−) from nanoparticle-anchored biochar composite (ZBC) ZnO was observed.

In this study, the selectivity toward competitive anions (such as I−, NO2
−, NO3

−,
SO4

2−, PO4
3−) and the stability toward gamma radiolysis were evaluated and found

to be highly favorable. It has been shown that the high sorption capacity of the ReO4
−

anion was due to the synergistic effect of the hydrophobicity (superhydrophobicity)
of the surface and the nature of the sorbent (and in particular according to the different
crystal planes of the ZnO nanoparticles). The electron transfer between ReO4

− and
the (002) surface of ZnO appears to be greater than with the (100) plane, leading to
a stronger interaction for the (002) plane.
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11.4.4 Diclofenac as an Example of an Organic Anion

Due to enormous anthropogenic activities (pharmaceutical industry and agriculture),
pollution is not limited on purely inorganic species, but organic ionic species also
have a strong ecological impact on various natural compartments. The incorporation
of ionic groups is a common strategy to modify the physical properties of organic
compounds; consequently, numerous organic compounds exist as ionic species. This
is due to the fact that water solubility is often required for an efficient use of organic
compounds as pesticide, pharmaceutical drug or dye. Indeed, various types of organic
anions such as anionic pharmaceuticals and anionic dyes are extensively used in
different industries and some of them are produced on a large ton-scale [8, 205, 206].

These organic anions display interesting properties, such as biological activity
and optical properties, which renders them interesting for various applications in
medicine, agriculture, catalysis, sensors, solar cells, printing, textiles, bioimaging
and energetic materials. Various pharmaceutically active compounds (PhACs) and,
more generally, pharmaceutical and personal care products (PPCPs) [207] are ionic
organic compounds. The presence of organic anions in water bodies is therefore
closely related to anthropogenic activities, and these compounds are widely spread
all over the planet. The highwater solubility of these compounds, which is often a key
property for the use as pharmaceuticals or pesticides, further increases their mobility
in soil and water bodies. The water solubility therefore favors rapid distribution of
these compounds and hampers their elimination via water treatment processes.

Synthetic anionic organic species have been present in the environment since
decades, but recently, significant progress in analytical methods (such as GC–MS
and LC–MS) allowed for a detailed monitoring. This is particularly true for water
bodies, where they exist at concentrations down to the ng/L scale. Anionic organic
compounds are therefore ubiquitous and particularly abundant in surface, ground
and drinking water. They can also be found in other environmental compartments
(soils), and due to the water treatment and upgrading processes, also in sewage
sludge and even the effluents of WWTPs. The presence of these compounds in
the environment can cause direct and indirect harm to humans, animals and plants.
Besides the purely inorganic oxyanions, such as chromate and nitrate, organic anionic
species therefore have a tremendous impact on water management aspects. Their
monitoring, separation and removal from diverse water bodies and particularly from
wastewater are therefore significant challenges and of essential concern to human
health.

Pharmaceuticals are an important class of emerging contaminants [208] because
of their inherent biological activity and the potential to enter the aquatic envi-
ronment. One compound in particular, (2-[2,6-dichlorophenylamino]phenylethanoic
acid sodium salt) (diclofenac, DCF), is among the most prominent examples of such
a species. Even though DCF is a classical organic anion, we chose to discuss its
dissemination and monitoring in this chapter because it is among the most studied
and most often detected pharmaceuticals worldwide [209], and huge data indicating
DCF pollution are available. DCF is an excellent model compound illustrating the
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challenges related to themanagement of anionic organic species and theirmetabolites
in water treatment and upgrading. It represents a large panel of organic carboxylates,
sulfonates, phosphonates, etc., which are widely used as water-soluble drugs, dyes
and pesticides and present in nearly all natural compartments.

Due to its intensive use, in both human medicine and veterinary applications,
DCF is detected in nearly all water bodies (wastewater, surface water, effluents). It
was included in the EU watch list of pharmaceuticals requiring detailed environ-
mental monitoring in 2014 (Directive 2014/80 of the EU) [92] but has recently been
removed from the list, as sufficiently monitoring data are now available. Today, DCF
is omnipresent in nearly all-natural compartments (aquatic environment and soil).
This part gives a short overviewon theuseofDCF, its fate in different natural compart-
ments and the consequences and repercussions of its presence in these ecologic
systems (Fig. 11.10). The fate, effects and risks related to the presence of DCF in
the environment have recently been reviewed by Sathishkumar et al. [9].

DCF is a nonsteroidal anti-inflammatory drug (NSAID), similar to other widely
used pharmaceuticals, such as ibuprofen, naxopren, ketoprofene and aspirin.NSAIDs
are “over-the-counter” drugs in most countries; thus, they are easily accessible.
Nowadays, DCF is one of the most frequently administered agents for pain relief
and inflammatory diseases in humans and animals. DCF was introduced in the 1960s
by Ciba-Geigy [210], but it has been commercialized under different brand names
(Athrifen, Diclodoc, Diclofenbeta, Voltaren and many others). It is usually commer-
cialized as sodium or potassium salt and applied via oral or topical administration.
Some physical properties of diclofenac (free acid) and diclofenac sodium salt are
summarized in Table 11.2.

Although DCF is widely used, there is a lack of reliable data about its annual
production and consumption. The estimated global annual consumption was ca. 940
tons in the early 2000s and approximately 1500 tons ten years later [213]. However,
these values only concern human health applications and neglected veterinary use.
This difference is important due to intensive veterinary use and particularly to the

Fig. 11.10 Diclofenac: metabolism, occurrence in the natural environment and ecological risk on
human and animal health. Reprinted with permission from ref. [9]
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Table 11.2 Comparison of some physical and chemical properties of diclofenac and diclofenac
sodium

Diclofenac-free acid Diclofenac sodium

Structure

Formula C14H11Cl2NO2 C14H10Cl2NNaO2

Molecular weight 296.15 g/mol 318.13 g/mol

CAS number 15307-86-5 15307-79-6

Water solubility 2.43 mg/L [211] 20.4 g/L [212]

Melting point 158–159 °C 283–285 °C

different fates of drugs used for human and animal diseases. Whereas drugs used for
humanhealth applicationsmostly enter thewater treatment circuit viaWWTPs, drugs
originating from veterinary uses mostly move directly into the aquatic ecosystem,
i.e., in surface water, without further treatment.

AsDCF is a low-cost over-the-counter drug, it is extensively used in both emerging
and developed countries. This is highlighted on the one side by the estimated data for
Brazil and the Indian subcontinent, with annual consumptions of more than 60 tons
in each country and estimated consumption in Germany (82 t in 1999), France (16 t
in 2003) and England (26 tons in 2000) [213]. Unfortunately, no precise recent data
exist. In spite of this, the available data clearly indicate that DCF is a widely used
and globally present drug. It is therefore a valuable model compound to monitor the
spread and fate, and to evaluate the effects of the presence of anionic organic species
and in particular of pharmaceuticals in the ecosystem.

The presence of DCF in the environment sometimes has serious consequences.
First studies, indicating deep impact of DCF on the environment, go back to the
early 2000s. DCF was held responsible for a sharp decline in the population of three
vulture species in the Indian subcontinent, due to the consumption of carcasses of
cattle treatedwithDCF. The intolerance of these birds towardDCF led to renal failure
and finally to their death [98]. A similar scenario led to the breakdown of other vulture
and eagle populations in Kenya, ten years later [214]. To prevent further decline in
vulture population, the use of DCF for veterinary use has been banned in India, Nepal
and Pakistan since 2006.

Detailed data on the human, animal and plant metabolism of DCF (Fig. 11.11)
revealed the presence of its metabolites in various environmental compartments [8,
9, 17].

The humanmetabolism of DCF produces a variety of compounds, mainly hydrox-
ylated DCF derivatives, and the half-life of DCF is 2 h [216]. After this relatively
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Fig. 11.11 DCF and its main metabolites. Reprinted from ref. [215] with permission

short period, it is excreted, either as such or as one of its metabolites, via urine (2/3)
or feces (1/3) [17]. DCF is mainly metabolized via hydroxylation, with 4′-hydroxo
(OH) diclofenac asmajor product [215], either as pure compounds or their conjugated
forms with glucuronic acid, glucuronide, taurine or sulfate. Usually, DCF is nearly
completely metabolized, and only a minor part is excreted as the un-metabolized
compound. Approximately 10% of the administered dose is eliminated as taurine,
glucuronide or sulfate conjugates, and more than 80% as DCF derivatives, mostly
hydroxylated species and their conjugates (Fig. 11.12). Hence, the monitoring of
DCF should not be limited to the pure drug, but must be extended to its metabolites.

After excretion, DCF enters the aquatic environment, either directly or after its
transit via WWTPs. The various entries of DCF and its metabolites are illustrated
in Fig. 11.13. DCF is initially introduced in surface water, but can later be found in
groundwater and even in drinking and mineral water, due to inefficient elimination
duringwastewater treatment. Due to the continuous influx ofDCF and itsmetabolites
into the natural environment, it is considered a pseudo-persistent pollutant. Despite
its relatively short half-life time in freshwater of 8 days [217], the pseudo-persistent
nature of DCF makes in an important case study for organic anionic contaminants.

We focus here on the monitoring of DCF in water bodies originating from France
and Germany as representative examples of developed countries. The presence of
DCF and itsmetabolites has been observed since the beginning of the 2000s. Selected
data of DCF concentrations in surface, ground and wastewater together with some
data from seawater, are given in Table 11.3. The first report on the presence of DCF
in surface water appeared as early as 2002, when Heberer et al. reported a DCF
concentration of approximately 1 μg/L in surface water in Berlin/Germany [218].
Since then, enormous amounts of data attested to the omnipresence of DCF and
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Fig. 11.12 Identified
metabolites of DCF and their
percentages of oral dosage.
Reprinted from ref. [17] with
permission

Fig. 11.13 Entry routes of DCF into the environment. Reprinted from ref. [8] with permission

its metabolites in almost all water bodies worldwide [9]. Remarkably, DCF was
even found in surface water in very isolated regions, such as the northern Antarctic
Peninsula [219].

DCF residues could be found in nearly all types of surface water such as canals,
lakes and rivers. The presence of DCF is clearly related to dense population or
industrial or agricultural activities. It originates frompharmaceutical production sites,
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wastewater treatment plant effluents of urban and tourist areas or hospital effluents
[59, 220–223]. Both DCF and its metabolites were detected in surface water, in
particular hydroxylated species and conjugate derivatives, resulting from human or
animal excretion. Some other derivatives such as nitro and nitroso derivatives were
also identified [224]. DCF and its metabolites were present in nearly all investigated
samples in concentration in the range of 0.1–1 μg/L, but in some exceptional cases
even in considerably higher concentrations of over 50 μg/L [225].

DCF has also been identified in groundwater, which is directly linked to its pres-
ence in surface water [226]. DCF in groundwater therefore originates from identical
sources (agricultural, pharmaceutical, etc.) as in surface water. The presence of DCF
residues in groundwater highlights its mobility in the soil. The pollution of ground-
water is particularly problematic, as these resources are often used for direct water
supplies and for the production of drinking water. In general, the DCF concentrations
in groundwater are slightly lower than those in surface water. This is probably due to
a partial degradation of DCF bymicroorganisms in the soil. However, concentrations
of 10–500 ng/L are usually observed (Table 11.3).

The presence of DCF residues in drinking water and especially tap water directly
relates to human health issues, and is therefore of particular importance. Despite
water treatment, DCF has been found in different drinking water samples, including
mineral water and tap water. The contamination of drinking water is widespread,
as DCF has been found in samples in France and Germany (Table 11.3), but also
in other countries (Sweden and Spain). DCF is generally present in traces with
concentrations on the ng/L scale. The reason for the presence of DCF in drinking
water is probably the inefficient elimination in WWTPs and inadequate treatment
in drinking water treatment plants (DWTPs), together with other reasons. It clearly
appears that the pollution of drinking water with DCF and other pharmaceuticals is
one of the challenges in water treatment in the near future and has to be followed in
detail.

Besides surface, ground and drinking water, DCF residues are also found in other
water bodies. As DCF is not efficiently degraded in WWTPs (vide infra), high DCF
concentrations are also found in WWTP effluents and sewage sludge. DCF and
several of its derivatives such as hydroxylated species or glucuronide and sulfate
conjugates could be detected, originating from human or animal excretion. The
concentrations in surface water are generally in the range of several hundred ng/L
up to several μg/L, in some exceptional cases even up to more than 50 μg/L.

The presence of DCF in the marine environment has recently been investigated
[97]. Despite the relatively short half-life time of DCF in freshwater of approxi-
mately 8 days [217], DCF could also be found in various marine environments due
to its continuous input from surface water (Fig. 11.14). DCF is therefore particularly
present in coastal waters and sediments although in lower concentration. However,
the presence of traces of DCF has a serious impact on marine organisms, due to the
bioaccumulation of DCF. Mussels (Mytilus galloprovincialis andMytilus trossulus)
are particularly sensitive; this is due to their high filtration capacity and their ability to
bioaccumulate pollutants [227]. The accumulation of DCF bymussels then generates
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Table 11.3 Selected data of DCF occurrence in various water bodies in France and Germany

Entry Country Sample nature DCF conc. Sampling point References

1 France Surface water 300 ng/L Doubs River [228]

2 France Surface water 166 ng/L Loue River [228]

3 France Surface water 33,2 ng/L Lergue River [229]

4 Germany Surface water 435 ng/L Lake Tegel [230]

5 Germany Surface water 245 ng/L Saale River [231]

6 Germany Surface water 15.0 μg/L Erft River (near
Cologne)

[232]

7 Germany Surface water 2.1 μg/L Teltow Canal
(Berlin)

[233]

8 France Groundwater 2.5 ng/L Wells of Hérault
Basin

[229]

9 France Groundwater 9.7 ng/L Rhone-Alpes region [234]

10 Germany Groundwater 590 ng/L Monitoring wells [235]

11 Germany Groundwater 45 ng/L Monitoring wells [230]

12 France Drinking water 56 ng/L Rhone-Alpes water
supply

[234]

13 France Drinking water 2.5 ng/L Hérault watershed [236]

14 France Wastewater (eff) 486 ng/L WWTP [229]

15 France Wastewater (eff) 2.5 μg/L WWTP [228]

16 Germany Wastewater (inf) 6.3 μg/L WWTP in Berlin [233]

17 Germany Wastewater (eff) 3.0 μg/L WWTP in Berlin [233]

18 Germany Wastewater (eff) 5.1 μg/L WWTP [237]

19 Germany Primary sludge 7020 μg/kg WWTP [238]

20 Germany Secondary sludge 310 μg/kg WWTP [238]

21 France Seawater 7.7–63.4 ng/L Seine Estuary [239]

22 France Seawater 1.5 μg/L Mediterranean Sea [236]

23 Germany Seawater 0–9.2 ng/L Baltic Sea [240]

24 Germany Seawater 0 - 6.2 ng/L North Sea [241]

oxidative stress and genotoxic effects [97]. DCF therefore seems to be responsible for
various effects on marine organisms, including the alteration of biological functions.

The management of pharmaceuticals, such as DCF in wastewater, is particularly
challenging as these pollutants are often only partially eliminated in WWTPs, and
studies on the fate in WWTPs are often inconclusive or contradictory [215]. In
fact, DCF elimination rates have been found in the range of 0–80%, with most
values in the 20–40% interval. The reasons for these low elimination rates are poor
biodegradability of DCF on one side and the low DCF adsorption ability of sewage
sludge on the other side. Although high concentrations ofDCF can be found adsorbed
on sludge (Table 11.3, entries 19/20), a considerable fraction is still present in the
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Fig. 11.14 Global occurrence of diclofenac range in various environmental matrices. ND: not
detected. Reprinted from ref. [9] with permission

effluents of WWTPs. Both factors result in the presence of considerable amounts of
DCF in WWTP effluents. In this way, DCF continuously enters the aquatic system
via the surface water input (Table 11.3, entries 16/17), thus resulting in a permanent
contamination of surface and groundwater.

These results show that innovative water treatment techniques have to be devel-
oped in order to reduce the presence of pharmaceuticals in the effluents of WWTPs.
These techniques can be, for example, membrane bioreactor technologies. Addition-
ally, the process parameters for wastewater treatment can be adapted in view of more
efficient DCF mineralization. As an example, longer solid retention times (SRT)
and longer hydraulic retention times (HRT) result in higher DCF elimination rates,
but are hardly compatible with standard treatment processes applied in WWTPs.
Biodegradation can also be enhanced usingmicroorganisms capable to degradeDCF.
These results indicate that the management of pharmaceuticals in the aquatic envi-
ronment is a complex issue and further research is needed to find valuable strategies
allowing for an efficient and complete transformation and/or degradation of these
compounds in WWTPs and DWTPs [215]. DCF is neither efficiently mineralized
nor efficiently adsorbed on sewage sludge. However, regarding this latter aspect, pH
is a crucial factor. Elimination of DCF on sludge is strongly enhanced in slightly
acidic media, compared with the neutral media. The adsorption of DCF in its proto-
nated neutral form seems to be favored, when compared with the separation of the
anionic carboxylate species [238, 242].
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The omnipresence of DCF represents a high environmental risk, particularly due
to its interactive effects with other types of environmental pollutants such as pharma-
ceuticals, pesticides, personal health products and metallic contaminants. The occur-
rence of all these pollutants, together with DCF in particular, in wastewater may give
rise to synergistic effects affecting the whole aquatic life [8, 243]. The monitoring of
DCF, together with other emerging contaminants, will therefore become a challenge
in water treatment in the near future.

Effective adsorbents for DCF removal

DCF is an omnipresent compound; thus, efficient strategies for its removal are
required. Various novel strategies from wastewater have recently been investigated,
which include physical processes (adsorption and coagulation flocculation), biolog-
ical (i.e., microbial or enzymatic) degradation and biotransformation, and chemical
strategies, such as electrochemical degradation and photolytic/photocatalytic degra-
dation [8, 215]. As an example, DCF can efficiently be degraded photolytically [244]
via irradiation with UV light. The photodegradation can be assisted by the presence
of photocatalytic materials, such as titanium dioxide [245, 246] or TiO2-WO3 mixed
oxides [247].

Photodegradation is often combined with advanced oxidation processes (AOP),
to transform organic pollutants into biodegradable intermediates. In this context,
ozonation, using strong oxidizing agents such asH2O2, appeared as a suitable strategy
for the mineralization [248]. However, both the degradations of DCF via photolytic
or oxidation pathways result in the formation of a large panel of organic degradation
products [249] whose ecotoxicity needs to be assessed as well (Fig. 11.15). On
the other side, DCF can be separated from wastewater via solid–liquid extraction
processes, using a large variety of adsorbents. Sequestration is an important method
for the removal of DCF from water bodies, as other methods either are inefficient
(biological degradation, adsorption on sewage sludge) or result in the formation of
degradation products (photodegradation and oxidation processes).

A multitude of adsorbents that have been studied for DCF adsorption include
metal–organic frameworks [250], activated carbons [251], graphene oxide [252],
biomass [253] and biopolymers [254], clays and double-layered hydroxides [255,
256] and silicas [257–260]. Due to the chemical characteristics ofDCF, its adsorption
can be triggered by hydrophobic interactions, π–π stacking interaction or ionic
interactions. Anion exchange materials seem to be particularly well suited for the
adsorption [261].

Clays only show limited adsorption capacity for DCF but the affinity can be signif-
icantly increased via the incorporation of organic compounds. Various clays, such
as bentonite and halloysite, have been tested as adsorbents for DCF. The interca-
lation of organic compounds, such as CTAB, into the interlayer space of the clay
structures allows the synthesis of organoclay nanocomposites, which led to highly
efficient DCF adsorbing materials [262, 263]. A similar approach was reported by
Krajisnik, who described cetylpyridinium-modified natural zeolites for DCF adsorp-
tion [264]. In all cases, hydrophobic interactions, combined with increasing surface
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Fig. 11.15 Photodegradation products of DCF. Reprinted from ref. [244] with permission

charge, are the reasons for the improved adsorption properties of these organic–inor-
ganic nanocomposites. The incorporation of surfactants within the interlayer spaces
of clays or zeolites is crucial for the adsorption of organic pollutants and allows for
a dramatic increase of the adsorption efficiency.

Due to their morphological and textural properties, metal–organic frameworks
(MOFs) appear as very promising adsorbents for DCF adsorption. Indeed, a ZIF-
67/CTABnanocomposite has been used for the removal of DCF from aqueousmedia.
The presence of CTAB increases the adsorption capacity of the composites as it
enhances the surface charge of the material. Compared to the pure ZIF-67 material,
the nanocomposite with CTAB shows a ten times higher adsorption capacity for DCF
[265]. OtherMOFs have also been used for DCF removal, and high adsorption capac-
ities, up to 263 mg/g of MOF, were observed. The chemical nature of the adsorbent,
i.e., the functionalization with ionic groups, together with the adsorption conditions
(pH of the liquid media, contact time, etc.) is crucial to achieve high adsorption
efficiencies. For example, the highest adsorption capacities have been reported for
amine and sulfonate-functionalizedUiO-66. These results may be explained by some
particular adsorbent–adsorbate interactions, such as base–base repulsion or acid–
base attraction involving the amine and carboxylate groups of DCF and the amine
and sulfonate groups of the MOF adsorbent [266]. More recently, a porous Cu-based
MOF showed extraordinary high adsorption capacity of up to 900 mg/g [267].

Another important class of adsorbents is carbon-basedmaterials, such as activated
carbons (ACs), graphene and graphene oxide. ACs are widely used as adsorbents, at
both the laboratory and industrial scale, and have been investigated for the removal
of DCF from aqueous solution. Due to the different chemical natures, the adsorption
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mechanism is mostly based on weak interactions, such as van der Waals bonding
or π–π stacking interactions. Activated carbons sometimes show high adsorption
capacity of DCF up to 400 mg/g [205, 226]. A combination of ACs and MOFs was
used to create porous carbonaceous materials via pyrolysis, so-called porous carbons
derived from MOFs (PCDMs). These solids displayed higher adsorption capacities
for DCF than the conventional porous carbons [268–270]. Graphene oxide is another
promising adsorbent for DCF, due to theπ–π stacking interactions with the aromatic
rings of DCF [252].

Porous silicas, ionosilicas and silica-supported ionic liquid phases (SILPs) are
among the most polyvalent and tunable functional materials. Silica offers a large
variety of possibilities for processing andmorphology control, and ionic liquids (ILs)
allow for the fine-tuning of the physicochemical properties of the materials, such as
hydrophilicity/hydrophobicity and ionic interactions. These materials are therefore
particularly suitable for the synthesis of ion exchange materials. In fact, porous thiol
and amine-functionalized silica adsorb DCF more efficiently than the parent pristine
silica, and this effect was attributed to mainly hydrophobic interactions [271].

On the other hand, the incorporation of ionic sites within the material gives rise
to silica-based ion exchange materials. These ionosilicas and SILPs are versatile
adsorbents for anionic drugs, displaying high adsorption capacities up to 600 mg/g
[257, 260]. The polyvalence of these materials is highlighted by the fact that the
adsorption process can be controlled by the counter anion [257]. This feature shows
that ionosilicas andSILPs are universal adsorbent andoffermultipleways of chemical
modification.

Renewable materials, such as bagasse, or biopolymers, such as chitosan, have
also been successfully used for DCF removal from aqueous solution. For example,
Isabel grape (Vitis labrusca × Vitis vinifera) bagasse was tested as a low-cost adsor-
bent. Despite the fact that the adsorption performances of bagasse are consider-
ably lower (maximum capacity <50 mg/g), it appears as a good solution for DCF
sequestration. This is due to its large-scale availability and insignificant commer-
cial value, thus compensating for its lower efficiency [253]. Recently, bagasse-based
PET/Fe(III) containing nanocomposites were successfully used for DCF adsorp-
tion [272]. Regarding functional biopolymers, Liang et al. reported a chitosan/iron
oxide nanocomposite, displaying high DCF adsorption capacity of nearly 470 mg
DCF/g [273]. The material is recoverable using magnetic field, due to the pres-
ence of magnetic Fe3O4, and can be reused in at least four adsorption–regeneration
cycles, while maintaining a DCF removal efficiency of 70%. All these examples
show that multiple types of materials with good to excellent DCF adsorption exist.
The observed adsorption capacities are sometimes very high and can reach more
than 600 mg DCF/g, but these results are often compromised by the presence of
competing anionic species.

In view of an efficient reuse of these adsorbents, closed adsorption–desorption
cycles and regeneration of these often-costly adsorbents have to be investigated.
Furthermore, it has to be mentioned that most of these studies are carried out under
laboratory conditions. The efficiencies of these materials under real-life conditions
are still a rather unexplored field and have to be addressed before transposition on
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wastewater treatment under real large-scale applications. It also needs to be pointed
out that rather minor changes in wastewater treatment have enormous effects on the
elimination rates of DCF inWWTPs. For example, slight pH changes allow for a 20-
fold increase in the DCF elimination rate. Other parameters, such as resident times,
need to also be addressed for a more efficient elimination of DCF and other organic
anionic species from wastewater [215].

All these findings clearly indicate that continuous monitoring of DCF and other
pharmaceutically active compounds (PhACs) and, more generally, pharmaceutical
and personal care products (PPCPs) in the aquatic environment are necessary
[274]. Furthermore, novel techniques and strategies for efficient removal of these
compounds from all water bodies are required. Regarding DCF, three main strategies
are of importance for a more efficient removal from wastewater during conventional
wastewater treatment:

(i) process optimization in wastewater treatment, namely longer hydraulic
residence times, leading to longer contact times of DCF with biomass

(ii) enrichment of DCF-metabolizing microorganisms in the bioreactor
(iii) pre-treatment of wastewater using (photo)oxidation methods.

However, as all these methods require drastic process modifications, because
they are often time consuming and not always efficient and result in the production
of secondary contamination from DCF degradation. The adsorption techniques are
of particular importance and require further investigation to reach acceptable DCF
concentrations in WWTP effluents.

11.5 Final Observations

At this point, it is quite fair to say that only innovation in oxyanion sequestration is not
enough to combat environmental pollution. While many industries are responsible
for significant pollution, they also provide employment and resources that are needed,
especially in developing countries [275]. Therefore, it is the environmental author-
ities of many countries, especially the least developed and developing countries,
which are under enormous pressure to control and reduce pollution [276]. It is clear
that besides technological advances, environmental education plays a vital role in
improving the overall conditions of the populations [277]. Therefore, raising aware-
ness through continuous consultation, focus group discussion and environmental
education has to be put in place to ensure that the people involved and local stake-
holders recognize the alarming threat [278, 279]. It is also necessary that employers,
laborers and management of these industries consider adopting certain strategies
that reduce the overall health risk that are the consequences of untreated wastew-
ater discharge. Educational workshops and training must be put in place to educate
the relevant industries to understand and implement necessary cleanup methods.
These efforts must be backed by systematic counseling with the local stakeholders to
further support the development of a deeper understand of the threats of uncontrolled
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wastewater pollution. The same efforts must also highlight the benefits of feasible
treatment planning and reorganization of water treatment [280].

Clearly, changing the approaches of industrial setting in the developing world
will not take place overnight. However, it is absolutely necessary that continuous
training at all levels (schools, universities, industries, pubic stakeholders) is estab-
lished and that better pollutant management plans are put in action. Local pressure
groups, environmental activists, governments and other environmental authorities
are obvious partners in these developments [281].

Environmental education has been recognized as silver bullet to build more envi-
ronmentally aware populations [282]. Typically, the problem of environmental pollu-
tion mitigates with well-informed citizens and schools and universities are highly
suitable platforms to educate but also train scientists, engineers and decision makers
[278]. Among others, demonstration experiments and small-scale live demonstration
of pollutant removal using hands-on in schools, universities and any other public
event that is accessible for education should be a useful tool for establishing an
understanding of the issues and chances of water treatment for any society [283].
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Chapter 12
Removal of Nitrogen Oxyanion (Nitrate)
in Constructed Wetlands

Fidelis O. Ajibade, Nathaniel A. Nwogwu, Kayode H. Lasisi,
Temitope F. Ajibade, Bashir Adelodun, Awoke Guadie, Adamu Y. Ugya,
James R. Adewumi, Hong C. Wang, and Aijie Wang

Abstract The increasing levels of nitrogen oxyanion pollution especially nitrate in
water environments have become a critical issues of concern because of the poten-
tial risk on ecology and human health. Owing to its distinctive merits of sustain-
ability, lesser operational andmaintenance expenditure, the utilization of constructed
wetland systems for the treatment of wastewater has turned out to be predominant
worldwide. Its nitrogenoxyanion removal performance has received significant atten-
tion in the last two decades. This chapter presents a comprehensive outline of the
application of constructed wetlands (CW) for nitrogen oxyanion removal fromwater
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and wastewater. The removal mechanisms and transformations of nitrogen are also
discussed. In addition, the major factors that influence the removal performances in
CWs are elucidated, especially the types of carbon sources commonly used, and how
it affects the denitrification process. This chapter would be useful to engineers and
researchers in the field of water and wastewater engineering.

Keywords Carbon sources · Constructed wetlands · Nitrate · Nitrogen pollution ·
Wastewater

12.1 Background

12.1.1 Nitrate in the Environment

Nitrate (NO−
3 ) is one of themajor generic forms of nitrogen oxyanions that exist natu-

rally in moderate concentrations in different environmental media. The oxidation of
nitrites (NO−

2 )majorly generates nitrates during nitrification process of the nitrogen
cycle. The nitrogen cycle is the biogeochemical cycle by which organic protein from
animals and plants origin is converted into ammonia (NH3) and then NO

−
2 , and NO

−
3

in the environment. The transformations of the different nitrogen forms are carried
out via physicochemical and biological processes (Fig. 12.1). Owing to its high
solubility in water, the presence of NO−

3 has adverse effects on the environment,
as it greatly accounts for the pollution of soil, surface water and the groundwater
[1]. Several wastewater types such as urban drainage, landfill leachate, industrial
and agricultural wastewater that contain nitrogenous compounds initiate undesirable
phenomena (e.g. eutrophication and methemoglobinemia (i.e. blue baby syndrome))
when they are released into water bodies [2–4]. The concentrations of NO−

3 in these
wastewaters vary from low to high, and thus, demand an appropriate technique for
the removal. According to Rajmohan et al. [5], the usual NO−

3 level in polluted water
ranges from 200 to 500 mg/L, based on the nature of the source (Table 12.1), but
wastewater from nuclear industries contain up to 50,000 mg/L of NO−

3 .
Excess NO−

3 , discharged from the large-scale utilization of agricultural fertilizers,
concentrated livestock feeding operations and disposal of partially treated sewage,
that enters the groundwater, is among the priority pollutants of the groundwater
system. Over 10,000 public water supply wells are estimated to have high levels of
nitrate in the USA and thousands of wells were also ascertained with nitrate concen-
trations at or above the established health standards, acrossWestern Europe and Asia
[14].Consequently, themaximumpermissible concentration limit ofNO−

3 in drinking
water was set at 10 mg/L as nitrate-nitrogen (NO3–N) by the US Environmental
Protection Agency, while 50 mg/L NO−

3 was set by World Health Organization to
address the concerns of methemoglobinemia in infants [14, 15]. High levels of NO−

3
is recognized to cause environmental and public health issues. The presence of this
nitrogen oxyanion inwater environments is a global challenge that needs urgent atten-
tion. To this end, various technological solutions, including electrodialysis, chemical
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Nitrates in soil

Plant 

Plant growth 
(used by Plant and algae) 

Animal 

Precipita�on and lightning 

Fig. 12.1 Nitrogen cycle

Table 12.1 Nitrate levels at various sources as reported in the literature

Wastewater source Nitrate level (mg/L) References

Domestic wastewaters/septic tanks 70–85 [6, 7]

Fertilizer, Diaries, metal finishing industries 200 [8]

Tannery, Pisa, Italy 222 [9]

Glasshouses waste 325 [10]

Brackish water 1000 [11]

Explosives factory, China 3600 [12]

Nuclear industry 50,000 [13]

Adapted from (Rajmohan et al. 2017)
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reduction, membrane separation, adsorption, sequencing batch reactor, moving bed
bioreactors, electrochemical denitrification, reverse osmosis; ion exchange, photo-
catalytic degradation and membrane bioreactors have been developed to solve this
menace [3, 16–27]. However, these technologies are always limited by their costly
installation and high operational cost, secondary pollution, sludge production that
need disposal, incomplete removal efficiency [28, 29]. In this chapter, constructed
wetland (CW) systems, which are generally cost effective, simple, environmentally
non-disruptive, ecologically sound, with relatively low maintenance cost, will be
expounded in relation to NO−

3 removal.

12.1.2 Constructed Wetlands

Constructed wetlands, also referred to as treatment wetlands, are engineered systems
that are designed and fabricated to treat several kinds of wastewater with relatively
low external energy requirements and operationally simple technology and main-
tenance (Fig. 12.2) [30–35]. Milani et al. [36] defined CW as a “sustainable and
efficient solutions used around the world to treat wastewater as an alternative or
a supplement to intensively engineered treatment plants”. They are complex, inte-
grated systems that involve the interaction of soil, water, plants, animals, microbes
and the environment. The CWs have become an essential alternative wastewater
treatment system since the method combines relatively high performance of pollu-
tant removal with low maintenance and simple operation [37]. The CWs are planned
methods designed and constructed to apply the natural procedures involving wetland
vegetation, soils and the associated microbial assemblages to assist in wastewater
treatment. It can effectively remove suspended solids, organic pollutants and nutri-
ents fromwastewater [38–40]. The CWs provide an inexpensive and reliable method
for treating a variety of wastewaters such as sewage, landfill leachate, mine leachate,
urban storm-water and agricultural run-off. This system of treatment is very efficient
for nutrient removal and comparatively simple to construct, operate, maintain and
suitable for advanced and polishing treatment if water reuse is an option [41]. The
main NO−

3 removal mechanisms in wetlands are seepage loss, plant uptake and deni-
trification [42] which are further expatiated in Sect. 12.2. Table 12.2 summarizes
research studies on NO−

3 removal using CWs.

12.2 Nitrogen Transformation in Constructed Wetlands

As an ecological treatment technology, CWs have been largely utilized in recent
decades in wastewater treatment plants. Before the arrival of CWs technology,
conventional activated sludge-type wastewater treatment plants have been used for
nitrogen removal but only minimal quantity is removed, via the consumption of the
organic matter fraction of the wastewater.
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Fig. 12.2 Constructedwetlands aHorizontal flow freewater surface constructedwetland bVertical
flow free water surface constructed wetland c Horizontal sub-surface flow constructed wetland
d Vertical sub-surface flow constructed wetland

Inwastewater treatment operations, nitrate is removed through a process known as
denitrification. This is a process, where organic and ammonia nitrogen is converted,
through a process known as nitrification, to NO−

3 in the absence of oxygen (an
anaerobic environment). The NO−

3 produced through nitrification is further reduced
to nitrogen gas in this same anoxic environment, thus completing the denitrification
process [65, 66]. This process is carried out by several range of autotrophic and
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heterotrophic facultative anaerobic bacteria, which are capable of utilizing NO−
3

(and NO−
2 ), under anoxic conditions, as an electron acceptor [67]. Some of these

bacteria include Pseudomonas, Micrococcus, Bacillus, Paracoccus denitrificans and
Achromobacter. For better nitrogen removal, an external organic carbon source is
needed to act as an electron donor in the respiratory chain [38], and CWs are a better
option to achieving this.

Although the eutrophication and the toxic effects of NO−
3 on aquatic organisms of

both vertebrate and invertebrate species are sources of concerns [68], it also boosts
plants’ growth, which sequentially promotes the environmental biogeochemistry in
the wetlands. The circulation of nitrogen in wetlands involves composite processes,
while very straightforward chemical conversion of this element still poses a great
task in environmental engineering. Such processes, which include bacterial actions,
plant/microbial uptake, adsorption (interaction between ionized NH3 and the media
in sub-surface horizontal flow, (SSHF) CWs), and volatilization (i.e. transformation
of aquatic NH+

4 to gaseous NH3, within the operating pH regime of the surface flow
CW), mostly achieved nitrogen removals in wetlands [68–70].

Nitrogen transformation involves some processes and mechanisms, which lead to
the transference of wetland nitrogen from one point to the other without any conse-
quentialmolecular alteration [69].As earlier noted, the physical processes ofmanage-
ment of nitrogen oxyanion in CW include, settling of particles and re-suspension,
dissolution and diffusion, plant translocation, litterfall, volatilization and sorption
[68, 69]. Generally, nitrogen oxyanion removal in CW occurs through two processes
that include biological and physicochemical treatment processes. The five major
biological treatment process include denitrification, nitrification, ammonification
(mineralization), assimilation and decomposition [69, 71, 72]. The physicochem-
ical processes include, sedimentation, NH3 stripping, breakpoint chlorination and
ion exchange [70, 73]. It was suggested that low oxygen and organic matter contents
in the root zone offers restriction to nitrification and denitrification processes [69].
However, an integration of partial nitrification and anaerobic NH+

4 oxidation has
equally been recommended to be resourceful in removing nitrogen from constructed
wetlands. This is largely due to the autotrophic nature of anaerobic ammonia oxida-
tion (Anammox) process, in which NH+

4 is completely converted into nitrogen gas
in the presence of NO−

2 and without the addition of organic matter [69].

12.2.1 Ammonification

The ammonification refers to the process by which the organic nitrogen fraction is
transformed to NH3, through a biological process [71]. The first stage of nitrifica-
tion in sub-surface flow CW (SSFCW) systems is initiated by ammonification, if
the inbound wastewater is highly loaded with organic nitrogen [74]. This biochem-
ical process, where the amino acids fractions are exposed to oxidative deamination
yielding NH3 is acomplex and exergonic process, (Eq. 12.2.1) [74, 75].
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Amino acids → Imino acids → Keto acids → NH3 (12.2.1)

Since the process of occurrence decreases with depth, it shows that ammonifica-
tion is quickest within the upper zone of the wetlands, where the aerobic condition
is prominent. It is time-consuming within the lower zone, where the environment
moves from facultative anaerobic condition to obligate anaerobic condition [71,
76]. In CWs, the inorganic ammoniacal-nitrogen is mostly removed by nitrifica-
tion–denitrification processes, but ammonification kinetically progresses faster than
nitrification [71]. Kadlec and Knight [70] suggested that the ammonification process
progresses quicker in higher temperature, doubling the rate with a temperature rise
of 10 °C. The pH range observed to be ideal for ammonification is 6.5–8.5 [74, 77,
78]. The ammonification process is therefore generally affected by pH, temperature,
carbon-to-nitrogen (C/N) ratio, soil structure and available nutrient [76]. Further-
more, processes such as adsorption, plant uptake and volatilization are suggested to
be resourceful in ammonia–nitrogen removal [38], though the effectiveness of nitri-
fication–denitrification processes is, in general, suggested to be the most resourceful
in NH+

4 removal [71].

12.2.2 Nitrification

Nitrification is the major transformation mechanism by which the level of ammonia
nitrogen is reduced. This reduction is achieved through the conversion of the
ammonia nitrogen into oxidized form of nitrogen (i.e.NO−

2 andNO
−
3 ). Graaf et al. [79]

defined nitrification as the biological formation of nitrate or nitrite from compounds
containing reduced nitrogen with oxygen (O2) as their terminal electron receptor.
Lee et al. [71] defined it as the chemolithoautotrophic oxidation of NH3 to NO−

3 in
the presence of adequate O2, occurring in two successive oxidative steps, namely
ammonia oxidation (NH3 toNO−

2 ) and nitrite oxidation (NO−
2 toNO

−
3 ), carried out

by nitrifying bacteria. These bacteria use NH3 or NO
−
2 as an energy source, O2 as

the terminal electron recipient and carbon dioxide as the carbon source [71]. The
first stage is the oxidation of NH3 to NO

−
2 , by ammonium oxidizing bacteria such as

Nitrosomonas or Nitrospira or Nitrosococcus (Eq. 12.2.2) [71, 74].

NH+
4 + 1.5O2Nitroso - genus−−−−−−−−−−→ NO−

2 + H2O + 2H+ (12.2.2)

The above first stage is succeeded by the second stage which is the oxidation
of NO−

2 by nitrite-oxidizing bacteria such as Nitrobacter or Nitrospira. The second
stage is described by Eq. 12.2.3 [71, 74].

NO−
2 + 0.5O2Nitro - genus−−−−−−−−→ NO−

3 (12.2.3)
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The oxygen consumption of nitrification process is estimated to be 3.16 mg O2

per mg NH4 −N oxidized, and 1.11 mg O2 per mg NO2 −N oxidized, while Nitro-
somonas and Nitrobacter produce 0.15 mg cells per mg NH4 − N oxidized and
0.02 mg cells per mg NO2 − N respectively [71]. Furthermore, alkalinity is neces-
sary as 7.07 mg CaCO3 per mg NH4 − N oxidized [80]. The acid formation (i.e.
low pH value) during nitrification process causes alkalinity reduction and a deep
reduction in pH [68, 80–82], and a swift decline in the nitrification rate below the
neutral pH value [81]. Hence, it is important to replenish the alkaline level with lime
during the process, when there is a drop in alkalinity [80]. Though nitrification is
basically attributed to chemoautotrophic bacteria, it is suggested that heterotrophic
nitrification takes place, which can be significant [68]. Aside from autotrophic nitri-
fication, heterotrophic nitrifying bacteria are also capable of producing NO3 − N.
Some of these species (in bacteria, algae and fungi) are Actinomycetes, Arthrobacter
globiformis, Aerobacter aerogenes, Bacillus, Mycobacterium phlei, Streptomyces
griseus, Theosphaera and Pseudomonas [38, 74, 83]. Gerardi [83] affirmed that
although these heterotrophic nitrifiers are resourceful, the nitrification rates achieved
by Nitrosomonas and Nitrobacter groups are significantly greater (relatively greater
by 1000 to 10,000 times) [74]. However, owing to constraints against nitrification and
denitrification processes, offered by low oxygen and organic matter concentration in
SSF, it has been affirmed that a combination of partial nitrification and Anammox
is a resourceful means of removing nitrogen from CWs [69]. Moreover, since the
Anammox process is autotrophic, the transformation of NH+

4 to nitrogen could be
possible without adding organic matter [69].

12.3 Denitrification

Kadlec andWallace [68] defined denitrification as the process bywhichNO−
3 is trans-

formed to dinitrogen (N2) via intermediates such as NO−
2 , nitric oxide, and nitrous

oxide, and finally nitrogen (Eq. 12.2.4). The denitrification process is also called
NO−

3 dissimilation, and it is accomplished by facultative heterotrophic organisms
that can use NO−

3 as the terminal electron receptor, and organic carbon as an electron
donor under anoxic condition [71]. During the transformation, inorganic nitrogens
such as NO−

2 and NO−
3 are usually reduced to harmless nitrogen gas by denitrifying

bacteria [71, 84, 85]. Some denitrifiers require organic substrates to get their carbon
source for growth and evolution, whereas others use inorganic substances as their
energy sources and CO2 as their carbon source [86]. Therefore, denitrifying bacteria
are categorized into two main species, namely autotrophs and heterotrophs [71].
However, earlier studies have focussed on the heterotrophic denitrification process,
due to its frequency in conventional wastewater treatment plants [71, 87], while the
autotrophic denitrification process started gaining attention in recent studies [88–94].

Moreover, denitrification is led by some heterotrophic microorganisms like Pseu-
domonas, Micrococcus, Achromobacter and Bacillus, under anaerobic or low-
oxygen conditions. Denitrificating microbes can be grouped as: organotrophs (e.g.
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Pseudomonas, Alcaligenes, Bacillus, Agrobacterium, Flavobacterium, Propioni-
bacterium and Vibrio), chemolithotrophs (e.g. Thiobacillus, Thiomicrospira, Nitro-
somonas), photolithotrophs (e.g. Rhodopsuedomonas), diazotrophs (e.g. Rhizo-
bium, Azospirillum), archaea (e.g. Halobacterium) and other microorganisms such
as Paracoccus or Neisseria [68]. The fraction of total nitrogen removal through
denitrification is normally 60–95%.

2NO−
3 → 2NO−

2 → 2NO → 2N2O → N2 (12.2.4)

12.3.1 Assimilation Process of Nitrogen

The uptake of nitrogen by plants or microbes is regarded as the assimilation process.
Masclaux-Daubresse et al. [95] andXuet al. [96] asserted that the usageof nitrogenby
plants encompasses numerous stages, including uptake, assimilation, translocation
and, when the plant is ageing, recycling and remobilization. The assimilation process
occurs via the formation of organic nitrogen compounds such as amino acids from
inorganic nitrogen compounds available in the environment. Organisms like plants,
fungi and specific bacteria that cannot fix nitrogen gas (N2) rely on the ability to
assimilate NO−

3 or NH3 for their needs. Animals also depend fully on the organic
nitrogen form for their food. Several studies have affirmed the significance of the
removal of NH3 from water by wetland plants [97–104]. However, many of these
studies are commonly seen to portray the measurement of gross nitrogen uptake,
without deduction for consequential losses due to plant death and decomposition,
with associated leaching as well as re-solubilization of nitrogen [68].

For nitrogen removal from the wetland water, the attention is usually on the
net influence of the macrophytes (macroflora) on the water phase concentrations
[68]. When discussing plant uptake as a process of nitrogen removal from wetland
water, terms such as phytomass (the totality of vegetative materials, living and dead),
biomass (all living vegetative materials) and necromass (all dead vegetative mate-
rials) are often used [68]. Macrophytes are vital in enhancing nitrogen removal from
wetlands due to their functions such as providing surfaces and O2 for the growth
of microbes within the rhizosphere, thus improving nitrification [99, 105–107], and
providing carbon from root secretions (due to photosynthetically fixed carbon, within
a range of 5–25% C), enhancing organics removal and denitrification process [97,
108–111]. Various relative researches between unplanted and planted wetlands indi-
cated good nitrogen and organics removal, with the latter yielding more significant
results, hence indicating the necessity of macroflora for enhancing nitrogen removal
operations in CWs [74].

Inorganic nitrogen forms are usually transformed into organic compounds through
the uptake of NH3 and NO−

3 by macrophytes. This serves as the building blocks
for cells and tissues [78]. The ability of rooted plants to utilize sediment nutrients
partly describes their massive yield in comparison with planktonic algae in many
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systems [112]. Different plant species have varying ability in their ideal nitrogen
forms absorbed, and the nutrient concentration of plants tissues also influences the
uptake and storage rate of nutrient [71]. However, NH+

4 preference is conventional
in macroflora within NH+

4 -rich environments where restricted nitrification occurs
[113]. In general, the uptake of nitrogen by plants varies along with system config-
urations, loading ranges, type of wastewater and environmental conditions [74]. In
nitrogen removal, plants contribution is affirmed to be about 0.5–40.0% of the total
nitrogen removal [74, 103, 104]. Plant biomass accumulates 60% of total nitrogen
thus, enhancing nitrogen removal significantly [103]. For efficient nutrient assimila-
tion and storage, plantswith features such as high tissue nutrient content, rapid growth
and ability to achieve high-standing crops are preferably desired. On the contrary,
plants with immense biomass accumulation during autumn and winter have a likeli-
hood of releasing a considerable amount of their stored nitrogen back into the water
during the winter season [38]. Brodrick et al. [114] equally suggested that decaying
plant materials could also raise the concentration of nutrients in the effluent through
leaching [74].

Some selected plants have been employed in constructed wetlands; however,
Phragmites australis remains the most typical plant used in SSFCW due to its capa-
bility to pass O2 from its leaves through the stems and rhizomes and out of from its
fine hair roots into the rhizosphere [115]. Reports from literature about the ability of
the plant to convey oxygen (thereby fostering microbial conversion and nitrification)
express various illustrations [74, 116–118]. Armstrong et al. [116] noted O2 release
(per unit wetland area) by phragmites species to be in the range of 5–12 g O2 per
square metre per day, while the O2 release by phragmites in a study by Brix and
Schierup [117] gives a record of only 0.02 g O2 per square meter in soil substrate.
The oxygen released by phragmites species recorded by Bavor et al. [118] is about
0.8 g O2 per square meter in gravel substrate [74]. Figure 12.3 represents the major
typical routes for nitrogen removal in SSFCWs.

12.4 Factors Affecting Nitrogen Removal Efficiency in CWs

Nitrogen oxyanion removal efficiency, especiallyNO−
3 , in CWs has been discussed to

involve various biological and physicochemical processes. Therefore, various envi-
ronmental factors are bound to affect the efficiencies of these processes, thereby
limiting the oxyanion removal efficiency. Some of such factors include pH, temper-
ature, hydraulic residence time (HRT), NO−

2 concentration, oxygen concentration,
vegetation type (wetland plant species) and density, activity ofmicroorganism, distri-
bution of wastewater, climate, and attributes of influent[71, 74, 119–122]. It should
be noted that most of these factors are interdependent; hence, a variation of one factor
often leads to a consequent change in other factors [121]. Furthermore, Kuschk et al.
[123] stressed that the two major factors affecting the nitrogen removal from CWs
are temperature and HRT [71]. The following subsections give a concise analysis of
the key factors influencing nitrogen removal efficiency in CWs.
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Fig. 12.3 Key classical nitrogen removal routes in sub-surface flow wetlands [74]

12.4.1 Carbon Source

Amidst all the aforementioned factors, the carbon source is one of the known
dominant external factors which has disreputed the nitrogen oxyanion removal
efficiency of CWs [56, 124]. Other factors to be considered in the choice of the
carbon source include cost, handling and storage safety/stability, denitrification rate,
degree of utilization, kinetics, sludge production, the content of unfavourable/toxic
compounds. A commonly used carbon source, which is readily available, and with
a high denitrification rate is methanol. Other closely related examples are ethanol
and acetic acid. Although the nitrogen removal efficiency, using the methanol carbon
source is desirable, the existence of NO−

2 accumulation in wastewater with highNO−
3

concentration often results in bacteria growth suppression [125]. Furthermore, the
danger of overapplication of easily biodegradable materials of these liquid carbon
sources through aerobic degradation can adversely impact nitrogenoxyanion removal
[126]. Considering the aforementioned shortcomings, plant-based carbon sources
have been considered [124, 127], and used to treat different wastewater, such as
domestic sewage, agricultural run-off and industrial effluent. At present, most of the
denitrifying bacteria in CWs are heterotrophic which require organic carbon sources
for the substantive effect on denitrification process for nourishment and NO−

3 reduc-
tion [128]. In a study by Zhao and Chen [129], it was discovered that ammonia
nitrogen, nitrous nitrogen and total nitrogen (when alkali-treated corn stover was
used as additional carbon source material) were removed in the upper and middle
layers, while nitrate is removed mainly at the bottom layer. Xiao et al. [130] showed
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the addition of solid carbon source to the vertical flow CW. In the system, there was
almost 100% nitrification reaction, when the addition position of the carbon source
was at the lower layer, thus giving the total nitrogen removal rate at the highest.

The type of exogenous carbon sources that are widely used for CWs are of
three classes, including natural organic matters, low molecular carbohydrates and
biodegradable macromolecule polymers.

12.4.1.1 Natural Organic Matters

Plant is a naturally degradable material that is rich in lignin, cellulose, hemicellulose
and many more. In CWs, it is the most vital composition because of its ability to
absorb nitrogen as nutrient and also to provide suitable environment for nitrification
and denitrification [131]. In recent years, the application of natural material (espe-
cially plant biomass) as a carbon source for maximum nitrogen removal efficiency
has gained substantial ground in CWs, because of the economic viability and practi-
cability [132]. Their effects in nitrogen oxyanion removal vary, due to the diversity in
the composition of lignin, cellulose, hemicellulose and other components in plants.
Some natural organic matters (mostly plant biomass) have been studied to assess the
effectiveness and efficiency of plant carbon source in CW denitrification rate [133]
(Table 12.3). Conversely, these natural materials (especially for plant biomass) have
some demerits, which include unstable carbon supply and discharge of coloured
matter [134], which sometimes affect their applications.

12.4.1.2 Low Molecular Carbohydrate

Low molecular organic carbon sources have some desirable properties, which have
also gained them recognition as an external carbon source. They are rich in carbon,
which can easily be used up during decomposition. If classified in terms of physical
form, they are liquid organic substances, which are termed liquid carbon sources.
Examples are glucose [142–144], fructose [44], ethanol, methanol [145–147] and
acetic acid [148].

12.4.1.3 Biodegradable Macromolecule Polymers

In recent time, a wide range of external carbon sources, which by the phys-
ical classification are solid organic substances, were checked in some labora-
tory studies, to function as physical support for biofilm formation in solid-phase
denitrification system [149]. Some of the polymers were even blended. Exam-
ples of these polymer/polymer blends used so far are polybutylene succinate
[150], polycaprolactone [151, 152], polyhydroxyalkanoates [153], polyvinyl alcohol
[154], starch [155], starch/polyvinyl alcohol [156], poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)/poly(lactic acid) [157] and PHBV/starch [149].
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Table 12.3 Plant biomass used as carbon source in CWs and their denitrification rates and removal
efficiencies. Adapted from [133]

Carbon
Source

Wastewater
Treatment

Denitrification
Rate (g m−3

d−1)

NO−
3 − N Removal

efficiency
(%)

References

Influent
(mg L−1)

Effluent
(mg L−1)

Wheat straw Drinking
water

32–53 ≈ 20 0 100 [135]

Sawdust Groundwater 0.24–3.36 NA NA >95.0 [136]

Wheat straw Simulated
sewage

NA 200 >170 >15 [121]

G.verrucosa Simulated
sewage

13.2 100 0 100 [137]

Giant reed Simulated
sewage

3.36 100 0 100 [137]

Liquorice Synthetic
brackish
water

20.64 100 0 100 [138]

Giant reed Synthetic
brackish
water

85.92 100 13 87 [138]

Giant reed Synthetic
brackish
water

101.52 100 0–13 87–100 [138]

Cotton wool Aquaculture
wastewater

NA >200 <10 >95 [139]

Pine bark Landfill
leachates

33.6 600 0 100 [140]

Pine
woodchip

Simulated
sewage

2.4 17.2 11.6 32.6 [141]

Maize cobs Simulated
sewage

6.24 17.2 4.9 71.5 [141]

Wheat straw Simulated
sewage

4.56 17.2 8.9 48.3 [141]

Green waste Simulated
sewage

5.04 17.2 5.8 66.3 [141]

Sawdust Simulated
sewage

4.32 17.2 8.6 50.0 [141]

Eucalyptus Simulated
sewage

3.6 17.2 10.3 40.1 [141]

Maize cobs Municipal
portable
water

19.8 141 0 100 [119]

(continued)
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Table 12.3 (continued)

Carbon
Source

Wastewater
Treatment

Denitrification
Rate (g m−3

d−1)

NO−
3 − N Removal

efficiency
(%)

References

Influent
(mg L−1)

Effluent
(mg L−1)

Wheat straw Municipal
portable
water

10.5 141 NA NA [119]

Softwood Municipal
portable
water

5.8 141 NA NA [119]

Hardwood Municipal
portable
water

3.0 141 NA NA [119]

NA: No data available

Hitherto, there have been some investigations of denitrification performance and
microbial community structure in both liquid and solid carbon sources supported
denitrification systems but their differences are scarcely studied. Srinandan et al.
[158] reported that both liquid and solid organic carbon sources influence the nitrate
removal activity, biofilm architecture and community structure although molecular
weight and chemical structure of the biodegradable polymers were generally higher
and more complicated when compared with the liquid carbon sources. Furthermore,
denitrification performance and microbial diversity using starch/PCL and ethanol as
an electron donor for nitrate removal were also investigated through comparison.
The outcome revealed that the ethanol system displayed a higher denitrification rate
while the blended starch/PCL system had richer microbial diversity [159].

Generally, when blended polymers and other external carbon sources were
utilized, they yielded a good denitrification effect [160, 161] but the water of the
solution of the blended polymer carbon source took some ample of time, causing
some lag period. In addition, the morphology of the blended materials, surface prop-
erties and particle size posed great influence on the denitrification rate, with its
biodegradability and denitrification performance decreasing with increasing molec-
ular weight [162]. Thus, polymer/polymer blended carbon sources are not commonly
used because of some factors such as high market price and slow release of carbon
sources which requires a lot of time.

12.4.2 Selected Operating Parameters

12.4.2.1 pH

It has been established that nitrification process consumes alkalinity. Vymazal [38]
affirmed that a pH >8.0 is capable of decreasing nitrification and denitrification
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processes to an insignificant level, with denitrification process occurring slowly at
pH 5. Moreover, previous studies have suggested that high pH leads to a decline in
dissolved oxygen (DO) in substrate [163], thus influencing nitrification and denitri-
fication processes [32]. Also, some studies suggested that pH <6.0 and >8.0 hinder
denitrification [32, 38, 81, 163], while the peak rate is observed at a pH range 7.0–7.5
[74, 164].

12.4.2.2 Temperature

Temperature is a significant environmental factor that controls the solid-phase deni-
trification process by hindering the activity of the associated enzymes in both hydrol-
ysis of the solid substrate and reduction of NO−

3 [165]. In other words, temperature
affects both microbial activities and diffusion rate of O2 in constructed wetlands
[166]. A temperature range between 16.5 and 32 ºC is favourable for nitrification in
CWs [74, 167], while the most efficient removal occurs at temperature that ranged
between 20 and 25 °C [164, 166]. The nitrification- and denitrification-associated
microbial activities decreased significantly at temperatures below 15 °C and above
30 °C [123].

Many studies have investigated the activities of denitrifiers in CW sediments
during various climatic conditions and found that their activities are generally more
robust in spring and summer than in autumn and winter [74, 168–171]. Oostrom and
Russell [172] affirmed that, in general, the degree of removal ofNO−

3 is greater around
summer than during winter [71]. Denitrification is usually believed to terminate at
temperatures below 5 °C [71]. In soils, the optimal temperature limits for nitrification
and ammonification are 30–40 °C and 40–60 °C, respectively [38].

12.4.2.3 Hydraulic Residence Time and Hydraulic Loading

Hydraulic residence time (HRT) is an important factor in nitrogen removal. The
nitrogen removal efficiency is highly influenced by the flow condition and the resi-
dence time [4]. An increase in wastewater residence time leads to an intense decrease
of ammonium and total Kjeldahl nitrogen concentrations in treated effluent [71]. This
is because of the lengthier time of contact of nitrogen pollutant with microorgan-
isms that gives advantage to the microbe to play a significant catabolic activity [74].
Lee et al. [71] also stated that lengthier HRT is necessary in nitrogen removal from
wetlands than for BOD and COD removal. An eight-day HRT at a temperature above
15 °C is needed in SSFCWs [173]. However, if anaerobic conditions dominate in the
wetlands, there is likelihood that an increase in HRT will not facilitate NO−

3 removal
[174]. About 3–4 h HRT is required when NO−

3 concentration is not more than 40mg
L−1 and a minimum HRT of 6 h is necessary when NO−

3 concentration is more than
70 mg L−1 [175]. Hydraulic loading is also important in this regard, especially in
SSFWs. Saeed and Sun [74] affirmed that the greater the hydraulic loading the faster
the passage of wastewater through the media.
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12.4.2.4 Dissolved Oxygen (DO)

As earlier discussed, most denitrifiers are facultative anaerobic organisms that use
nitrate as a terminal electron recipient in the absence of oxygen or under anoxic
condition. DO is a great and energetic electron recipient, and for that reason, it
exhibits direct competition or inhibition of enzymes, which consequently results
to suppression of the denitrification process [165]. Denitrification could happen at
DO concentration to the level of 4.0–5.0 mg L−1 [165], though the denitrification
rate declined with increase in DO levels [153]. Furthermore, it is vital to note that
the presence of DO promotes upsurge in carbon source consumption as a portion of
predisposed organic carbon is used up by aerobic respiration instead of denitrification
[153, 176]. Since enzymatic actions in reducing nitrate can be inhibited by DO, there
mayoccur nitrate accumulation [165].The lower theoxygen concentration, the higher
the denitrification becomes [177].

Denitrification rate of Diaphorobacter nitroreducens strain NA10B decreased
as the DO concentration increased, when using poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) powders as carbon substrate, even when more than 3 mg
NO3 −N g−1 h−1 is maintained under complete aerobic conditions [178]. Gutierrez-
Wing et al. [153] reported that the denitrification rate decreased from 5.5 to 0.5 g
NO3 − N L−1 d−1 when the DO concentration increased from 0.5 to 4.0 mg L−1 in
a circulating aquaculture water system filled with polyhydroxybutyrate (PHB). At
the DO levels of 4–5 mg L−1, a least denitrification rate of 0.18 g NO3 −N L−1 d−1

was noticed for 6 days and thereafter declined to zero. Xu et al. [179] also reported
that the nitrate removal increased to more than 85% with increasing DO levels in the
influent from 1.5 to 4.0 mg L−1, and decreased to 50% at DO levels > 4.0 mg L−1

in a solid-phase denitrification system, using corncobs as carbon source. Wang and
Chu [165] thus suggested that controlling the DO levels in the denitrification reactor
appeared to be needless, but then it could promote the efficiency of the process.

12.4.3 Vegetation Type

Macrophytes (also known as macroflora, phytoremediators, hydrophytes, wetland
plants and aquatic plants) are those plant species naturally found thriving in wetlands
of all sorts, either in or on the water. They play a significant role in CWs and have
been extensively used for decontamination of water bodies. For instance, their roots
provide surface areas for microbial activities and aerobic zones in the wetlands.
The rhizosphere is the most active reaction zone in a CW as it promotes the rela-
tionship benefits that exit amongst plants, microbes, soil and contaminants, thereby
enhancing physical and biochemical processes [71]. Studies revealed that parts (the
above-ground and below-ground) of the macrophytes enhanced microbial diversity
and offer enormous surface areas for biofilm development which is accountable for
the majority of the microbial activities occurring in the CWs [180, 181]. The cate-
gories of macrophytes commonly used in CW are emergent plants (Arundo donax L.,
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Juncus spp., Phragmites spp., Typha spp., Iris spp., and Eleocharis spp), submerged
plants (Myriophyllum verticillatum, Hydrilla verticillata, Ceratophyllum demersum,
and Vallisneria natans), floating leaved plants (water spinach (Ipomoea aquatica),
water lettuce (Pistia stratiotes) Nymphaea tetragona, Nymphoides peltata, Trapa
bispinosa and Marsilea quadrifolia), free-floating plants (Water hyacinth (Eich-
hornia crassipes), Lemna minor, Hydrocharis dubia and Salvinia natans) and other
large wetland grass-like plants like Bulrushes (e.g. Scirpus luviatilis, Scirpus validus,
Scirpus cyperinus). It has been substantiated that planting of more than one species
of macrophytes enhances the removal performance of CWs because the presence
of diverse kind of plant species offers a more favourable microbial activities and
longer retention time [182, 183]. For optimum treatment efficiency and favourable
CW design, a detailed understanding of plant species, uniqueness of microorganism
groups, and the associations between biogenic matters and particular components in
contaminants are required.

12.5 Conclusion

Nitrate pollution remains a vital problem in the pursuit of environmental sustain-
ability in water environments. This chapter has shed light on the viable means of
treating nitrate contaminated water using an ecologically based technology called
constructed wetland. CWs have been proved to be a beneficial and promising tech-
nique in wastewater treatment because of their low-cost, environmental quality
preservation and easy maintenance. This chapter also summarizes several factors
responsible for nitrogen removal in CW treatment systems from water and wastew-
ater, including the various transformations of nitrogen with a focus on nitrogen
oxyanion (nitrate).
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Chapter 13
Global Laws and Economic Policies
in Abatement of Oxyanion in Aqua
Systems: Challenges and Future
Perspectives

Ngozi C. Ole, Rasaki S. Dauda, and Emmanuel I. Unuabonah

Abstract Water security and sanitation are precursors for socio-economic develop-
ment, survival of flora and fauna, food security and healthy ecosystems. However,
when these are compromised, they tend to have an adverse effect on the health of
the populace and the socio-economic development of the entire society. This chapter
investigates global laws and economic policies aimed at the abatement of toxic oxyan-
ions (e.g. nitrate, fluoride, perchlorate etc) in aqua systems. Using a non-doctrinal
cum systematic analysis, the extent of legal and economic instruments in controlling,
reducing and preventing toxic oxyanion pollutants in water was examined. Relevant
international treaties and instruments were analysed including the Universal Decla-
ration on Human Rights (UDHR) 1948, the International Covenant on Economic,
Social and Cultural Rights (ICESCR) 1966, the United Nations Convention on the
Laws of the Sea (UNCLOS) 1982 and the United Nations Convention on the Law
of the Non-Navigational Uses of International Watercourses (UNWC) 1997. More-
over, the use of different command and control (CAC) and economic instruments
(EI) were also studied. The findings revealed that the provisions of the legal instru-
ments are not strong and clear enough to compel states to adopt adequate measures
for the prevention of toxic oxyanion pollutants in marine areas. In addition, even
though the CAC and EI approaches have been adopted for pollution abatement
across countries, the latter appear to have gained wider acceptance, due to some
of the advantages it offers over and above the former approach. Nevertheless, the
chapter recommends the combination of regulatory and economic approaches as the
way forward in achieving the abatement of toxic oxyanion in aqua systems. One of
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the recommended regulatory approaches is the amendment of existing treaties and
instruments to incorporate stronger obligations on states, which will feasibly achieve
effective measures for the reduction and control of toxic oxyanion pollutants. The
justification for the eco-legal approach to control toxic oxyanion pollutants is to yield
the best optimal outcome because none of the instruments can operate in isolation,
especially in a dynamic and complex society. Both, complement and reinforce each
other.

13.1 Introduction

Water security and sanitation are indomitably, a precursor for socio-economic devel-
opment, survival of flora and fauna, food security and healthy ecosystems [1–3].
Given the nexus between water and human existence, issues of water security form
topical and recurrent themes in various international instruments [4]. The United
Nations Agenda 21 recognises that water is imperative for all aspects of human exis-
tence, and thus, urges countries of the world to make available quality and adequate
water supplies to the entire population of the world [5]. Similarly, the United Nations
Agenda 2030 stipulates that ensuring access to clean and affordable water for all
by 2030 remains a common aspiration for countries of the world [6]. Thus, the
preservation of water resources from pollutants is a common concern shared by all
[7].

The pollution of water resources by the anthropological introduction of
toxic oxyanions (also called oxoanions) undermines the quality of water available
for flora and fauna. Toxic oxyanions are inorganic pollutants such as nitrate, sele-
nate, perchlorate and chromate, which are introduced in groundwater and surface
water through municipal, industrial, agricultural and mining wastewaters [8, 9].
The presence of oxyanions in inordinate quantities in water renders it unsafe for
human consumption [10, 11]. Studies across literature have concluded that drinking
oxyanion polluted water can lead to medical disorders such as goitre, nausea, kidney
disorder, cancer and in extreme situation death [10–12]. It can also be poisonous to
aquatic life like fishes, plants and mammals [11]. A recent incident of the presence of
oxyanions (heavy metal compounds and sludge) in the Atlantic Ocean resulted in the
death of thousands of fishes washed by tidal waves on the shores of some coastlines
in the Niger Delta Area of Nigeria [13]. While the anthropological introduction of
a toxic oxyanion may be from a single source, its spread can transcend from the
point of pollution to other interconnected surface and groundwater [10, 14]. Thus,
the adverse effects of pollution from oxyanions are not confined to the initial point
of pollution.

In some instances, the pollution caused by oxyanion may have transboundary
effects in the context of shared water resources between two or more countries
[11]. The latter is highly the case because over 60% of the surface water across
the globe crisscrosses the political boundaries of more than one state [15]. The
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transboundary surface waters provide jobs, food and support countless of economies.
Pollution caused by oxyanion can undermine economic development, peace and
stability, thereby straining relationship between and among states [15]. Put in the
words of McCarthy, ‘ecological effects know no boundaries; they can spill across
geopolitical frontiers and cause cumulative externalities worldwide’ [16].

The transboundary effects of oxyanion pollutants also apply to groundwater. It is
estimated that groundwater constitutes about 97% of the freshwater on earth [17].
Thus, it is not out of place that most groundwater interacts with surface lakes, rivers,
streams and oceans [17]. Therefore, the pollution of groundwater in one state can have
a transboundary effect on the surface water and groundwater of another state [17].
Hence, it is imperative for the regulation of oxyanion pollutants with international
laws.

Various instruments are employed to regulate the prevention and reduction of
water pollution. While some approach it from a right-based and economic perspec-
tives, others regulate it from the standpoint of its transboundary effects. TheUniversal
Declaration on Human Rights (UDHR) 1948 and the International Covenant on
Economic, Social and Cultural Rights (ICESR) 1966 are the major international
laws that address the prevention of pollution from a right-based approach [18]. On
the other hand, the United Nations Convention on the Laws of the Sea (UNCLOS)
1982 [16] and the Convention on the Law of the Non-Navigational Uses of Interna-
tional Watercourses (CLNUIL)1997, are the international treaties that approach the
prevention of water pollution from a transboundary point of view [16].

The above-mentioned instruments have been the subject matter of several
academic works with the aim of ascertaining the extent of their effectiveness
in preventing water pollution and achieving water sanitation. McCarthy analyses
the effectiveness of UNCLOS 1982 in preventing transboundary noise pollution
[16] while Meier examines the regulation of pollution by international law from a
human rights perspective [18]. McCaffrey on the other hand, discusses in detail
the regulation of transboundary pollution and the extent to which it affects the
non-navigational use of watercourses [17]. Similarly, Nollkaempre analysed the
Convention on the Law of the Non-Navigational Uses of International Water-
courses (CLNUIL) 1997 and the Convention on the Protection and Use of Trans-
boundaryWatercourses and International Lakes (CPTWIL) 1992 and concluded that
its provisions are shredded with ambiguity; thus affecting its effectiveness [19]. Hall
[20] however, examines the intersection between international laws and national
laws that regulate the prevention of water pollution as applicable in the USA and
Canada. These are some of the regulatory laws that have been applied to the control
of pollutants in aqua systems that discussed extensively in the literature.

Regardless of the above, none of the existing legal literature contain an analysis of
the extent to which the existing international instruments onwater pollution regulates
the prevention of pollution of water resources by oxyanion pollutants. Moreover,
the use of economic instruments for abatement of oxyanions in water is still been
explored in many countries, and so literature is not yet conclusive on this. Thus, the
gap in the literature remains the justification for this work. In this regard, this chapter,
using non-doctrinalmethodology, coupledwith review of existing literature, contains
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an analysis of the effectiveness of international lawaswell as economic instruments in
regulating the prevention and control of the pollution of water resources by oxyanion
pollutants. In furtherance to the latter mentioned theme, the chapter is divided into
five in seriatim, i.e. an introduction, the analysis of the right-based approach to the
regulation of oxyanion pollutants by international laws, the examination of regulation
of oxyanion pollutants to the extent that it has a transboundary effect, analysis of
economic instruments as oxyanion pollutants control measures, future perspectives
and a reasoned conclusion.

13.2 The Global Regulation of Oxyanion Pollutants:
A Right-Based Approach

The right to quality water and environment, albeit one devoid of pollution, is arguably
a concomitant part of the realisation of human rights [21]. The rationale is that human
beings cannot remain healthy and have a life if water and water deduced food is
polluted [22]. The point has been previously made that the presence of oxyanion
pollutants in drinking water can have dextrous effects on human health. It can also
have adverse effects on food security, given that the death of aquatic life means
less food available for coastal communities, and the world at large. Thus, there is a
substantial nexus between the prevention of oxyanion caused pollution, and human
existencemade possible by the realisation of human rights [22]. TheUDHR1948 and
the ICESCR 1966 are the foundational framework for human rights across the globe.
These are analysed to ascertain their extent in regulating and preventing oxyanion
pollution.

13.2.1 The Universal Declaration on Human Rights (UDHR)
1948

The UDHR 1948 is the first international instrument on human rights [23]. It was
adopted by the United Nations, after the Second World War, to create a basis for
the universal understanding of what human rights are, and the standard benchmark
for the realisation of such rights by all people and nations [24]. Notably, the UDHR
started as a soft instrument [25] but has metamorphosised into a hard law initiative
[23]. For one, some of its provisions are part of customary international law [25]. The
implication of being a customary international law is that the provisions are legally
binding even on states that are non-party to it [26]. Also, it has been strengthened
and made binding by the International Convention on the Elimination of All Forms
of Racial Discrimination 1963 which provides that ‘State Parties undertake to adopt
immediate and effective measures… to propagating the purposes and principles of
the… the Universal Declaration of Human Rights (UDHR)… [27]’
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The UDHR instrument has provisions that are arguably relevant to the prevention
of water pollution, including oxyanion pollutants. Article 3 of the UDHR provides
that everyone has a right to life, liberty and security [24]. Article 25 grants that
everyone has the right to a standard of living adequate for the health and well-being
of himself and his family [24]. The UDHR further imposes the duty on states to strive
to secure the universal and effective recognition of the mentioned rights through the
adoption of progressive measures [24]. Notably, the word water pollution was not
expressly mentioned in the UDHR instrument. However, some authors argue that
the prevention of water pollution is embedded in the realisation of the right to life
and a standard of living adequate to attaining good health [28]. The aforementioned
is because the consumption of polluted water can and does interfere with the full
enjoyment of the right to life, and the standard of living adequate to guarantee health.
Moreover, oxyanion polluted water undermines the right to life and health, given that
it causes illness such as cancer, goitre, kidney infections and death [10, 12]. What
is more, oxyanion pollutants can also affect the quality of living by disrupting food
security through the destruction of aquatic lives [11]. Accordingly, it can be argued
that the provisions of UDHR on the right to life and standard of living create an
obligation on states to adopt measures for the prevention of the pollution of waters
by oxyanion pollutants.

While the above position is well established in academic literature, it is not
expressly stated in the UDHR legal regime. The implication is that the nexus between
thementioned provisions of theUDHR, and the prevention of oxyanions pollution, as
stated in academic literature, is merely persuasive [29]. Thus, it is entirely the prerog-
ative of states to decide whether their definition of right to life and standard of living
adequate to health, will be stretched to accommodate the prevention of water pollu-
tion including oxyanion pollutants. Some developed states have entirely accepted the
academic position that the realisation of the right to life and health encompasses the
prevention ofwater pollution [30]. For instance, the EuropeanUnion (EU) states have
adopted the water framework directive which contains provisions on the prevention
of water pollution by chemical substances including oxyanions [31, 32]. Regrettably,
some other regions likeWest African states are yet to adopt suchmeasures. Undoubt-
edly, the role of the UDHR in the prevention of oxyanion pollution would have been
more robust, if there is a clear expression of the synergy between the right to life and
health on the one hand, and the prevention of water pollution on the other hand.

Regardless of the identified weakness of the UDHR, it creates a basis, albeit an
imperfect one for legislative measures to be adopted for the prevention of water
pollution by oxyanions to the extent that there is a political will to that effect. The
fundamental human rights including the right to life and health declared in theUDHR
has been included in over 100 Constitutions [23]. The incorporated provisions of the
UDHR on the right to life and health create a basis for an argument to be made for
a right-based approach to the regulation of oxyanion. As such, environmental right
enthusiasts can leverage on the constitutional provisions on the right to life and health
to agitate for the adoption of legislative measures prohibiting the pollution of water
resources through the anthropological introduction of oxyanions.
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13.2.2 The International Covenant on Economic, Social
and Cultural Rights (ICESCR) 1966

The International Covenant on Economic, Social and Cultural Rights (ICESCR)
1966 is ‘a multilateral human rights treaty adopted by the United Nations General
Assembly’ [33]. It is an instrument derived from the UDHR 1948. However, while
the UDHR contains a skeletal declaration on human rights with little provisions on
the duties of states in implementing it; the ICESCR details out the meaning of the
declared rights and antecedent obligations on states [33]. It is worth mentioning that
the conglomerate of the UDHR 1948, ICESCR 1966 and the International Covenant
on Civil and Political Rights (ICCPR) 1966 is called the International Bill of Rights
(IBR) [34]. Over 170 countries of the world have ratified the ICESCR 1966. It has
some relevant provisions for the prevention of pollution of water by oxyanions.

Article 12 (1) of the ICESCR 1966 provides that ‘the states parties to the present
Covenant recognise the right of everyone to the enjoyment of the highest attainable
standard of physical and mental health’ [35]. It went further in subsection (2) to
outline the steps to be taken by theState Parties to achieve a full realisation of this right
including ‘the improvement of all aspects of environmental and industrial hygiene’
[35]. The ICESCR 1966 creates an obligation on member states to take steps in line
with their maximum available capacity through individual and co-operative efforts,
intending to ‘achieve progressively the full realisation of the rights…by the adoption
of legislative measures’ [35]. The point has been made that oxyanion pollutants
undermine the overall well-being of the environment [36]. Thus, the provisions of the
ICESCR 1966 on the improvement of all aspects of environmental hygiene arguably
creates an impetus for the prevention of oxyanion pollutants in water resources [28].
Such preventive measures as provided for in the ICESCR 1966 can be through the
adoption of laws to prevent water pollution by oxyanions.

Regrettably, the absence of the parameters for defining ‘environmental hygiene’
in the ICESCR 1966 creates the perfect leeway for inaction by member states. The
provision on ‘all aspects of environmental hygiene’ offers the basis for an argument
to be made for the adoption of legislative measures to prevent water pollution by
oxyanions under the ICESCR 1966. Unfortunately, while it is reasonably inferable,
the ICESCR 1966 did not define ‘all aspects of environmental hygiene’ to expressly
accommodate the prevention of water pollution. The implication is that it is entirely a
prerogative of a member state to rightly stretch the meaning of all aspects of environ-
mental hygiene to include the regulation of oxyanion pollutants [37]. In other words,
any state which does not want to regulate water pollution by oxyanions can simply
define the improvement of all aspects of environmental hygiene to accommodate
their inaction. Thus, the provision on environmental hygiene is as strong as the polit-
ical will of individual member states in this context [37]. Where such political will
is lacking, the provision may be of no import in underpinning legislative measures
for the prevention of pollution by oxyanions.

Debatably, the clarification offered by the United Nations Committee on
Economic, Social and Cultural Rights (UNCESCR) strengthens the definition of
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‘all aspects of environmental hygiene’ to cover the prevention of water pollution by
oxyanions. The UNCESCR is a committee of independent experts established by the
United Nations to monitor the general progression of members on the implementa-
tion of the ICESCR [38]. The UNCESCR in its General Comment No. 14 provides
some indices on what is meant by ‘the improvement of all aspects of environmental
and industrial hygiene’ as used in the ICESCR 1966 [39]. The indices include,

the requirement to ensure an adequate supply of safe and potable water and basic sanitation;
the prevention and reduction of the population’s exposure to harmful substances such as
radiation and harmful chemicals and other detrimental environmental conditions that directly
or indirectly impact upon human health [39].

As reiterated, oxyanion pollutants undermine the ‘adequate supply of safe and
potable water’ [36]. It is also detrimental to human health when consumed to the
extent that makes it a harmful substance [36]. As such, the indices provided by
the UNCESCR as enunciated above cover the prevention and reduction of water
pollution by oxyanions. Thus, achieving the highest standard of physical and mental
health entails the use of legislative measures by individual states to prevent water
pollution by oxyanions.

However, the UNCESCR clarification on what is meant by ‘improvement of envi-
ronmental hygiene’ is merely persuasive. The Vienna Law of Treaties 1969 is the
international law that provides the basis for the interpretation of other international
law and treaties. It provides that the only instrument that will be of import in the inter-
pretation of a treaty are those made by the member parties pursuant or in furtherance
to such treaty [40]. The UNCESR is a committee of independent experts and as such
their General Comment cannot qualify as the instrument provided for in the latter
provision of the treaties [41]. Thus, the definition of ‘improvement of environmental
hygiene’ in the UNCESCR General Comment is not binding but merely persuasive.
As a result, a lot will depend on the political will of a state to transpose the indices
in the General Comment into legislative measures for the prevention of oxyanions.

Regardless of the shortcoming of the ICESCR 1966, it is a stronger basis for
the adoption of legislative measures for the prevention of oxyanion pollutants in
water in comparison with the UDHR. It was reiterated that the UDHR provides for
the right to life and the standard of living adequate to guarantee health. However,
it was completely silent on the nexus between environmental protection and the
realisation of the mentioned rights. On that note, it was concluded that it creates an
imperfect foundation for the adoption of legislative measures for preventing water
pollution by oxyanions from a right-based perspective. The ICESCR 1966 provides
explicitly that environmental hygiene is included in the right to enjoy the highest
attainable standard of physical and mental health. Thus, the ICESCR 1966 creates
an even stronger basis in comparison with the UDHR for the prevention of oxyanion
pollutants to the extent that it undermines the attainment of the right to the highest
standard of physical health.
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13.3 The Global Regulation of Toxic Oxyanion:
A Transboundary Approach

Transboundary pollution is defined as ‘pollution whose physical origin is situated
wholly or in part within the area under the jurisdiction of one [state] and which has
adverse effects, other than effects of a global nature, in the area under the jurisdic-
tion of [another state]’ [20]. The pollution of marine waters by oxyanions can have
transboundary effects where the polluted water or its effect transcends the political
boundaries of the state where the pollution originated [42]. A simple example of the
transboundary effects of polluted water was the case of Ohio v. Wyandotte Chem-
ical Corp [43], where the U.S. State of Ohio succeeded in a suit against a Canadian
company for damages caused by the mercury that was dumped by the company into
the Canadian part of Lake Erie which has harmful effects on the entire flora and fauna
in Ohio’s part of Lake Erie. Monetary damages were awarded for the harm done to
its fish, wildlife, vegetation and the affected citizens of Ohio. The United Nations
Convention on the Laws of the Sea (UNCLOS) 1982 [16] and the Convention on the
Law of the Non-Navigational Uses of International Watercourses (CLNUIL) 1997
are the instruments that cover the regulation of water pollution from a transboundary
perspective. Thus, theywill be analysed to determine their relevancy in the prevention
of water pollution by oxyanions.

13.3.1 United Nations Convention on the Laws of the Sea
(UNCLOS) 1982

TheUNCLOS1982 is the primary treaty that comprehensively covers every spectrum
of human affairs and relationshipwith the ocean [44]. It creates the needed legal order
for every matter on the use of ocean water resources to the extent that it is called
the ‘Constitution of the Ocean’ [44]. UNCLOS 1982 is globally subscribed to with
well over 170 states of the world being parties to it [44]. Even for the states that
have not signed it, most of its provisions are still binding on them because they
are considered as ‘customary international law’ [45]. UNCLOS regulates the ocean
space as one entity and as expected, covers the duties of states with respect to the
marine environment [44].

UNCLOS 1982 provides that states shall protect and preserve the marine environ-
ment [46]. As such, it mandates the states to ‘take measures individually or collec-
tively to prevent, control or reduce the pollution of the marine environment from any
source using the best practical means in their disposal and in accordance with their
disposal’ [46]. Themeasures adopted by the states shall cover all sources of pollution
of marine waters, including the release of toxic, harmful or noxious substances from
land-based sources and dumping [47]. The benchmark for determining whether a
substance is toxic or harmful under the mentioned provision is ‘it can result or is
likely to result in such deleterious effects as harm to living resources and marine life,
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hazards to human health…., impairment of quality for use of seawater…’ [46] As
reiterated, oxyanions are harmful substances that have dangerous effects on human
health and living resources of the sea [36, 48]. It can distort the quality of the use
of seawater [36] negatively. So, the duty of the state to protect and preserve the
environment extends to toxic oxyanions.

Importantly, UNCLOS empowers states to adopt laws and regulations for the
reduction, prevention and control of marine pollution from all sources, including
oxyanions. It provides for the establishment of maritime zones, including territo-
rial waters, exclusive economic zones and continental shelf [46, 49]. In the light of
the later, it empowers coastal states to make laws and regulations for the preven-
tion, reduction and control of marine pollution from all sources including land-based
sources and dumping [46, 47]. Toxic oxyanions are introduced into the marine envi-
ronment through the desposition of wastewater from land-based sources such as
agricultural, mining and petroleum activities [9, 48]. They can also be introduced by
the deliberate dumping of waste containing toxic oxyanions into the marine environ-
ment [11]. Whatever the source of oxyanion pollutants, the coastal states may make
laws for its prevention.

However, there is no mandatory obligation on states to make laws and regulations
for the prevention of marine pollution by oxyanions. The primary culprits in the
pollution of marine waters through the introduction of toxic oxyanions are non-state
actors within the jurisdictions of states [36]. Awkwardly, such individual actors are
not parties to UNCLOS and, as such, its provisions do not directly apply to them
[50]. The only way for its provisions to be relevant in the prevention of marine
pollution by oxyanions is for states to adopt laws and regulations that reflect the
spirit of UNCLOS [50]. UNCLOS provides that ‘coastal states may adopt laws and
regulations… in respect…the prevention of pollution thereof’ in theirmaritime zones
[46]. The use of the word ‘may’ in the mentioned provisions means that the powers
are discretionary [51, 52]. Thus, it is entirely the discretion of states to exercise their
powers to make laws and regulations that will bar individual entities within their
political boundaries from introducing oxyanion pollutants into marine waters [51,
52]. As such, there is room for inaction given that the adoption of such laws are now
contingent on the political will of coastal states. It is not surprising that some coastal
states have not enacted any laws for the prevention or control of marine pollution by
oxyanions.

In summary, the UNCLOS 1986 represents a good start for the prevention of
marine pollution through the anthropological introduction of oxyanions.While states
may not be mandated to adopt laws for the prevention of oxyanions, the regime
establishes liability for damages caused to another state by the transboundary effects
of pollution. As such, if the introduction of oxyanion pollutants in one state leads to
the pollution of marine water in another state, the state responsible can be liable to
pay damages to the affected state. One can argue that such liability should serve as
an impetus for coastal states to adopt laws that will prevent such marine pollution
by oxyanions. Regardless, the fact that some states are yet to have such laws are
clear indications that more is needed. Thus, more is required in the form of a sturdy
international framework that will nudge states to adopt laws for the prevention of the
pollution of marine waters by toxic oxyanions.
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13.3.2 The United Nations Convention on the Law
of the Non-navigational Uses of International
Watercourses (UNWC) 1997

TheUnited Nations Convention on the Law of the Non-Navigational Uses of Interna-
tional Watercourses (UNWC) 1997 was adopted to establish ‘an overarching frame-
work that contains basic standards and rules for the cooperation between water-
course states on the use, management and protection of international watercourses’
[53, 54]. The term ‘international watercourses’ has been defined as ‘a system of
surface waters and groundwaters constituting by virtue of their physical relation-
ship a unitary whole’ [55]. Thus, international watercourses consist of rivers, lakes,
glaciers, aquifers, canals and reservoirs to the extent that they are shared by more
than one state [17]. The existing international watercourses are said to be equivalent
to almost half of the world’s total land surface [56]. The UNWC 1997 also applies
to the non-navigational uses of international watercourses [57] in contrast to the
UNCLOS 1986 regime, which applies only to seas and the entire ocean. The UNWC
1997 has been signed and ratified by 36 parties [58]. It is apt to mention that the
provisions of the UNWC 1997 constitute customary international law [59]. Thus, it
applies to states of the world irrespective of whether they have signed the UNWC
1997 or not.

The UNWC 1997 contains a provision that is relevant to the prevention of the
pollution of international watercourses by oxyanions. It creates a mandatory duty
on State Parties to protect the environment of the international watercourses [55]. It
creates a further obligation on State Parties to prevent the pollution of the interna-
tional watercourses that ‘may cause significant harm to other watercourse states or
their environment, including harm to human health or safety’ through the adoption
of measures [55, 60]. The UNWC 1997 does not define the meaning of measures,
but from the point of semantics, it covers legal initiatives like laws and regulations.
Arguably, oxyanions have the propensity to cause significant harm to the aquatic
environment, flora and fauna of other watercourse states [12]. Therefore, an environ-
mental activist can argue that the provisions of the UNWC 1997 mandates states to
adopt measures whichmay include actions for the prevention of oxyanion pollutants.

On the other hand, there is no specific definition of ‘significant harm’ as provided
for in the convention [55, 61]. The UNWC did not also stipulate who has the final say
on what is significant harm, especially in cases of transboundary pollution between
two or more watercourse states [55, 61]. As such, there is room for a watercourse
state to justify inaction in the adoption of such laws for the prevention of oxyanions
by arguing that it does not consider it to be of such a nature as to cause significant
harm to the watercourses.

Furthermore, the UNWC 1997 provides that a watercourse state shall, at the
instance of another party consult to arrive at mutually accepted measures for the
prevention of pollution [55]. The mutually accepted measures are defined to include
establishing the lists of substances which may be prohibited, limited or controlled
[55]. Thus, where the pollution of a watercourse by oxyanions has transboundary
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effects, the innocent state can initiate negotiations with the concerned state to adopt
mutual agreement for its control and/or prevention [62, 63]. It is apt to mention that
the UNWC provisions mandate the concerned state, where the pollution originated
from to attend such negotiations prohibition or limiting of the quantity of oxyan-
ions [55, 57]. Hence, there is a possibility that such negotiations can lead to the
adoption of bilateral or multilateral agreements for the prevention and control of
oxyanion pollutants. While there are no records of such agreements negotiated for
the prevention of oxyanions pollution, other agreements have been negotiated under
this provision [63]. For instance, the adoption of the Nile River Basin Development
Agreement was influenced by the UNWC provisions [63, 64].

Unfortunately, while a watercourse state may be mandated to attend such consul-
tations, they are not obligated to enter into a bilateral or multilateral agreement. It
is apt to mention that the introduction of oxyanion pollutants into watercourses is a
product of industrial, agricultural and mining activities geared towards the economic
development of a state [8, 9]. Thus, a watercourse state which is keen on economic
development at the expense of environmental protection can leverage on the lack
of a mandatory obligation to enter into such agreements [65, 66]. A case in point
is China which has refused to enter into any form of agreement for the protection
of the watercourses with other states because of the mentality of economic devel-
opment first at the expense of environmental protection [65]. What is more, most
watercourse states may not be willing to sacrifice their economic benefits, spend
time and resources solely for adopting agreements on the prevention of oxyanions.
They may be more willing to adopt such bilateral or multilateral agreements for the
prevention of a wider scope of pollutants, including oxyanions.

In conclusion, theUNWC1997 contains provisions that can be stretched to accom-
modate the prevention of oxyanions. Regardless, it is not strong enough to lead to
widespread adoption of needed legislative measures for the prevention of pollution
of marine waters by oxyanions. Commenting on the weaknesses of the UNWC 1997
provisions on pollutions,McCaffery opines that the soft obligations contained therein
do not ‘convey the clear message necessary for states to take it seriously if indeed
they are able to ascertain from its text exactly what it requires them to do or refrain
from doing’ [67].

13.4 The Global Regulation of Oxyanion Pollutants:
Economic Instruments Approach

The cost of pollution to the society is huge and covers health, environment, economic,
social and psychological costs. In fact, pollution imposes greater costs on the society
that appear larger than its prevention [68, 69]. Thus, it is practically cost effective to
control pollution than treating it. Therefore, definite actions are required to regulate
and control pollutants in aqua systems.
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Prior to the introduction of economic instruments to pollution abatement, regu-
latory approach/instrument otherwise known as command and control (CAC)
approach, as discussed earlier in this chapter was very popular in several coun-
tries; thus, making it the main policy instrument used in most countries to control
pollution and to curb activities that are harmful to the environment. This approach
centres on policing power, which involves monitoring, inspecting and enforcement
of laws against pollution activities in order to limit discharge of certain pollutants and
restrict some polluting activities to specific times or areas [68, 69]. Its instruments
are in form of environmental laws, emission standards, regulations, and enforcement
mechanisms aimed at control of all forms of pollution by dictating abatement deci-
sions [70, 71]. A proper implementation and enforcement of this approach “affords
a reasonable degree of predictability about how much pollution will be reduced”
[69]. However, the approach has been fraught with some drawbacks, which make
countries to search for alternatives.

For instance, regulatory instruments are said to be economically inefficient and
costly to implement; thus, increasing the overall cost of production of firms [69].
Moreover, the cost incurred by the government or its regulatory agencies to ensure
compliance with pollution control laws and measures is huge and could continue
to be bloated as the number of firms rise. Furthermore, enforcement could become
difficult as the number of private firms to be regulated continue to increase.

Another argument is that the CAC approach employs force to make all firms
‘adopt the same measures and practices for pollution control and thus to accept
identical shares of the pollution control burden regardless of their relative costs and
impacts’ not minding the fact that marginal pollution abatement costs differ among
firms [72]. This is capable of raising the total social costs of pollution abatement.
In developing countries, CAC approach to the abatement of pollution is made more
difficult due to financial, institutional and political constraints [71]. Therefore, the
preference currently inmost advanced and developing countries is to adopt economic
instruments for pollution control.

Economic or market-based approach has to do with the use of economic instru-
ments, which are policy tools that influence the monetary costs and benefits of
polluters’ actions in order to minimise pollution [73]. This is relatively recent and
have gained wider acceptance due to some of the advantages it offers above the
CAC approach. The approach employed policy instruments such as prices, charges,
permits, taxes, deposit-refund systems, subsidies and incentives are employed for
the control and management of pollutants in the environment [5, 68, 69, 74].

This approach (market-based) is hinged on the ‘polluter pays’ principle, which
itself emanates from the notion of environmental economics, and argues for internal-
isation of the cost of pollution [69]. It is the Principle 16 of the 1992 Rio Declaration,
which submits that polluter shouldbear the costs of pollution control andmanagement
without distorting international trade and investment [5, 75, 76]. The principle is not
completely new because environmental economists borrowed it from the thoughts of
welfare economists. Arthur Cecil Pigou, a welfare economist was the first to argue
for the imposition of taxes on air pollution in the 1920s, and since then, several
literatures have emerged on the use and the benefits of economic instruments for the
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control of all forms of pollution [72, 77–79]. However, the approach became more
pronounced with most countries preferring it to CAC since the 1992 Rio Declaration.

Economic instruments in recent times have been canvassed as more effective
and efficient pollution control measure. This is informed by their cost-effectiveness
potential, revenue generation capacity that can be used to finance activities aimed
at controlling pollution, their efficiency and the ability to internalise externalities
and adjust the behaviour of polluters in line with environmental protection, as well
as serving as continuous and control incentives for environmental improvement and
sustainability [69, 73, 80, 81].

Moreover, the approach has been argued asmore appropriate to address the failure
of CAC policies to deal effectively with pollution [72] and also offers polluters
the opportunity of more flexible ways of finding least-cost solutions to pollution
reduction,which can stimulate technological innovation and help to improve resource
use and environmental quality [70]. In addition, unlike CAC, economic instruments
can easily be administered because they require less regulators and monitoring; and
like taxes, established, effective and efficient tax collection institutions and agencies
exist in most countries that make implementation easier than regulatory institutions;
less information may be required to implement economic instruments than CAC
policies [71].

Economic instruments like pollution charges or taxes serve as the cost for using
the environment by polluting firms. In economics, every activity attracts a cost or
price. So, the price any user of the environment pays for such service is the charge.
The charge, however, manifests in various forms such as the tax levied on the quantity
and quality of the pollutants discharged by the polluter, which is simply known as
effluent charge. Others are product charge; which centres on taxes placed on products
used (inputs into the production of polluting products), produced (final commodities
associated with pollution) or discharged that can harm the environment (polluting
substances that are contained in inputs used for production); the user charge, which
is placed on the use of any collective treatment facility; and administrative charge
that is ‘paid to authorities for such purposes as chemical registration or financing
licensing and pollution control activities’ [69, 71]. The charges serve as a source of
revenue to the state and can be spent on pollution control programmes. Moreover,
charges of this nature can also deter the firms from polluting the environment because
they increase the cost of production, which may be difficult to pass to consumers
of their products, particularly if demand for the firm’s final product is elastic. Thus,
charges can serve dual purposes of revenue generation and regulation of pollution
activities by polluters.

These instruments are discussed further as they apply to the abatement of
oxyanions in aqua systems.
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13.4.1 Pricing as Economic Instrument to Control Water
Pollution

Pricing is based on the neoclassical economist’s view, which presupposes that effi-
ciency can be attained when the marginal cost is set equal to the marginal benefit
of any activity. Pricing of pollution activities can ensure optimal resource allocation
within the economy.

Citing Pigou’s argument for the use of economic instruments for pollution abate-
ment, Andersen maintains that a properly priced pollution leads to optimal allocation
of resources; however, ‘when pollution remains an unpriced externality to market
transactions, it will result in a less optimal allocation of resources’ [72]. The author
noted specifically that ‘by adding a tax to pollution, it is at least in theory, possible
to equate net marginal private costs with net marginal social costs, and thus to assure
that market transactions lead to outcomes that are Pareto optimum’. In addition, the
use of this instrument can reduce the cost inquired in the abatement of pollution.

Water pricing policy can be adopted to control excessivewater usage, water degra-
dation and pollution. The instrument promotes water conservation and water saving
technology, encourage recycling and also generate revenuewhich can, in turn, be used
to support water pollution abatement programmes if effectively and appropriately
implemented.

The unique nature of water makes determination of its price different from what
obtains in the mainstream economic theory. For instance, the neoclassical approach
to price determination depends on the market forces. However, the case of water
differs because it has the characteristics of being a private good and at the same time
public good. In fact, water possesses some unique features such as ‘the potential for
open access, ability for re-use and the existence of public environmental goods that
are dependent on water’ coupled with the social and political forces in operation
within the market field, the environmental implication of water usage as well as the
human right to water and sanitation aspect based on resolution 64/292 of the United
Nations [82–86].

In view of these, water pricing is carried out using the combination of market-
based mechanism (market forces) and regulatory (administrative) principles. The
implication of this is that some specific pricing strategies are fixed by regulatory
authorities while others are based on market forces. Thus, water pricing revolves
around the use of economic instruments such as tariffs, fees, levies and charges,
which can be adopted for the abatement of oxyanion in aqua systems. However,
some of the instruments are more effective than others regarding the abatement of
water pollutants.

Generally, it appears the price of water is low across most countries, and so,
a combination of instruments is required to control water pollution. Hence, price
setting must be done strategically to ensure that appropriate costs such as direct,
indirect (opportunity costs) and environmental (externalities) costs are covered [81].
According to Muldianto et al. [87] ‘Water price should be set optimally, high enough
to complement subsidies, but within the ability of users to pay for the water’.
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Economic instruments that raise price may succeed in abating water pollutants
because it may induce behaviour change in consumers towards water usage thereby
limiting water consumption, which will reduce production. Moreover, if an instru-
ment raises cost of production that cannot be passed on to consumers, probably
because demand is highly elastic, production can also reduce and this will to some
extend curb oxyanion in water. Moreover, any price that will effectively control and
managewatermust ‘reflect not only the costs of supply (i.e. service delivery), but also
costs related to the scarcity of the resource itself (e.g. externalities and opportunity
costs)’ [82].

13.4.2 Product Charges

Product charges as economic instruments can be used to control water pollution by
placing charges on production of any commodity that pollutes surface water and/or
groundwater either before production or in the course of its production, or even after
consumption. As the name implies, a product charge is an indirect economic instru-
ment placed on any commodity ‘associated with pollution rather than on pollutants’
[82]. Examples of such products are fertiliser, chlorofluorocarbons, lubricant oil,
tires, batteries, as well as disposable razors and cameras [88]. A charge of this nature
is capable of limiting the production and consumption of commodities capable of
introducing oxyanions into the surface water and groundwater; particularly, when
their demand is highly elastic. When demand for a product is highly elastic, it will
be difficult to pass charges on them or on their inputs to consumers in form of
high price. Hence, only the producer should bear greater part of the charge. For this
reason, when the commodity in question or its input constitutes pollutants in the
aqua systems, charges can kerb its production, thereby, preventing water pollution.
Whereas, if demand is inelastic, it may not serve the purpose; nevertheless, much
revenue can be generated from sales of the product, which can be expended on pollu-
tion control programmes. However, in a situation of a highly toxic product, a partial
or outright ban will be preferred to product charges [69].

13.4.3 User Charges/Fees

User charges/fees can be employed to control or prevent the introduction of inorganic
pollutants into aqua systems. A user charge grants access to facilities or services
for use. According to Bernstein ‘user charges may be variable (i.e. linked to water
consumption or property values), fixed or some combination of the two and they are
assessed on both municipal and industrial discharges into public sewerage’ [69]. The
charge stands as payment for using the service and the revenue generated from this,
stands as the costs for providing the service [88]. However, the charges can be raised
to the level that it can be used to sponsor pollution control activities. According to
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O’Connor [88] Netherlands employed this instrument as ‘a cost-recovery device for
water treatment’ and as ‘an incentive device to lower discharges’ while France and
Germany have also used ‘user fees’ to control water pollution [72].

13.4.4 Effluent Charges

Effluent charges can also be used to abate oxyanions in aqua systems. These are emis-
sion charges imposed as non-compliance fees on firms that fail to comply with envi-
ronmental standards or emit pollutants into water. Apart from serving as a means to
check emissions, they canbe employed ‘tofinancenecessarymeasures forwastewater
collection andpurification, and to providefinancial incentives for reducingdischarges
of effluent’ [69]. This instrument, however, is costly to administer because it requires
large institutional capacity, regulation and monitoring for effectiveness. Moreover, it
has been reported that the instruments have been effective for revenue generation (as
in the case of Mexico) rather than for pollution control because they are always too
low and eroded in real terms by inflation, which make polluters to prefer payment
than changing their polluting behaviour [69, 88]. Charges of this nature have also
been employed in countries such as Denmark, Norway, France, Germany, Sweden
and the Netherlands to control all forms of pollution, especially, water pollution
successfully.

13.4.5 Enforcement Incentive

Enforcement incentive as an economic instrument can be effective in the control of
pollutants in water. As the name implies, it is a form of charge or levy introduced to
make polluters comply with ‘environmental standards and regulations’. The implica-
tion is that if a polluter fails to abide by such standard and regulation, the firm will be
made to pay the fine. According to Bernstein, this type of fine covers non-compliance
fees paid when a polluter’s discharge exceeds certain accepted level, performance
bonds, which is a form of payments by firms before undertaken any activity that may
potentially pollute the environment (this charge may be returned to the firm if the
activity is environmental compliance), and liability assignment, which is a form of
incentive given ‘to actual or potential polluters to protect the environment by making
them liable for any damage they cause’ [69].

Furthermore, the economic instrument through incentives can encourage polluting
firms to reduce pollution activities, expand their tentacles, boost number of new
entrants into the industry and reduce compliance and administrative costs on the part
of the government and polluting firms [69].
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13.4.6 Subsidies

Subsidy is another important economic instrument that can effectively control water
pollution. A subsidy is an incentive either as a direct payment or tax concession
given to an individual or private firm to promote policies that benefit the public. The
government can provide some incentives to polluters such as tax cut or tax break,
low interest loans or even grants to prevent water pollution. These could enable
polluting firms to invest in water pollution control measures. If however, the subsidy
is removed and taxes raised to discourage water pollution, the cost of production
becomes unnecessarily high, thereby raising the prices of the products of such firms
beyond what consumers can afford.

13.4.7 Marketable or Tradable Permits

Marketable or tradable permits are forms of direct instruments, which can as well
be used to kerb water pollution. They are ‘quantity-based instruments, which limit
overall levels of pollutants in a defined pollution control area’; making their envi-
ronmental outcome ‘more certain than for price-based instruments like charges and
taxes’ [88]. The scheme provides firms legal right or permit of some levels of emis-
sion and firms which do not attain the permitted level can trade-off the remaining
with another firm or use the remaining to make up any excess emissions elsewhere.
This instrument, which has been used in several advanced and developing coun-
tries like China, India, South Korea and the USA to control all forms of pollutions
covering water, air, etc., has been adjudged to be cost effective and also serves as
incentive for pollution abatement [70, 71, 89, 90]. However, the effectiveness of the
instrument requires the establishment of strong rules, procedures as well as regula-
tory and enforcement capacity to define the trading area or zone; distribute ‘the initial
set of permits for defining, managing and facilitating permissible trading after the
initial allocation; and for carrying out monitoring and enforcement activities’ [69,
91]. In addition, for tradable permit instrument to be effective, there is the need to
‘incorporate clearly defined time-specific emission ceilings; and make arrangement
‘for monitoring, record-keeping, reporting’… and ‘a reliable database’ [88].

13.4.8 Deposit-Refund Scheme

Deposit-refund scheme is another economic instrument that can be employed to abate
oxyanion in aqua systems. The focus of this instrument is on the users of some prod-
ucts that could be termed polluting products, such as plastics, drink cans, pesticide
containers, glass and metal beverage containers not consumed or that do not dissolve
during usage. The approach is to surcharge consumers of such products, which will
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be refunded when the polluting items are returned to designated places for proper
disposal recycling [69, 88]. The scheme has been used in the USA successfully ‘to
control the disposal of lead-acid batteries and products containing potential pollu-
tants such as aluminium and glass cans, pesticide, containers, and tyres’ as well as in
South Korea [68, 69]. However, for the scheme to be run successfully, it is important
to identify the products in focus, and consumers that are willing to participate as
well as make proper arrangements to handle collection and recycling of the product,
and management of the finances that are involved [69]. In most cases, deposit-refund
system is largely managed by the private sector, which bears the costs while ‘incen-
tives are in place for third parties to establish return services when users do not
participate’ [69, 91].

From the foregoing, it is apparent that economic instruments appear to be highly
advantageous and have been adopted in several countries to control pollution. The
approach apart from its ability to generate revenue, which can be used for different
projects within the economy, it is efficient, equitable and also helps to reduce the
cost of pollution abatement. Similarly, it provides some forms of liberty for firms to
operate within market regulations without compulsion. The approach, particularly
those instruments that serve as incentives like subsidies will encourage firms to
willingly reduce pollution by employing cost effective methods and technologies.

However, economic instruments are not without some challenges. For instance,
it has been argued that the instruments may not abate pollutions completely but
can only reduce it by limiting the procurement of commodities that are linked with
pollution. According to Allen Blackman and Winston Harrington [71], the use of
taxes as pollution control instruments ‘may be less politically acceptable than some
other regulatory instruments’, exclude nontargeted activities that may pollute the
environment and have negative distributional effects, particularly, where it is possible
to shift greater burden of such taxes on the poor households [71].

Moreover, as pointed out by Bernstein [69], it may not be possible to predict the
effects of market-based instruments on environmental quality since most polluters
may prefer to choose their own solutions while some of them may find it easy to
continue engaging in polluting activities and prefer to pay charges if such are not set at
the appropriate level. Furthermore, the use of ‘sophisticated institutions to implement
and enforce’ the instruments is considered a drawback. It is also observed that the
use of the instruments have faced stiff resistance from government agencies, firms
and individual polluters in some countries because they prevent absolute control over
polluters by government agencies and negotiating power of firms.

13.5 Perspectives For the Future

The discussions above presuppose that no single approach is capable of yielding the
optimal outcome in the abatement of oxyanion in the aqua system because none of
the instruments can operate in isolation, especially in a dynamic and complex society.
They complement and reinforce each other. Therefore, it is important to consider the
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combination of regulatory and economic approaches as the future perspectives for the
abatement of oxyanion in aqua systems. Larsen and Ipsen [81] have argued that
‘successful implementation of most economic instruments’ requires ‘appropriate
standards, effective administrative, monitoring and enforcement capacities, insti-
tutional co-ordination and economic stability’, most of, which are regulatory in
nature.

Economic instruments require a regulatory environment to thrive. In a study
carried out by Andersen [72] on the importance of institutions and policy design for
the use of economic instrument to control water pollution, it was reported that even
though economic instruments have been found to be very powerful for the implemen-
tation of public policies, institutions are also essential because market-based policies
cannot operate in a vacuum. Thus, CAC cannot be ignored while the market is left
to itself. According to the author, the conditions under which market mechanisms
operate are defined by both formal and informal government institutions. Moreover,
‘since market-like policy instruments are usually applied within existing rules, insti-
tutions, and policy processes, the policy and administrative contexts in which they
operate become important’.

Furthermore, economic instruments such as effluent charges, product charges,
enforcement incentive and tradable permits can help to drive compliance with regu-
lations. Falco reiterates that the success of economic instruments depends largely
on ‘a well-functioning monitoring and command and control system (including
properly functioning institutions)’. Therefore, a mixture of regulatory and economic
instruments is highly critical for the abatement of oxyanion in aqua systems.

Finally, efficient regulatory instruments which incorporate economicmechanisms
aremore appropriate. However, an optionmay be to amend existing regulatory instru-
ments in order to eliminate the lapses identified in this work. Conversely, existing
instruments should be amended to incorporate stronger obligations which will trans-
late into effective measures for the prevention and control of water pollution. Such
amendment should be in the light of fizzling out the identified lapses detailed in
the body of this work. There may be some difficulty in getting sovereign states to
voluntarily subscribe to tighter regimes that has environmental benefits without a
conspicuous economic one. However, the latter is defeated by the fact that pollution
ofwater from oxyanions has the propensity to cause long term economic harm,which
makes it economically wise to address them at the onset. It is for this reason that it is
said in the context of environmental regulation that ‘an ounce of prevention is worth
a pound of cure’.

13.6 Concluding Remarks

This chapter contains an analysis of the effectiveness of international law and
economic (market-based) instruments in regulating the prevention of oxyanion
pollutants in water resources. It identifies that the regulation of oxyanion pollu-
tion is approached from a right-based approach, a transboundary one and the use
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of economic instruments. The primary instruments that are relevant to the global
regulation of oxyanion pollutants from a right-based approach are the UDHR 1948
and the ICESCR 1966. It was noted that the provisions of UDHR on the right to
life and health create the basis for an argument to be made for the adoption of laws
for the prevention of oxyanion pollutants. Notwithstanding, it was observed that
the lack of express provisions detailing substantial obligations on states to regulate
pollution, including oxyanions, allows for inaction by states in this regard. The latter
observation was also the case with the analysis of the ICESR 1966. However, it was
concluded that in comparison with the UDHR, the ICESCR 1966 creates a more
robust but imperfect foundation for the inference of an obligation to adopt laws on
oxyanion pollutants from a right-based approach.

Furthermore, the UNCLOS 1992 and the UNWC 1997 were identified and anal-
ysed as the instruments that regulate water pollution by oxyanions to the extent that
it has or will have transboundary effects. Unlike the UDHR 1948 and the ICESCR
1966, they both contain provisions that directlymandate states to protect and preserve
the environment. Regardless, theUNCLOS 1992 does not empowermember states to
adopt legislativemeasures for the prevention ofwater pollution, including oxyanions.
Thus, a coastal state may elect not to adopt such laws. With respect to the UNWC
1997, it was argued that there is no mandatory obligation on states to enter into a
mutual agreement with other watercourse states to adopt measures for the prevention
of oxyanion pollutants.

On the other hand, the chapter examines economic instruments as efficient and
effective for the abatement of oxyanions in aqua system. Instruments such as water
pricing, effluent charges, product charges, user fees, enforcement incentive, subsi-
dies, tradable permits and deposit-refund scheme were analysed. The instruments
were observed to have been preferred and employed in several countries globally
due to their cost-effectiveness potential, revenue generation capacity, their efficiency
and the ability to internalise externalities and adjust the behaviour of polluters in line
with environmental protection, as well as serving as continuous and control incen-
tives for environmental improvement and sustainability. It was however observed
that economic instruments require regulatory instruments to be more effective and
efficient.

Thus, the chapter concludes that international law (regulatory instrument) is not
sturdy enough to the extent that will translate to national laws for the prevention of
water pollution by oxyanions. While economic instruments alone cannot operate to
prevent water pollution through oxyanions.

The failure of international law in this regard is because the analysed global
instruments were not made specifically for the prevention of water pollution. Thus,
its application to marine pollution, including oxyanion pollutants is incidental to
other subject matters like the global protection of human rights and the equitable
distribution of marine resources.

It is therefore recommended that a convention be adopted for the prevention
and control of inorganic pollutants which will include oxyanion pollutants. There is
currently a global treaty on persistent organic pollutants, i.e. the Stockholm Conven-
tion on Persistent Organic Pollutants 2001 [92]. The convention mentioned above
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restricts and prohibits the anthropological introduction of mentioned organic pollu-
tants in water resources [92]. Regrettably, it does not extend to inorganic pollutants
such as oxyanions [92]. As such, a similar convention should be adopted globally for
inorganic pollutants, including oxyanions. The proposed convention should manda-
torily impose an obligation on member states to prevent the dumping of oxyanion
pollutants in transboundary and internal waters. The common trait of water pollution
is that the introduction might be small, but the consequences may be unprecedented
in scale. For instance, a simple blowout of an oil well in an oil platform (Macondo)
in the Gulf of Mexico resulted in damages to the marine environment worth over
billions of dollars [51]. The most crucial lesson extrapolated from theMacondo acci-
dent and other related accidents is that marine pollution may start small but end in
massive damages often more than the cost of prevention [51]. Thus, it is for this
reason that environmental law enthusiasts commonly opine when it comes to water
pollution that ‘an ounce of prevention is better than a pound of cure’ [93–95]. The
adoption of a convention for the prevention of the pollution of internal, marine and
transboundary waters is necessary to forestall future unprecedented damages.

Finally, a mixture of regulatory and economic instruments will be more effective
in the control and abatement of oxyanion pollutants in water if both are properly
employed andwell implemented in accordancewith the peculiarities of each country.
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