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Preface

Water is a major earth component controlling the well-being of ecosystems.
However, water quality is actually threatened by pollution with metals, pesticides,
drugs and pathogens issued from rising urbanisation and industrialisation. There are
more that 700 organic, inorganic and microbial pollutants responsible for water pol-
lution. Pollutants of concern include inorganic elements such as antimony, arsenic,
mercury, cadmium and platinum and organic compounds such as polybromonated
diphenyl ethers, drug residues, pesticides, plasticizers and some phenols. As a con-
sequence, there is a need for advanced, sustainable methods to clean waters. There
are two main strategies to clean water: degradation of the pollutant by chemical and
biological methods and pollutant removal by adsorption. Adsorption is gaining
interest because all inorganic and some organic pollutant cannot be degraded under
common conditions. Adsorption is usually cost effective and easy to handle.
Research has recently focused on the development of greener adsorbents, which are
both cheap and renewable, to replace classical, fossil fuel-derived adsorbents. Green
adsorbents would indeed better meet the objective of the future circular economy
where there will be no ‘waste’. This books presents advanced methods and adsor-
bents for the removal of metals and dyes. Adsorbents include carbon nanostructures,
biomass, cellulose, polymers, clay, composites and chelating materials.

Chapter 1 by Oladipo et al. details the synthesis of activated carbon for heavy
metals removal with a major focus on application in the aqueous phase. Types of
activated carbons and various factors influencing their performance are discussed.
Adsorption mechanisms and isotherms are also presented. Chapter 2 by Sabir et al.
discusses polymeric absorbents for heavy metal removal. Chapter 3 by Vences-
Alvarez et al. reviews technologies to remove arsenate and fluoride for water,
including processes used in full-scale water treatment. Recent advances in the syn-
thesis of highly efficient adsorbents are highlighted. Chapter 4 by Hizal and
Yilmazoglu explains why the montmorillonite clay is well-adapted to remove metal
ions. The latest environmental applications of montmorillonite composites are dis-
cussed. Properties and applications of cellulosic materials are presented in Chap. 5
by Nag and Biswas, where adsorption mechanisms and metal toxicity are elabo-
rated. Chapter 6 by Yurekli covers the recovery of heavy metals using membrane
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Photo. Lake Etang de la Bonde in the Lubéron Mountains, Southern France. (Copyright: Eric
Lichtfouse 2019)

adsorbers. Here, the effect of the type of metal oxide nanoparticles, their sizes,
amount and deposition methods on the morphological properties and performances
of the membrane are discussed. Chapter 7 by Berrettoni et al. highlights the seques-
tration capabilities of metal hexacyanoferrates for different heavy metals. This
chapter gives also the basics of the electrochemistry and key applications such as
the recovery of the rare-earth cesium from wastewaters. Chapter 8 by Sabir et al.
presents the use of agriculture waste absorbents for heavy metal removal. Chapter 9
by Vishnu et al. focuses on the synthesis, characteristics and use of nanoparticles as
adsorbent to remove metals. Methods for metal removal from wastewater are further
discussed in Chapter 10 by Maharana et al., with focus on low cost adsorbents such
as industrial solid waste-red mud, fly ash and rice husk. Dyes from effluents of tex-
tile, paper, plastic and cosmetic industries are reviewed in Chapter 11 by Wotowicz
and Wawrzkiewicz, with adsorbents such as activated carbons, low cost adsorbents,
natural materials, biosorbents, nanomaterials, composites and ion exchange resins.
Chapter 12 by Pelin Demircivi details the removal of boron from wastewater using
various adsorbents adapted to, for example, the type of functional groups on the
surface and the charge of surface. Waste fruit cortexes can be used to remove metals,
as shown in Chapter 13 by Shangeetha Ganesan. Chapter 14 by Biswas and Nag
lists the various sources of metal contaminations and their hazardous effects. Types,
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modification and regeneration of biosorbents are also discussed. Dye classification,
toxicity and treatments by physical and biological methods are reviewed in Chapter
15 by Sardar et al. and Chapter 16 by Moattari.

We thank the authors very much for high quality manuscripts and the Springer
Nature team for efficient collaboration.

Jeddah, Saudi Arabia Inamuddin
Aligarh, India

Aligarh, India Mohd Imran Ahamed
Aix-en-Provence, France Eric Lichtfouse

Jeddah, Saudi Arabia Abdullah M. Asiri
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Abstract This review provides information on the utilization of activated carbon as
adsorbent for heavy metals removal with a focus on the aqueous phase. Activated
carbon is known to provide large surface area for adsorption. Agricultural residues
(biowastes) which are renewable, highly efficient, and of low cost, have been used
as precursors for synthesis of activated carbon applied in heavy metals uptake. In
this review, details of types of activated carbon, methods of their preparation, and
surface modification and treatment of activated carbon via oxidation, sulfuration,
and nitrogenation are presented. Various factors affecting the performance of acti-
vated carbon as well as its physicochemical properties are also discussed. The pos-
sible adsorption mechanisms of heavy metal ions typical of different adsorbents are
also summarized in this review. The overview also expounds adsorption isotherms,
adsorption thermodynamics, and adsorption kinetics as they influence the adsorp-
tion process.

Keywords Activated carbon - Heavy metals - Surface modification - Adsorption
mechanism - Adsorbent - Adsorbate - Isotherms - Kinetics - Thermodynamics -
Agricultural wastes

1.1 Introduction

Numerous natural phenomenon and anthropogenic activities have been reported as
the source of heavy metals into the environment. The ions of heavy metals such as
Cr, Co, Cd, Pb, and Hg are injurious to human health and other living forms (Sud
et al. 2008). Several bodies have proposed and set maximum limits for these toxic
heavy metals, specifically in aqueous media. However, rapid industrialization and
urbanization have been promoting the continuous increase in the level of these con-
taminants in different water systems.

Due to the limitations of the conventional approach (such as ultrafiltration and
reverse osmosis) in the removal of heavy metals, the search for an alternative tech-
nique has led to the adoption of activated carbon utilization for the removal of heavy
metals. Besides the attributes activated carbon possesses, such as its large surface
area and high surface reactivity, the associated high cost in its production has been
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the downside of its full commercialization. This has however prompted researchers
to explore agricultural residues (biowastes) for its synthesis. The use of these bio-
wastes as adsorbents has several advantages which include high efficiency, low cost,
and regeneration ability as well as possibility for metal recovery (Dai et al. 2018;
Mashhadi et al. 2016).

Potential removal of heavy metal ions by synthesized carbonaceous biowastes
hinge on several factors which subsequently influence its adsorbing characteristics.
Considerations based on the methods of preparation, forms of modification, treat-
ment, and adsorption process conditions (pH, temperature, and initial concentra-
tion) are vital in understanding the mechanism of the adsorption process.

This present overview therefore provides an in-depth review on the synthesis,
mechanism, and modification types of activated carbon. In addition, the essential
characteristics of activated carbon, both physical and chemical properties, are well
covered. Isotherms, kinetics, and thermodynamics of several works were appraised
to draw a conclusion based on some selected adsorption variables.

1.2 Types of Activated Carbon

Depending on the industrial applications, methods of preparation, forms or shapes,
as well as their sizes, activated carbon exists mainly in three categories, namely, (1)
extruded or pelletized activated carbon, (2) granular activated carbon, and (3) pow-
dered activated carbon (Cegen 2000). Figure 1.1 shows the three categories of acti-
vated carbon.

1.2.1 Powdered Activated Carbon

Powdered activated carbon has a distinctive average size of 15-25 pm. Fine parti-
cles of pulverized carbon are the major constituents of powdered activated carbon,
95-100% of which will not be retained in a designated mesh sieve of 80 (0.177 mm)
and below according to ASTM D5158-98. Powdered activated carbon is composed
of high carbon content organic materials such as wood, lignite, and coal.

Fig. 1.1 Major classes of activated carbon — (a) extruded or pelletized activated carbon, (b) granu-
lar activated carbon, (¢) powdered activated carbon (Wikipedia)
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It is predominantly used as colloid dispersion medium in polluted phase and also
in the removal of contaminants from aqueous, gaseous, and even solid environment.
Due to its small particle size and tendency to form dust, powdered activated carbon
is used directly as an add-on to other process units rather than being used singly.
However, powdered activated carbon is not an ideal choice for applications that use
considerable amount of activated carbon as it is not regenerated because of the chal-
lenges linked with recycling the carbon.

Powdered activated carbon finds typical applications in aqueous environments.
Heavy metals ions such as Hg can be adsorbed using powdered activated carbon
prepared from Casuarina equisetifolia leaves with varying particle size from 45 to
75 pm (Ranganathan 2003). Powdered activated carbon has been extensively used
to remove various gaseous pollutants discharged into the atmosphere through flue
gases. Example of such pollutants includes zero valent metals (e.g., Hg and Pb),
polycyclic aromatic hydrocarbons, and organic compounds (e.g., polychloroben-
zenes, furans, dioxins). Bais et al. (2008) successfully applied powdered activated
carbon for separation of organic pollutants such as fluoranthene and hexachloroben-
zene from gas stream.

1.2.2 Granular Activated Carbon

Granular activated carbon exists in granular or extruded form of coal. It may also be
developed through the granulation of pulverized powders using high-temperature
binders such as coal tar pitch. In both fixed and moving systems, smaller granular
activated carbon is particularly suited to liquid phase applications, while larger
granular activated carbon is better for vapors and gases.

Granular activated carbon has an average particle size of 1-5 mm which is rela-
tively large and has a proportionately smaller external surface area than powdered
activated carbon. In addition, not less than 90% of its weight is held back on a stan-
dard mesh sieve size of 180 pm (80 mesh). Its reusability, ease of handling, regen-
erative properties, and offer of lower pressure drop make granular activated carbon
advantageous over powdered activated carbon.

Typical environmental applications of granular activated carbon are in the
removal of heavy metals. Toxic pollutants such as Pb is released into the environ-
ment as part of the end product of lead acid batteries, refineries operations, fuel
combustion, and fertilizers made from phosphate, mining activities, and emissions
from vehicles. It has been reported that Pb has significant impact on human health
and the environment (Dwivedi et al. 2008). Literature study shows that granular
activated carbon packed bed and batch system have been used to remove Pb effec-
tively (Chelme-Ayala et al. 2009). Granular activated carbon can also be employed
in the removal of pesticides (Chelme-Ayala et al. 2009), insecticides (Daneshvar
et al. 2007), and volatile organic compounds (Bansode et al. 2003) from contami-
nated groundwater and soils.
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1.2.3 Extruded Activated Carbon

Extruded activated carbon is a blend of powdered activated carbon (anthracite or
coal) and binder, which are extruded at high pressure into a cylindrical-shaped pel-
lets with diameters varying from 0.8 to 130 mm. Activated catalysts, like potassium
hydroxide, are mixed prior to extrusion to achieve a specific pore structure (Gupta
2017). Extruded activated carbon creates minimal dust, gives a low-pressure drop-in
system, and has high mechanical strength which is an essential factor in the gas—
phase applications.

1.3 Methods of Preparation of Activated Carbon

Activated carbon is an amorphous form of carbon which has been subjected to spe-
cific treatments in order to acquire a sophisticated internal pore structure, large spe-
cific surface area, good surface reactivity, and appropriate physical forms (Dias
et al. 2007; Yahya et al. 2015). As a result of these features, activated carbon is
widely used as adsorbent for pollution control in a host of environmental applica-
tions including the removal of heavy metals, volatile organic compounds, nitrates,
and color from wastewater and industrial effluents (Akpen et al. 2011; Gonzélez-
Garcia 2018; Onyeji and Aboje 2011). Widespread applications of activated carbon,
availability of feedstock, increasing awareness, and stringent regulations regarding
environmental pollution are among the driving forces for research in this area
(Roman et al. 2013). The forms, precursors, features, and applications of AC are
shown in Table 1.1.

1.3.1 Feedstock for Activated Carbon Production

Coconut shell, coal, and wood are the most commonly used feedstocks for activated
carbon production. However, attention has recently shifted to agricultural residues
(biowastes) as cheaper and readily available alternatives due to their high carbon
contents, low ash and inorganic contents, relative rigidity, and the need for their
proper disposal as wastes. While some studies focus on agricultural waste materials
of substantial rigidity such as shells and stones of fruits that include oil palm, olives,
dates, cherries, and coconuts, others consider residues and processing wastes such
as olive cakes, sawdust, rice husks, cotton stalk, coffee husks, spent grains, sugar-
cane, and sugar beet bagasse. Table 1.2 shows the typical feedstock for the produc-
tion of activated carbon. High carbon, high volatile solids, and low ash contents are
necessary for high yield of activated carbon with good pore volume and surface area
(Lua et al. 2006).
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Table 1.1 Forms, precursor, properties, and applications of activated carbon

Form of
activated
carbon Precursor Feature Application
Granular | Coconut shell, palm oil | PS** greater than 100 pm Column filler for gas or
activated | shell liquid treatments, metal
carbon recovery, and
remediation
Powdered | Wood sawdust, milled | PS** lesser than 100 pm; PD® | Metal recovery,
activated | almond, and coconut | approximately 20 pm) wastewater treatments,
carbon shells Adsorption is very effective and catalysis
due to the smaller PS, but
settling and removal are slower
and often require replacement
after several cycles of usage
Activated | Carbon fibers, e.g., Very high SA* (approximately | CH, and H, storage, air
carbon from coal tar or 2000 m?%/g); AR* greater than | filter in gas masks,
fibers petroleum pitch 10; well- defined pore structure | wastewater treatments,
(diameter 5-10 pm), leading to high adsorption SO,, NOj, and VOCs
polyacrylonitrile, and | capacity and high packing removal
phenolic resins density. More expensive than
powdered activated carbon and
granular activated carbon due
to fiber processing cost
Activated | Rayon, fabrics, and Extremely high SA* and PV#, | Medicals (cell therapy,
carbon textile waste faster adsorption kinetics, large | stem cell growth);,heavy
cloths adsorption capacity, and metals recovery, VOCs*
lightweight and vapor recovery, gas
separations, electrical
and electrochemical
applications

xSurface area = SA;*Particle size = PS; *Particle diameter = PD; **Aspect ratio = AR; *Pore vol-
ume = PV; #VOCs = volatile organic compounds
Sources: Dias et al. (2007); Roman et al. (2013); Cukierman (2013); Kostoglou et al. (2017).

1.3.2 Preparation of Activated Carbon

Three major steps are required in the preparation of AC, namely: (1) pretreatment,
(2) activation, and (3) carbonization as shown in Fig. 1.2. While activation involves
the use of reagents, carbonization (or pyrolysis) requires the application of heat
treatment to raise the carbon content of the precursors (Gonzalez and Pliego-Cuervo
2013). Particle size is very important in material handling such as in mixing precur-
sors with catalyst and impregnation reagents as well as in determining the textural
properties of the produced activated carbon (Auta and Hameed 2011; Gurten et al.
2012). Hence, unit operations including milling, grinding, and sieving are often
used to pretreat raw materials in order to achieve required particle sizes (Alslaibi
et al. 2013). The works of Sentorun-Shalaby et al. (2006) and Miiller (2010) among
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Table 1.2 Typical feedstock for activated carbon production

Precursor Carbon (wt. %) | Ash (wt. %) References

Petroleum coke 77.50 0.60 Lee et al. (2014)

Palm shell 50.01 1.10 Yahya et al. (2015)

Lignite 62.50 5.50 Lee et al. (2014)

Coconut shell 48.63 0.10 Yahya et al. (2015)

Cassava peel 59.31 0.30 Sudaryanto et al. (2006)

Banana peel 10 10 Romero-Anaya et al. (2011)

Guava seeds 65.2 0.3 Largitte et al. (2016)

Bamboo 45.53 6.51 Hirunpraditkoon et al. (2011)

Wheat straw 46.50 3.23 Zanzi et al. (2001)

Sugarcane bagasse 47.30 0.9 Zanzi et al. (2001) and Boonpoke
etal. (2011)

Soft coal 72.50 7.00 Lee et al. (2014)

Hard coal 90.00 8.50 Lee et al. (2014)

Walnut shell 45.10 1.30 Gonzilez et al. (2009)

Corncob 46.80 0.90 Yahya et al. (2015)

Rice husk 36.52 16.70 Boonpoke et al. (2011)

Olive stone 44.8 1.40 Yakout and El-Deen (2016)

Almond shell 50.50 0.60 Gonzdlez et al. (2009)

Orange peel 20.40 3.10 Koseoglu and Akmil-Basar (2015)

Jatropha curcas 37.00 6.00 Tongpoothorn et al. (2011)

Kenaf 15.7 34 Hosseini et al. (2015)

others showed that adsorption rates generally increase with decrease in the particle
size of activated carbon and an increase in its mesopore volume.

Pretreatment is followed with the activation process which can be accomplished
by either physical or chemical treatments (Alslaibi et al. 2013). The former involves
a two-step process of carbonization at high temperatures of between 600 and 900 °C
(Ioannidou and Zabaniotou 2007) followed by steam or CO, activation, while the
precursor is first impregnated by an activating agent such as NaOH or ZnCl, and
then followed by carbonization at a relatively lower temperatures of between 300
and 700 °C (Giraldo and Moreno-Pirajan 2012) in the chemical activation treatment
(Yahya et al. 2015). Activation helps to develop initial porosity by dehydration and
degradation of the biomass structure (Gonzalez-Garcia 2018). Features of the two
activation methods are illustrated in Table 1.3.

Recently, research efforts have shifted to carrying out the carbonization process
in microwave rather than in conventional furnace as this has been reported to con-
sume less energy and requires lower carbonization temperature and duration
(Alslaibi et al. 2013). Above all, it results in the development of activated carbon
with higher surface area and mesopore volume (Hesas et al. 2013).
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Fig. 1.2 Flow sheet of activated carbon production via physical and chemical activation

1.4 Types of Surface Modification and Treatment
of Activated Carbon

Several factors are considered to affect the metal adsorption capacity of activated
carbon, such factors include surface chemistry, surface porosity, and pore size dis-
tribution (Gupta et al. 2015a, b). The understanding of these factors prior to the
modification of activated carbon is essential as this will assist in modifying their
physiochemical properties to enhance their affinity for contaminants of great con-
cern in an environmental media, such as in wastewater (Rivera-Utrilla et al. 2011).
Chemical modification of the surface of activated carbon significantly changes their
adsorption capacities since adsorption process has to do with retaining of contami-
nants at the surface of the adsorbents. Surface chemistry of activated carbon is
dependent on the quantity and inherent characteristic of functional groups present
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Table 1.3 Comparisons between the physical and chemical activation methods

Feature Physical activation Chemical activation

Reagents CO, (Nabais et al. 2010; Nasri et al. 2014) | H;PO,, ZnCl, (Cruz et al. 2012)
Steam (Bouchelta et al. 2012; Ghouma NaOH, KOH (Gu and Wang 2013)
et al. 2015; Tsyntsarski et al. 2015) FePO,, CaHPO,

(Ramirez-Montoya et al. 2015)
H,SO, (Nethaji and Sivasamy 2011)
Operating Temperature: 800-900 °C and activation Temperature: 160-200 °C

conditions time: 1-5 h (Ioannidou and Zabaniotou and activation time: 2—-6 h
2007; Ngernyen et al. 2006; (Adegoke and Adekola 2010;
Rizhikovs et al. 2012) Malarvizhi and Ho 2010)
Application | Olive stone, walnut shell — steam Shear butter wood — K,CO;, H;PO,,
examples (Gonzalez et al. 2009) HNO; (Adegoke and Adekola 2010)
Pistachio nut shell, coconut shell — CO, Rice husk — ZnCl,
(Guo et al. 2009; Lua et al. 2006) (Yahaya et al. 2010)
Merits and | While physical activation is relatively simple, chemical activation involves extra
demerits process stages such as washing and impregnant recovery (Lee et al. 2014).

Chemical activation is more expensive due to the cost of chemicals, and it leads
to exposure to toxic chemicals (Alslaibi et al. 2013). It however requires lower
activation temperature and time (Danish and Ahmad 2018). Chemical activation
also results in higher surface area and pore volume (Yahya et al. 2015)

(Yang et al. 2019). These functional groups are attached to heteroatoms at the car-
bon surface, and the functional groups are therefore categorized based on the het-
eroatom attached at the carbon surface as oxygen-containing, nitrogen-containing,
and sulfur-containing functional groups (Yang et al. 2019). Reagents usually
employed for chemical modification include basic solutions, organic acids, organic
compounds, and oxidizing agents, where the functional groups are covalently and
chemically bonded to the surface of the activated carbon (Gupta et al. 2015b).
Rivera-Ultrilla et al. (2011) broadly categorized surface modification and treatment
techniques of activated carbon into four, viz., (1) oxidation, (2) sulfuration, (3)
ammonification, and (4) coordinated ligand anchorage.

1.4.1 Surface Modification by Oxidation

The functional groups with oxygen attachment such as -OH, -COOH, —C-0, and
—C=0 are commonly created at the surface of carbon adsorbent by oxidation (Lu
et al. 2015; Wepasnick et al. 2011). Carbon materials are oxidized under reflux con-
dition in the presence of some reagents such as the inorganic acids (HNO;, H,SO,)
and oxidizing agents (H,O,, KMnO,, NaOCl) (Sarkar et al. 2018; Xue et al. 2012).

Oxidation of activated carbon can either be dry oxidation or wet oxidation. In dry
oxidation, oxidizing gases like O;, CO,, and steam are employed, while the wet
oxidation involves oxidizing solutions like H,0O,, aqueous O;, and HNO; (Rivera-
Utrilla et al. 2011). The amount of oxygen on the carbon surface can be controlled
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by adding the appropriate dose of oxidizing agent and at the desired experimental
conditions like reaction time and temperature (Yang et al. 2019). Many reports on
the oxidation of activated carbon with H,O, concluded that minimal textural modi-
fications are impacted at the carbon surface, although both increase and decrease in
surface area were reported (Rivera-Utrilla et al. 2011).

1.4.2  Surface Modification by Sulfuration

Functional groups with sulfur attachment such as C-S, S=O, and C=S are intro-
duced to carbon sorbent surfaces through sulfuration treatment. This can be achieved
through reaction of carbon with sulfur or sulfur-containing compounds such as H,S,
S0,, K;S, and N,S (Yang et al. 2019). Depending on the treatment conditions, this
technique also alters the porous structure of the carbon sorbent either with increas-
ing or declining specific surface area or volume of the pores. Carbon-sulfur com-
plexes show similarities in terms of non-stoichiometry character and physicochemical
performance. These complexes can neither be completely extracted with solvent nor
heat treatment decomposition under vacuum, but they can rather be eliminated as
hydrogen sulfide by heat treatment in hydrogen at temperature range of 973—1046 K
(Rivera-Utrilla et al. 2011). Activated carbon modified with sulfur-containing
groups has proven to be effective in adsorbing many metal species such as Cd(II),
Cu(II), Cr(VI), HgCl,, Hg(Il), Pb(Il), and Zn(Il) in solutions (Rivera-Utrilla
et al. 2011).

1.4.3 Surface Modification by Nitrogenation

The introduction of nitrogen-containing functional groups such as —NH, —-NH,,
—C-N, and —C = N onto the surface of carbon sorbent matters is done by nitrogena-
tion, and this is usually achieved through reactions with ammonia (NHj;), urea
(CH4N,0), and amines (RNH,) (Li et al. 2017). The incorporation of nitrogen-based
functional groups on carbon sorbent surface increases its basic properties and hence
enhances its metal adsorption capacity (Yang et al. 2019). The presence of these
functional groups on carbon surface has been reported to have insignificant effect on
porosity of the carbon material (Kasnejad et al. 2012). Activated carbon modified
with nitrogenated agents has shown to have higher adsorption capacity for Pb(II)
and Cu(II) compared to commercial activated carbon (Budaeva and Zoltoev 2010).
Ammonia has been widely chosen as the nitrogenated agent for activated carbon
surface modification, and it has been effectively tested in various applications rang-
ing from toxic heavy metals, anions, and organic compound contaminants (Rivera-
Utrilla et al. 2011).
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1.4.4 Surface Modification by Coordinated
Ligand Functionalization

Literature has shown that different coordinated ligands have significantly modified
activated carbon characteristics such as textural and chemical properties with the
aim of improving the adsorption capacity of activated carbon (Rivera-Utrilla et al.
2011). Chemical composition of modified activated carbon by coordinated ligand
functionalization is dependent on the ligand employed, and this has been portrayed
to increase surface basicity, negative charge, nitrogen, chlorine, and the sulfur con-
tent (Justi et al. 2005; Li et al. 2009). Published articles have demonstrated that
activated carbon with ligands at the surface has increase metal adsorption rate, non-
leachability of the ligands into the contaminated solutions and the ease of regenera-
tion of activated carbon ligand modified adsorbents (Rivera-Ultrilla et al. 2011).

1.5 Factors Affecting the Performance of Activated Carbon

Performance of activated carbon mainly depends on both the physicochemical prop-
erties of its precursors and the production routes (Gonzdlez-Garcia 2018). Activated
carbon parameters that have been found to have significant influence on its perfor-
mance as adsorbent are summarized in Table 1.4.

1.5.1 Effects of Physical and Operational Parameters

It has been broadly reported that the higher the surface area and pore volume of
activated carbon, the better its performance as an adsorbent (Alslaibi et al. 2013;
Danish and Ahmad 2018; Miiller 2010; Roman et al. 2013). With respect to this,
Sentorun-Shalaby et al. (2006) and Alslaibi et al. (2013) reported that the finer the
particle size, the higher the specific surface area and pore volume which in turn
leads to higher adsorption capacity. While investigating the removal and recovery of
lanthanum (La) using different adsorbents, Iftekhar et al. (2018) concluded that
adsorbent materials with functional groups such as amine, carboxyl, and hydroxyl
have higher adsorption capacity and, thus, efficiently removed La over an extensive
range of pH. Also, the effects of phosphoric acid (H;PO,) concentrations as activat-
ing reagent on the pore structure and surface chemistry of olive stone-based acti-
vated carbon were investigated by Yakout and El-Deen (2016). It was reported that
increasing the reagent concentrations increases the surface area and pore volume of
the activated carbon produced; however, the reverse is the case for the yield of acti-
vated carbon. The effects of various factors on the properties as well as the perfor-
mance of activated carbon are shown in Table 1.5.
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Table 1.4 Parameters influencing the performance of activated carbon

Parameter Unit | Description References
“BET surface | m%g | Textural property as the total surface area | Miiller (2010), Roman
area per unit weight of the AC et al. (2013) and
Sudaryanto et al. (2006)
Pore volume |m¥g | Average size of a single void in the AC Alslaibi et al. (2013), Dias
consists of micro and mesopores et al. (2007) and Danish
and Ahmad (2018)
Particle size | pm or | The finer the particle size, the larger the Alslaibi et al. (2013)
mm surface area of the carbon and possible
increase in microporosity
Fractal Degree of roughness or irregularity of the | Diaz-Diez et al. (2004),
dimension surface of the AC Hesas et al. (2013) and
Yakout and El-Deen (2016)
Adsorption | cm?/g | Performance parameters of AC, determined | Dias et al. (2007), Hesas
capacity via any or all of the followings: adsorption | et al. (2013) and Yahya
of methylene blue (MB index), acid blue etal. (2015)
29 dye (AB29), phenol adsorption, and N,
adsorption at 77 K
Yield % or | Percent of carbon in the precursor that is Foo and Hameed (2012)
gg™! | left in the AC and Alslaibi et al. (2013)
Surface Hydroxyl, carbonyl, amine, and alkenes Iftekhar et al. (2018) and
functional Danish and Ahmad (2018)
group

“BET - Brunauer-Emmett-Teller, AC — activated carbon

1.6 Physicochemical Characteristics of Activated Carbon

As earlier pointed out, the nature of activated carbon can be easily influenced by its
mode of production and properties of the raw materials used as precursors for its
synthesis. The choice of material, the process used in activation, and factors consid-
ered during synthesis will define the physical constituents and general performance
of the produced activated carbon (Leimkuehler 2010). Mohammad-Khah and Ansari
(2009) have shown that among the significant properties of activated carbon, the
constituent of the ash, the phenomenon of the surface chemistry, and the activating
carbon pH are the significant chemical properties of activated carbon.

1.6.1 Physical Characteristics of Activated Carbon

(i) Surface area (m?g): The nature of the surface of activated carbon can be
observed by an electron microscope by revealing its structures. The micro-
scope reveals carbon particles that are extremely complex and porous. Instances
where carbon particles displayed structure that is graphite like and coarse show
that the distance between the particles is barely separated in few nanometers
(Pradhan 2011). The surface area available for adsorption of carbon is usually
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Table 1.5 Effects of various factors on the properties and performance of activated carbon

Sger Vo Yield
Factor Precursor Condition (m%g) | (cm®g) | (%) References
Concentration of | Wood 50% H;PO, 761 0297 |- Budinova et al.
activating reagent 70% H;PO, | 1910 | 0.582 (2006)
Olive stone 50% H;PO, 257 0.123 36.8 | Yakout and
80% H;PO, 1218 0.6 31 El-Deen (2016)
Activation reagent | Apricot stone | H;PO, 1387 0954 |- Youssef et al.
type ZnCl, 728 0358 (2005)
Steam 683 0.16
Macadamia | KOH 1169 10.529 |- Mohamed et al.
nutshell ZnCl, 1718 1 0.723 (2010)
CO, 802 0.3
Cotton stalks | KOH 729.3 10.38 - Mohamed et al.
K,CO; 621.5 | 0.38 (2010)
Precursor type Almond shell | Steam, 850 °C | 601 0.37 - Gonzilez et al.
Walnut shell 792 052 (2009)
Olive stone 813 0.55
Cocoa pod ZnCl, 780 0.58 - Cruz et al.
husk (2012);
Rice husk 927 0.56 Boonpoke et al.
(2011)
Particle size Apricot 0.85-1.7mm | 1157 |0.39 4.7 Sentorun-
stones 1.7-3.35mm 1035 [0.36  |9.5 |Shalabyetal.
1-335mm | 1092 037 |94 | (2006)
3.35-4 mm 790 0.30 10.5
Highly 63-100 pm 1413 0599 |- Miiller (2010)
activated 100-250 pm
GAC 250-500 pm
500-600 pm
Activation Apricot stone | Steam, 900 0.38 - Mohamed et al.
temperature and 850°C,2h (2010)
time Steam, 1092 0.37
800 °C,4 h
Carbonization Phenol resin | 600 °C 2107 1.09 64.7 |Duetal. (2010)
temperature 700 °C 1129 1 0.55 57.5
800 °C 1049 1 0.49 56.8
Impregnation ratio | Coconut husk | 0.25 75% | Foo and Hameed
of reagent to 1.25 87% |(2012)
precursor 2.00 6%

Sger BET surface area; Vi, total pore volume
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calculated by Brunauer—-Emmett-Teller technique, and this can be sourced
from nitrogen adsorption data of 0.05-0.2 relative pressure range. The applica-
tion of Brunauer—Emmett—Teller equation to isotherms of adsorption—desorp-
tion of nitrogen at a temperature of 77 K will also help in revealing the surface
area of activated carbon (Naderi 2015). The process of activating carbon influ-
ences its distinct features to the level that the Brunauer—Emmett—Teller surface
area of the activated carbon range from 250 to 2410 m?/g, and the pore volume
changes from 0.022 to 91.4 cm*/g (Ioannidou and Zabaniotou 2007). Generally,
if no activation process is made on the carbon, the Brunauer—-Emmett—Teller
surface areas are usually below 500 m%*g (Murzin 2012). The internal surface
area of an activated carbon falls between 500 and 1500 m*/g, and this large
internal surface area makes the adsorbent potent (Wigmans 1989).

Density (g/ml): Pycnometer is used to determine the actual density of acti-
vated carbon. The density of activated carbon depends on the starting material,
adopted method of production, process mode of activation, and the final output
of the resulting carbon. For instance, the density of activated carbon from a
wooden source is lower when compared to that from coal (Chiang et al. 1998).
Porosity (®): Porosity with sizes of nanometers or less cannot be exactly
imaged even in sophisticated instruments such as scanning electron micro-
scope. However, an alternative technique has been developed using physical
adsorption of gases, immersion calorimetry, and of small-angle X-rays scatter-
ing to characterize porosity (Marsh and Reinoso 2006). Microporosity has the
proportions of molecules and turn to be an indicator showing the relevant
information about the adsorption active site. Hence, there is a binding force
between porosity and adsorption. The industrial functionality of activated car-
bon relies on its retention capacity, i.e., the time it takes the carbon to retain the
adsorbed species at specific operating conditions without getting desorbed
(Marsh and Reinoso 2006). Thus, molecules of smaller sizes are more porous.
Contrariwise, molecules of larger size experience a closed porosity.
Consequently, closed porosity is at a point when porosity is not accessible to a
specified adsorbate. Closed porosity is not a steady parameter but advances
toward zero (cm®/g) but most time never attain zero for activated carbon due to
size decrease in the adsorbate molecule (Marsh and Reinoso 2006).

Pore volumes and size distribution, V; (cm®/g): The surface of activated car-
bon has a pore size that defines its adsorption capacity, a chemical structure
that stimulates its interaction with adsorbates of polar and nonpolar form, and
active sites which confirm its chemical interactive effects with other molecules
(Ioannidou and Zabaniotou 2007). The pore size distribution of activated car-
bon can be classified into three which are micropores, mesopores, and macro-
pores. The micropores size of activated carbon is a significant property that
measures its adsorption capacity (Pradhan 2011). Dubinin—Radushkevich
equation is used in ascertaining the micropore volume of activated carbon,
while the mesopore volume and pore size distribution can be estimated using
Barrett—Joyner—Halend adsorption approach and the density functional theory,
respectively (Ahmed and Theydan 2012).



1 Synthesis of Activated Carbons for Heavy Metals Removal 15

)

(vi)

Iodine number (mg/g): Iodine number is recognized as a crucial factor used
in characterizing the efficiency of activated carbon as it measures the activity
level in carbon. High iodine number indicates a high degree of carbon activa-
tion (Pradhan 2011). Activated carbon adsorbs iodine at a spontaneous rate,
and this makes iodine number a signal of the total surface area of the activated
carbon. It is usually measured using ASTM D28 standard method.

Moisture content: This emanates from the polar functional groups on the sur-
face of the activated carbon which gives information regarding the active site
for water adsorption. Commercially, activated carbon has been reported to be
transported when provision is made available for contact with the atmospheric
condition. Therefore, atmospheric moisture needs to be considered when
transporting activated carbon (Zhou et al. 2001). The weight difference of the
carbon before and after adsorption signifies the water content present in the
sample. The constant dry weight method is used in determining the moisture
content and its effects on activated carbon.

1.6.2 Chemical Characteristics of Activated Carbon

®

(ii)

Chemical structure and surface morphology: Adsorption isotherm structure
gives necessary information on the process of adsorption and magnitude of the
surface area reachable to the adsorbate. London dispersion or van der Waals is
usually the binding force associated with activated carbon (Crini and Lichtfouse
2018). Activated carbon does not have strong affinity to certain chemical com-
pounds such as alcohols, hard acid and bases, metals, and most inorganic com-
pounds. The pore structure and the internal surface area can be analyzed with
mercury porosimetry or physical adsorption measurements (Figueiredo and
Moulijn 2012). The bonding element in water (H, O) together with all other
atoms has a significant influence on adsorption. Boehm (1966) method shows
how the oxygen bound surface functional groups could be measured in adsorp-
tion. This titration method put forward by Boehm is usually used in identifying
the acidic groups with different strengths on activated carbons. As a surface
phenomenon, the adsorption frequency and the degree of activated carbon to a
given adsorbate rely on its surface chemistry and pore texture (Guo and
Rockstraw 2007). Hence, the surface chemistry and structural appearances of
carbon will define the diffusion of adsorption surface sites and their accessibil-
ity during synthesis (Zhang et al. 2005). The surface morphology of the car-
bonated and activated product can be analyzed using scanning electron
microscope, but for the characterization of its functional group, Fourier trans-
form infrared spectroscopy will be better for the analysis (Maulina and
Iriansyah 2018).

Ash content (%): Ash content is the inorganic remains after oxidation. The
composition of the ash and their distribution cause the activated carbon to have
strong catalytic effects and affinity for water (Chiang et al. 1998). The charac-
teristics of any type of activated carbon are affected by the content of the ash it
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possesses. When ash is present in excess, it could lead to the blockage of the
pores on the activated carbon so that there is not enough space for the surface
area of the carbon (Schroder et al. 2007). Ash content rises with continuous
change in concentration of activating agent as this result in decrease of the
organic compounds of activated carbon. Nevertheless, there is a relatively fixed
amount for the content of an inorganic compound in activated carbon (Maulina
and Iriansyah 2018). Activated carbon ranges of 1 to 12% ash content have
been reported based on raw material variation used as a precursor in synthesis.
The weight difference between the initial and final mass of the carbon is used
in calculating the ash content of activated carbon in mass per gram. Standard
test method (ASTM D2866-83) can be used in estimating the totality of the
ash content in activated carbon.

PH of activated carbon: pH is a significant factor that must be considered for
effective adsorption process. It affects the binding forces around the surface
morphology and charges of the activated carbon (Boehm 1994). Non-carbon
atoms such as nitrogen, oxygen, and sulfur found on activated carbon surface
affect the surface acidity and the whole adsorption process (Zhang et al. 2005).
For the adsorption process to be effective, pH must be controlled before and
after process activation. For example, the necessity for pH in metal adsorption
could be traceable to the ionic charge of the functional groups on the adsorbent
and the chemistry of the metal solution (Attia et al. 2010). The standard test
method (ASTMD3838-80) is usually used for the determination of pH in acti-
vated carbon.

Volatile matter: Gases and vapor driven off during thermal decomposition of
coal are usually referred to as volatile matter. The increase in activator
concentration causes a decrease in a number of volatile matters in the activated
carbon. This can be clearly explained in that activators bring about change in
the structure and quality of activated carbon. Also, the carbon activator dis-
charges substances that are volatile and causes micropore structure in activated
carbon (Maulina and Iriansyah 2018). Non-carbon compound attached to the
activated carbon surface area is drastically reduced when the activator is
impregnated, while their entrance becomes feasible through the pores of the
coal. Therefore, the pore surface is cleansed and enlarged due to the presence
of the activator. The standard test method (ASTMD8832-98) is usually used
for the determination of volatile matter in activated carbon.

Adsorption Mechanism of Activated Carbon

Adsorption is receiving great attention as a method for removal of heavy metals
from polluted media, especially those contaminated with wastewater. Adsorption
depends on the extent of mass transfer between the two phases involved (liquid and
solid phase) (Azimi et al. 2017). The adsorption of heavy metal contaminants
ion onto an adsorbent (i.e., activated carbon) consists of three main steps namely:
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(1) movement of contaminants ion from the solution to the adsorbent surface, (2)
adsorption onto the site of the particle, and (3) movement within the adsorbent par-
ticles. The synthesis of carbonaceous materials into activated carbon for remediat-
ing contaminants has been extensively described in literature. Agricultural residues
(biowastes) can be utilized as cost-effective adsorption material for heavy metals
ion uptake from polluted areas, thus reducing the environmental pollution with the
approach of “treating waste by waste” (Dai et al. 2018).

Owing to the attraction between the synthesized activated carbon and heavy
metal ions, the ions are bound via a complicated route which are influenced by sev-
eral mechanisms such as chemisorption, physisorption, membrane diffusion, ion
exchange, particle diffusion, electrostatic attraction, chelation, surface, and internal
complexation (Sud et al. 2008). Biowastes used in synthesis of activated carbon
portrayed a loose, porous arrangement and consist of carboxyl functional groups,
hydroxyl functional groups, and other reactive groups as its main attributes, which
promote their usage as adsorbents. In order to explain the synergy existing among
the functional groups of activated carbon and ions of heavy metals, different modern
techniques have been established to verify the presence of these functional groups,
such methods include the Fourier transform infrared (FT-IR) and the Raman spec-
troscopy, nuclear magnetic resonance spectroscopy (NMR), electron spin resonance
(ESR) spectroscopy, and X-ray absorption near-edge (XANES) among several oth-
ers (Igbal et al. 2009; Memon et al. 2008). Table 1.6 compares adsorption capacity
of adsorbents and mechanisms for some heavy metal ions removal.

Table 1.6 Mechanism of adsorption and maximum adsorption capacity on different biowastes

Heavy
metal ions | Biowaste Temperature | g,
(adsorbate) | (adsorbent) pH | (K) (mg/g) | Mechanism References
Ni(II) Hemp shive 6.0 | 293 160.00 | Intraparticle Kyzas et al.
diffusion (2015)
Cocoa shell 6.0 1 303 97.59 | Intraparticle Kalaivani et al.
diffusion (2015)
Mango peel 5.0 | 298 39.75 | Ion exchange Igbal et al.
(2009)
Cr(VI) Teff straw 2.0 | 298 3.51 Chemisorption Tadesse et al.
(2015)
Rice husk 1.5 1303 11.40 | Film diffusion and | Singha and Das
intraparticle (2011)
diffusion
Zn(II) Walnut shell | 5.0 | 313 7.48 Ion exchange Najam and
Andrabi (2016)
Palm oil mill |5.5 | 353 68.49 | Chemisorption and | Adebisi et al.
effluent intraparticle (2017)
diffusion

(continued)
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Heavy
metal ions | Biowaste Temperature | g,
(adsorbate) | (adsorbent) pH | (K) (mg/g) | Mechanism References
Hg(ID) Raw date pits | 5.0 | 293 52.63 | Ion exchange Rezgui et al.
(2017)
Unmodified 6.5 | 303 75.19 | Ion exchange Song et al.
rice husk (2015)
Cu(Il) Potato peel 5.0 | 298 84.74 | Particle diffusion Guechi and
Hamdaoui
(2016)
Raw 5.8 1323 21.37 | Ion exchange Ben-Ali et al.
pomegranate (2017)
peel
Casuarina 5.0 | 303 4.55 Chemisorption and | Mokkapati
fruit powder physical adsorption | et al. (2016)
Peanut hull 4.0 1298 14.13 | Chemical and Ali et al. (2016)
physical adsorption
Pb(II) Rice straw 5.5 298 42.55 | Electrostatic Amer et al.
attraction and (2017)
physical adsorption
Coconut shell |5.5 | 298 26.14 | Chemisorption Sharaf El-Deen
and Sharaf
El-Deen (2016)
Plukenetia 3.0 323 17.07 | Electrostatic Kumar et al.
volubilis L. attraction (2016)
shell biomass
Cd(II) Sesame leaf | 6.0 | 298 84.74 | Chemisorption Cheraghi et al.
and stem (2015)
Cork biomass | 6.0 | 313 14.77 | Chemisorption Krika et al.
(2016)
Raw walnut | 6.0 | 313 7.29 Share or exchange | Najam and
shell electronics and Andrabi (2016)
chemisorption
Salix 5.0 | 298 40.98 | Chemisorption and | Tang et al.
matsudana intraparticle (2017)
carbon diffusion
Grapefruit 5.0 /293 42.09 | Ion exchange Torab-Mostaedi
peel et al. (2013)

¢, adsorption capacity

From Table 1.6, it can be concluded that the choice mechanism of adsorption is
dependent on three major factors, namely, (1) the speciation of the contaminant ion,
(2) origin of the biowaste, and (3) the synthesis process of the biowastes into acti-
vated carbon (Veglio and Beolchini 1997; Lesmana et al. 2009). Also, the operating
parameters (pH and temperature) could as well be said to have influenced the mech-
anism of adsorption.
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1.8 Adsorption Isotherms, Kinetics, and Thermodynamic
Studies of Activated Carbon

1.8.1 Adsorption Isotherms

The study of isotherm data is fundamentally vital to ascertain the strength of the
adsorbent. The relationship of the adsorbate (heavy metal ion) with an adsorbent
(activated carbon) could be well explained by adsorption isotherms, which thus
helps in maximizing the use of adsorbent. It is a usual tradition to relate the quantity
of heavy metal ions uptake by an adsorbent and its concentration in solution by dif-
ferent isotherm models (Hadi et al. 2015).

In 1906, Freundlich introduced an empirical equation which was used to illus-
trate a heterogeneous system of non-identical adsorption sites. In the model, it was
assumed that each adsorbate molecule could be adsorbed only on one adsorption
site. However, besides the good representation it gives in some scenarios as depicted
by the high correlation values, a well-accepted meaning of the fraction 1/n claimed
to be relating adsorption intensity was unclear in various examined systems
(Gokhale et al. 2008; Zhao et al. 2010). The inability of Freundlich’s model to
respond as Henry’s law at low dilution systems has also been faulted. In addition,
even with an evident increase in concentration, no definite adsorption uptake was
observed; thereby no peak was noticed as opposed to a real system. Thus, the validity
of this empirical isotherm only holds for narrow range of concentration (Foo and
Hameed 2010).

Another model was developed on the assumption that adsorption occurs at the
homogeneous sites with uniform level of energy (Langmuir 1916). This proposed
model by Langmuir was initially expressed to explain gas—solid phase adsorption
onto activated carbon but has since been employed to describe the response of vari-
ous biosorbents. The isotherm hinge on the following theories, viz., (1) adsorption
is restricted to monolayer coverage, (2) all surface sites are identical with the capac-
ity to only take one adsorbed molecule, and (3) the potential of a molecule being
adsorbed on a specific site is independent of its neighboring sites residency.
Noticeable in the Langmuir isotherm is the saturation capacity (gm.,) Which is
expected to go along with saturation of a finite quantity of identical sites, and fun-
damentally, it should be independent of temperature. But, this is contrary to the real
situation as narrow to moderate increase (Aydin et al. 2008; Dundar et al. 2008;
Malkoc and Nuhoglu 2005) and decrease (Djeribi and Hamdaoui 2008; Padmavathy
2008) in gmax With temperature is mostly noticed. Furthermore, the value of K;Ce is
much lower than 1 at utmost dilution which means it can be neglected; therefore, the
Langmuir correlation can follow Henry’s law. Thus, the isotherm equation makes
the prediction of a uniform monolayer adsorption ability at elevated concentration
(Hadi et al. 2015).

A need for another model was brought up by Sips in 1948 which took the com-
bined expression of Langmuir and Freundlich isotherms. The isotherm assumed that
one molecule may occupy more than one site (Sips 1948b). Despite the finite value
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Table 1.7 Nonlinear equations of some selected adsorption isotherms

Isotherm Nonlinear form References
Freundlich 0. =K, Cj"’ Freundlich (1906)
Langmuir B K,C. Langmuir (1916)
qe qmax l+ KLCE
Temkin Tempkin and Pyzhev (1940)

q,= RTTln(aCE)

Dubinin— Ge = Qonax €Xp (—koq€?) Dubinin (1947)
Radushkevich (D-R)
Brunauer— Emmett— c.C Brunauer et al. (1938)
Teller = be
B =~ )1+ (c, -1)(C.1C))]
Sips KOS Sips (1948a)
= acrs
Toth K.C Toth (1971)
— T e
e (aT 4 Ca )]/r
Redlich—Peterson K. C Redlich and Peterson (1959)
_ RP~ e
(R-P) g, =—t—
1+a,,C*

of the uptake quantity portrayed at very high concentration by this model, a notable
drawback is its inability to obey Henry’s law at low concentration (Hadi et al. 2015).
Over the years, several other isotherm models have been developed and proposed to
describe the adsorption process. Generally, these models can be grouped into the
two- and three-parameter models (Foo and Hameed 2010). Examples of the two-
parameter isotherms are Langmuir, Freundlich, Dubinin—Radushkevich, Temkin,
Flory—Huggins, and the Hill isotherm models, whereas the Redlich—Peterson, Sips,
Toth, Koble—Corrigan, Khan, and the Radke—Prausnitz isotherm models are exam-
ples of the three-parameter isotherm models. The Brunauer—-Emmett—Teller iso-
therm model is a multilayer physisorption theoretical expression commonly
employed in the gas—solid equilibrium system (Foo and Hameed 2010). The func-
tional forms of the widely used isotherms are listed in Table 1.7. For ease and sim-
plicity, the Langmuir and Freundlich are the most often applied isotherm equations.

1.8.2 Adsorption Kinetics

Adsorption kinetics is very vital in the choice, design, and operations of reactor
systems (He and Chen 2014). Prediction of the adsorption rate for a specific system
helps to give useful information on the reaction pathways and mechanisms.
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As a way of investigating adsorption mechanism with its possible rate-controlling
steps, kinetic models developed have been used to evaluate the observations made
from various works. Adsorption kinetics are expressed as the rate of solute that
controls the residence time of the adsorbate in the solid—liquid boundary (Zhao
et al. 2010). Kinetic studies have been mainly performed in batch reactions by
investigating different variables, e.g., initial adsorbate concentration, particle size,
adsorbent amount, pH values, and temperature with various adsorbent and adsor-
bate forms (Zhao et al. 2010). Mostly, the uptake of heavy metal ions via adsorption
increases with time until equilibrium is attained between the quantity of adsorbates
adsorbed on the adsorbents and the quantity of adsorbates remaining in solution.
Adsorption reactions happened very fast at the early period and steadily slow down
when approaching equilibrium. However, the time to attain equilibrium varies with
the absorbate, adsorbent, initial concentration, and the nature of the solution. Based
on solution concentrations, different models have been applied to understand the
reaction order of adsorption systems. Examples of such models are the first-order
and second-order reversible models, first-order and second-order irreversible mod-
els, pseudo-first, and pseudo-second order rate models, Weber and Morris adsorp-
tion kinetic model, Adam-Bohart-Thomas correlation, Bhattacharya and
Venkobachar equation, Elovich’s model, and Ritchie’s relation (Foo and Hameed
2010; Saha et al. 2010). Among these models, pseudo-first-order model and pseudo-
second-order models are commonly applied to explain adsorption kinetics in evalu-
ating the extent of uptake. The expressions for some selected kinetic models stated
are highlighted in Table 1.8 (Foo and Hameed 2010).

Fitting the model kinetic curves and comparing both the experimental and calcu-
lated ¢, (amount of heavy metal ions in the synthesized activated carbon at equilib-
rium) values can be used to identify the best kinetic model. Also, the value of
coefficient of determination (R?) obtained can point to the best possible model. A
high value of R? would suggest the best model to explain the adsorption kinetics.

Table 1.8 Functional equations of selected kinetics models

Kinetics model Functional form
Lagergren model (pseudo-first-order) dg

X _ g _

dt 1 (qe q )
Pseudo-second-order model

4a_y (¢.-q)

dt 2 e
Bhattacharya and Venkobachar model d

Y _kCc-kC.

dt

Elovich model dq
o aexp (— Bq)

Adam-Bohart-Thomas model dg

Z = ksorpc (qe - q) - kdpsq
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1.8.3 Adsorption Thermodynamics

Extensive studies on the thermodynamics of metal ion adsorption have been broadly
reported in literature. From some of these reports, two major adsorption processes
as regards the thermodynamics of the system have been identified, namely, endo-
thermic and exothermic adsorption systems.

An increase in adsorption as temperature increases connotes that the adsorption
undergoes an endothermic process, whereas a decrease in adsorption as the tem-
perature increases shows the exothermic nature of the adsorption system.
Thermodynamic parameters such as the Gibb’s free energy change (AG®), enthalpy
change (AH®), and entropy change (AS®) have been evaluated in many studies to
check the feasibility and nature of the adsorption process. The parameters were
computed using the Egs. (1.1), (1.2), and (1.3).

AG =-RTInK (1.1)
% o
lnizﬂ[i_i] (1.2)
kK RI\T T,

AG =AH —-TAS (1.3)

where R represents the universal gas constant (8.314 J/mol. K), T denotes the
operating temperature in Kelvin, and K represents the equilibrium constant.

The isotherms, kinetics, and thermodynamic parameters of selected heavy metal
ions are presented in Table 1.9.

Table 1.9 Isotherm, kinetic, and thermodynamic studies of some heavy metal ions

Thermodynamic parameter References
Heavy metal Isotherm | Kinetic | AG® AH° AS°
ions (adsorbate) | model model | (kJ/mol) | (kJ/mol) | (kJ/mol K)
Ni(II) L PSO -20.78 | —=74.32 |332.29 Aloma et al. (2012)
Cd(II) L PSO —0.72 110.47  10.3795 Krika et al. (2016)
L PSO —-1235 |6.85 0.068 Zheng et al. (2010)
Cu(II) L PSO 2.4506 44366 |6.171 Ali et al. (2016)
Zn(II) L PSO 8.0480 0.0006 | —7.8301 Adebisi et al. (2017)
Pb(II) L/F PSO 5.9987 0.0408 | 6.2726 Adebisi et al. (2017)
L PSO —3.876 | -21.147 | -0.057 Munagapati et al.
(2010)
Cr(VI) L PFO/ | -29.39 |0.04 0.10 Al-Othman et al.
PSO (2012)
L PSO —5.3387 |51.5834 |0.1874 Singha and Das
(2011)

L Langmuir; L/F Langmuir and Freundlich, PSO pseudo second order, PFO pseudo first order
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In order to obtain a good adsorption result, AG® must be negative. This shows
that the adsorption process is possible and spontaneous. A widely accepted rule fol-
lows that a decrease in the negative value of AG® with an increase in temperature is
an indication that the adsorption process responds well at high temperatures. This
may be due to increase movement of heavy metal ions in the solution with increase
in temperature, and the attraction of the heavy metal ions on the synthesized acti-
vated carbon is high at high temperatures. Contrariwise, an increase in the negative
value of AG® with an increase in temperature indicates that lower temperatures
predict an easy adsorption.

The exothermic and endothermic nature of the adsorption process can be verified
by the value of AH® obtained for any specific study. A negative value AH® indicates
that the adsorption process is exothermic, while a positive value AH® indicates that
the adsorption process is endothermic.

During the adsorption process, the heavy metal ions displaced more than one
water molecule thereby resulting in the endothermic nature of the process, hence
making AH® positive, whereas in an exothermic process, the energy released during
the adhesion of bonds between the heavy metal ions and the activated carbon is
greater than the energy absorbed in the breaking of bonds. Thus, this leads to the
release of surplus energy in the form of heat making the AH® to be negative (Saha
et al. 2010).

A positive value of AS® indicates the strong attraction of the synthesized acti-
vated carbon for the heavy metal ions. In addition, the positive value also points to
increased randomness at the solid-solution boundary with some morphological
alteration in the heavy metal ions and the activated carbon.

As shown in Table 1.9, most of the adsorption systems show that the Langmuir
model portrays an adequate fit for the adsorption system as the model signals that
the monolayer coverage is responsible for the adsorption of the metal ion onto the
surface of the activated carbon rather than the multilayer adsorption (Hadi
et al. 2014).

1.9 Conclusions and Future Investigation

Adsorption technology has been widely embraced for the removal of heavy metal
ions from contaminated media, especially in water systems. Based on existing
research works, this review extensively detailed the different areas of investigation
associated with the adsorption process. The utilization of low-cost adsorbents syn-
thesized from agricultural wastes into activated carbon is recommended since they
are readily available and also renewable. The review also emphasized that the modi-
fication of these adsorbents helps increase their efficiency in heavy metals removal.
Optimization of the adsorption system is vital, and this was discussed based on the
isotherms and thermodynamics of previous studies carried out in batch systems. For
future investigation, we suggest that subsequent research should be carried out in
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continuous adsorption systems as this will help to simulate a real-life scenario. This
will thus prompt a new quest to understand the kinetics of the process as it applies
to designing a system for large-scale applications.
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Abstract Mixing of heavy metal and metalloid in water bodies is an established
issue, and it is highly under scientific consideration by several research. The poly-
meric materials created so far have shown excellent outcomes and have the ability
to be effectively implemented for the recovery of heavy metal from polluted waters
and have the ability to be used in family use filter schemes in societies using mining
and industrial wastewater-impacted borehole water. For metal processing sectors,
desorbed metals can be useful. For metal processing sectors, desorbed metals can
be useful.

Natural polymers also have outstanding characteristics such as low original
price, nontoxic by-product manufacturing, comparatively easy design, and timely
productivity. The properties of an optimal and suitable absorbent for removal dye
include comprehensive surface area, high capacity and absorption capacity, pores
with adequate size and quantity, comfortable accessibility, effective, economical,
high mechanical stability, compatibility, simple regeneration, environmentally
friendly, high selectivity to remove multiple dyes, and the needless use of high-tech
processing. Researchers have therefore recently focused on extending compounds
based on natural polymers.

Keywords Heavy metals - Water pollution - Adsorbents - Environmentally
friendly - Green synthesis - Polymer-based sorbents - Remediation - Agricultural
waste recycling - Natural sorbents

2.1 Introduction

Henry David Thoreau said in his book named Familiar Letter The writing of Henry
David Thoreau that a beautiful house is useless if you don’t have a clean planet to
put your house on it (Thoreau 1895). The Earth, which is so crucial, faces great deal
of hazard from its own people. Day after day, environmental quality is degrading
since industrialization owing to human society’s ignorance causes pollution. Major
contaminants includes benzene derivatives, coloring agents, hydrocarbons, carbox-
ylic acids, and inorganic carcinogenic materials such as metabolic waste.

Our planet is experiencing ever-increasing degradation of the three main envi-
ronmental compartments, resulting in living humans facing aggregately poisonous
components and compounds current in the environment, resulting in 40% annual
human mortality (Pimental et al. 2007). Life quality has been upgraded in the last
decade after the industrial revolution; now we are concerned about the mechaniza-
tion epoch (by mechanical and computerized production units/machines) that
severely harm environmental spaces along with the deterioration of commercial and
economic exuberance in terms of health and loss of biodiversity (Dean and
McMullen 2007).


http://www.goodreads.com/author/show/10264.Henry_David_Thoreau
http://www.goodreads.com/author/show/10264.Henry_David_Thoreau
http://www.goodreads.com/author/show/10264.Henry_David_Thoreau
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2.2 Water Quality Degradation by Rapid Industrialization

It is a well-established fact that to sustain life on earth, water is essential. Water is a
resource that can be used to transport products such as infectious agents, toxicants,
and temperature gradient. It is well determined that the amount of complete water
resources on the whole planet remains continuous, but their norms differ spatially
and temporarily. The problem of water quality was attributable (Ebenstein 2012).

Due to the shift in financial resource management strategy, the problem of aque-
ous standard decline in growing countries is increasing. This declaration is justified
by the following phenomenon of such states explosive fight to obtain a strong finan-
cial stance and expand the achievement goals of the state (Kithiia and Khroda 2011).

When there is a need for brisk economic growth, state stakeholders need to take
measures to raise awareness among residents and industry owners of the application
of standards that guarantee the safety of all living humans. New computerized age is
well established now at the comprehensive atmospheric costs, thus enhancing the
degradation of our environment (Hettige et al. 2000).

2.3 Environmental Degradation by Heavy
Metal Accumulation

Heavy metal is not biodegradable and is environmentally persistent. In many indus-
trial system work processes, heavy metals accumulate up to a toxic concentration in
various environmental compartments and cause ecological damage. The effects of
this degraded water quality include aquatic ecosystem disruption, which in turn
causes biodiversity loss (Jaber et al. 2005).

Due to enhanced quantities of heavy metal and other pollutants released into
industrial effluent, environmental stakeholders were concerned about their danger-
ous impacts when they were dissolved in freshwater resources (Say et al. 2006). By
blending heavy metal containing waste water in the natural environment with the
other compartment of the setting, freshwater resources are one of the most impor-
tant sensitive medium toward quality degradation (Nurchi and Villaescusa 2012).

The example of heavy metals includes mercury (Hg), lead (Pb), sulfur (Zn), arse-
nic (As), cadmium (Cd), nickel (Ni), and chromium (Cr) which are nuclear compo-
nents with at least five times the particular water gravity. They are also known as
trace components because of their existence in environmental matrices at small lev-
els (< 1000 ppm). Indeed, some of them were acknowledged as essential nutrients
for organism (Say et al. 2006).

Although heavy metals are naturally occurring elements present inside the
Earth’s crust, the majority of environmental pollution and human exposure to heavy
metals are caused by multiple anthropogenic operations such as military, industrial,
agricultural, and waste disposal procedures. Heavy metals are also released through
natural procedures such as rock weathering and volcanic eruptions to the
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ecosystem. Most heavy metals are extremely toxic to living organisms, particularly
when they exceed the ecosystem’s permissible boundaries. These pollutants can be
absorbed by marine life and are resistant to biological decomposition. They have a
tendency to be accumulated in living tissues once elevated levels of heavy metals
join the food chain (Anirudhan and Ramachandaran 2008).

2.4 Heavy Metal Remediation: Conventional Approaches

Eliminating heavy metals from the wastewater before discharging it into the atmo-
sphere is a scary problem of environmentalists. Environmental remediation there-
fore begins mainly with heavy metal clean-up. Different techniques have been
introduced since the recognition of issues including neutralization, precipitation,
ultrafiltering, electrodeposition, cementation, etc. (Erdemoglu et al. 2004).

There are, however, many inconveniences in the implementation of these tech-
niques, such as bad sorbate selectivity, strong residual manufacturing, and induction
of different metallic ions in the treated discharge effluent along with organic com-
pounds generated during therapy that inhibit the process and also nonviable due to
the cost factor (Say et al. 2006) .

2.5 Adsorption as Most Viable and Economically Feasible
Remedy for Heavy Metals

The physical attachment on the surface of the sorbing substratum of gas, fluid, and
solid elements/compounds is called the adsorption phenomenon. Using contempo-
rary materials such as polymer, ceramics, and nanomaterials for synthesizing best
adsorbents is common. The excellent sorbent must possess large pore volume,
increased exterior layer, enhanced external layer features specific active sites, incre-
mental holes volume present upon upper surface. Another property is the presence
of mainly small holes, along with poor attraction forces between specie that get to
be adsorb and substrate (The bond must be nonchemical bonding materials that
make sorbate to desorb easily and they are low-cost raw materials) (Yang 2003).
Absorption method needs contact of liquid (should be treated) with strong stage
capable of grasping this fluid and acting as a substrate. The absorbent must therefore
have permeability and porosity along with an elevated region of surface. Figure 2.1
shows best relation among all component of adsorption system. The absorption
mechanism includes capillary action, while the method of adsorption requires sor-
bate (fluid) contact with the surface of the sorbent (solid). In the absorption phase,
the appealing forces needed for sorbate—sorbent surface interaction are regarded to
be as weak as chemical bonding. In brief, the sorptive (adsorption or absorption)
method depends on the distribution of particle size, microporosity, tubular or capil-
lary structure (present in sepiolite), and active sites on surface (Ismail et al. 2010).
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Fig. 2.1 Relation among Adsorbent
all components of
adsorption system

Ternary relation

Heavy metal
contaminated
water

Adsorbate

2.6 Choice of Adsorbent

However, selecting novel kinds of adsorbents is the biggest issue in this sector.
Several adsorbents are used to culminate ions of heavy metal, e.g., activated carbon
(Brigatti et al. 2000), zeolites (Chuang et al. 2007), clays (Carrado et al. 2001), and
agricultural residues (Hettige et al. 2000). The significant drawbacks of such sor-
bents include small adsorption capacity, their comparatively poor bonding with
heavy metal ions, and problems in some of them separating and regenerating from
wastewater. Metal ions can be significantly removed by ion-exchange resins, but
they have weak ion discernment and elevated swelling in combination with bad
mechanical stamina (Koo 2006).

2.6.1 Conventional Sorbents

Adsorption is regarded to be the most environmentally friendly method for particu-
lar removal of such pollutants. The ion-exchange resins, chelating agents (ligands),
and hybrid composite materials with carrier matrix (such as inorganic materials)
and organic enhancers (such as polymers) are different sorbents in use (Say
et al. 20006).

The activated carbon has been regarded as one of the most commonly used
adsorbents in the last century. The toxic pollutants in industrial waste aqueous
medium that has benzenols, pigments, and inorganic toxicants must be adsorbed
strongly by charged charcoal produced from distinct fields of operations. But it is a
reality that the heat charged use of charcoal in pollutant removal has faced costly
reproduction in the long run as a result of adsorbent toxicity potential. In addition,
it adsorbs separate chemicals unsystematically, minimizing their likelihood of being
used again, making it more hard to regenerate the adsorbent. Meanwhile, for aque-
ous cleaning, many inexpensive adsorbing substrates are synthesized. Such
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adsorption substrates are accessible because of advantages that include either inex-
pensive substances produced through useless products that look financially captivat-
ing for industrial consumption. Although their extraction effectiveness and tensile
strength need to be improved by improvements either by mixing with various other
functional products or by grafting various chelating groups to increase the adsorp-
tion ability to be used in large fields (Pan et al. 2009).

Nonorganic metallic oxygen compounds developed during these phases; the
chemistry belongs to their internal morphology along with their features of paralyz-
ing hydrocarbon compounds on the bottom layer of adsorbent. To increase their
surface activity Si-OH functionality has been improved onto surface active sites that
get attached to dendrimers of functional groups of adsorbing species so they can
take part in adsorption process of much petroleum waste material which is a char-
acteristics inorganic precursor in nature. A functional group that already exists on
the surface of oxygenated metal compounds to participate in the reaction of a func-
tional group carrying a molecule that extends the size of the carbon chain becomes
another factor in their potential application as adsorbents. But they have an impor-
tant restriction on the strength of such organically altered exterior layers in mitigat-
ing pollutants from nonpolar solvents and aqueous solutions (Dogan et al. 2008).

Pollution from the environment has become a worldwide issue and is attracting
a lot of attention. To meet their requirements, people are dependent on the natural
environment. This interaction between people and environment can negatively
impact the environment and the natural resources. This, as a result of demand for
economical, industrial, and agricultural development, still outweighs the demand
for a healthy natural environment. Moreover, the global development raises new
challenges in environmental protection and conservation. The most common natural
asset of our planet is water bodies (either fresh or saline) which are the gifts of God
for human society which are facing serious threat of deterioration by heavy metals
by anthropogenic sources. Another significant ecological issue associated with
hydrosphere damage worldwide is the pollution of water bodies by heavy metal ions
due to their hazardous environmental and human health impacts (Pan et al. 2009).

2.7 Polymers as Adsorbent for Heavy Metals

The weaknesses in other separation technologies to remove metallic ions dissolved
in water resulted scientists to investigate alternate methods, for example, polymeric
hydrogel network adsorption over a lengthy period of time. The use of hydrogels
was launched a decade ago to confiscate toxic cations from dilute solutions.
Thereafter, multiple fresh sizes were studied and reported by polymeric networks,
beads, and hydrogels in the field of metal extraction. The hydrogels have distinct
functional groups; they are similar with other techniques such as the extraction of
solvents and the exchange of ions with the simplicity of operating condition with
the method of strong phase ion exchange. The benefits of using hydrogels compared
to other procedures are because of elevated sorption ability, deterioration of final
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products, and least difficult processing associated with volatile solvents (Ozcan
et al. 2009). Polymeric adsorbents can be used in heavy metal adsorption owing to
their simple regeneration and powerful mechanical characteristics compared to
other adsorbents such as activated carbon, cellulose, etc. For example, macroporous
synthetic polymeric adsorbents were used as perfect adsorbents for adsorption pol-
lutants such as phenols from wastewater. Although polymers are preferred sorbents
for toxic cation, high price of these products may impede their use as cheap adsor-
bents for the large-scale production of heavy metal-free water ( Lagadic et al. 2001).

A number of local products can be used to eliminate heavy metals. Because of
the following factors, it is discovered that the adsorbents are cheaper in price, such
as natural products. The removal of heavy metals is more encouraging for agricul-
tural waste, modified biopolymers, or industrial by-products.

e Economic

e Metal selective

* Regenerative

* Absence of poisonous sludge generation
* Metal regeneration

* High efficiency

In recent times, study has concentrated upon the usage of agronomic by-product
polymers as sorbents by the biosorption method to remove heavy metals from
industrial effluent. In addition, biopolymers pose a variety of distinct covalent func-
tional groups, such as amines and hydroxyls, which enhance metal ion uptake effec-
tiveness. When selecting the biomass for metal removal, consideration must be
given to the origin of the biomass. The following can be obtained from biosorbent
sources:

Decaying organic matter such as squid, bark, crab shell, lignin, krill, and shrimp
Colonies of algae

Microorganisms

Agro-related products (Li et al. 2002: Macht et al. 2010: Mitragotri and
Lahann 2009)

Sl

2.7.1 Natural Polymers as Heavy Metal Adsorbent

Natural supporting materials are generally accessible in big amounts and low price
and can be chemically altered to improve metal binding capacity. Natural polymers
are distinctive materials owing to low-cost, readily accessible, reproducible sources,
hydrophilic and stable biopolymers, secure, and free from side effects and flexible
polymers. They also have great adsorption requirements to remove pollutants from
colored wastewater, including coloring. Due to its quick and comfortable and
inscrutable to poisonous contaminants, adsorption is a preferred technique com-
pared to other techniques. Natural polymers also have outstanding characteristics
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Industrial Heavy Biomolecules Adsorption
Effulent Metals

Fig. 2.2 Mechanism of heavy metal removal by biomolecules

such as low original price, nontoxic by-product manufacturing, comparatively easy
design, and timely productivity. The properties of an optimal and suitable absorbent
for removal dye include comprehensive surface area, high capacity and absorption
capacity, pores with adequate size and quantity, comfortable accessibility, effective,
economical, high mechanical stability, compatibility, simple regeneration, environ-
mentally friendly, high selectivity to remove multiple dyes, and the needless use of
high-tech processing. Researchers have therefore recently focused on extending
compounds based on natural polymers (Nanda et al. 2011) (Fig. 2.2).

One of the most severe environmental concerns is wastewater containing heavy
metal ions. Exposure to high concentrations of heavy metals can harmfully impact
water bodies, putting human health and environmental compartments at risk.
Adsorption using biopolymer appears to be a promising alternative technique
among the different therapy techniques. Chitosan is a natural chitin-based polymer
that has outstanding characteristics such as biocompatibility, biodegradability, and
non-toxicity. In addition, chitosan is regarded as an efficient sorbent owing to the
existence in its molecules of amino and hydroxyl groups that can serve as locations
of attachment to metal ions. Chitosan derivatives have recently gained considerable
attention as metal ion sorbents. These derivatives are ready either through physical
or chemical changes or both to enhance the adsorption characteristics of chitosan.
Chitosan, a chitin-produced amino polysaccharide, is naturally discovered in some
fungi. Because of its biological compatibility, biological degradation, and antimi-
crobial properties, it is the most versatile biopolymer for a wide-spectrum of apps.
This material is also considered to be an optimal adsorbent. The presence on the
polymeric backbone of hydroxyl and amine groups can be used as chelating and
response sites (Nurchi et al. 2012).

Peanut shells, corn stalk, and rice straw are natural cellulose sources as it is the
primary structure phytocytology. Ordinary cellulose fibers are identifiable as chunk
of the plant’s cell walls, and microfibrils are organized into highly structured cellu-
lose fibers through H-bonding in an intricate layer. Cellulose chains are prepared
and organized into microfibrils and are the homo-polymer carbohydrate consisting
of B-D-glucopyranose units coupled with p-1,4-glycosidic links. (Fig. 2.3).
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Cellulose’s main feature is an enormous amount of hydroxyl groups consisting
of three groups of hydroxyl: C-2 and C-3 secondary OH andC-6 primary OH
(Fig. 2.2). These groups of hydroxyl have affinities with heavy metal ions. However,
raw agricultural residues are usually low load capacity, comparatively tiny metal ion
binding constants, and low selectivity due to —OH groups engaged in pure cellulose
intermolecular hydrogen bonds (C—H—-O) (Phan et al. 2009). Meanwhile, cellu-
lose’s crystalline structure impacts cellulose’s adsorption characteristics as their
flexibility decreases with a growing proportion of crystalline to cellulose’s amor-
phous areas. Recent studies have suggested that chemical modifications can be car-
ried out to destroy the hydrogen bonds, decrease the crystalline structure, and make
binding sites more efficient in the form of crystalline cellulose and then create -OH
groups more reactive to attach other functional groups and attain better adsorptive
properties (e.g., ion-exchange properties). Najafabidi et al. prepared chitosan/gra-
phene oxide (GO) nanofibrous, and their adsorption behaviors of Cu®*, Pb** were
investigated, and the results are shown in Fig. 2.4.

2.7.2 Biopolymers from Agricultural Recycling

Several agronomic by-products, e.g., straw, coconut husks, rice, wool, used coffee,
waste tea (Boonamnuayvitaya et al. 2004), rice hulls (Ahmaruzzaman and Gupta
2011), cork waste (Psareva et al. 2005), seeds of Ocimum basilicum (Levankumar
et al. 2009), coconut shells (Amuda et al. 2007), soybean keels and cotton (Sud et al.
2008), sawdust of walnut untreated coffee dust (Dahri et al. 2014), papaya
wood(Hameed 2009), peanut hulls (Brown et al. 2000), and citrus peel (Ajmal et al.
2000) were used as adsorbents for heavy metal removal. However, with encourag-
ing outcomes, marine weeds, molds, yeasts, and bacteria were screened for metal
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Fig. 2.4 Adsorption results of chitosan/graphene oxide (GO) nanofibrous. (Modified Najafabidi
et al. 2015)

biosorption. The parameters studied to optimize the use of adsorbent in the therapy
of sewage comprise:

. Chemical behavior of sorbent and sorbate

. Amount of toxic metals

Physical parameters of the aqueous solution
Adsorption kinetics

Isotherm of adsorption

Time of contact

R

Minimal or no chemical modification is required before use of these wastes.

Therefore, these materials possessed weak adsorption and selection characteristics
(Hegazi 2013).

2.8 Chemo-Substituted Agronomic By-Products
as Adsorbent

Due to intensified industrial activity and environmental stress, the need for powerful
adsorbents has appeared. Several works have been performed to solve this issue to
remove efficient materials through chemical modification and treatment of these
wastes. Lignified cellulosic agricultural waste materials are a plentiful source of
potential metal-sorbing biomass (Sivakumar et al. 2001). As a general rule, agricul-
tural waste products consist of lignin and cellulose constituents hemicellulose, lip-
ids, extractives, enzymes, starches, and glucose and its simple derivatives, water,
ash, and hydrocarbons and similar chemical species containing range of functional
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reactive groups are other elements. Cellulose and starch are the most prospective
contestants with different responses and accept chemo substitution, i.e., ethoxyl-
ation, and others. The two primary methods of preparing polysaccharide-containing
sorbents are:

1. Chemical bonding of OH and NH, groups to form water-insoluble cross-linking
(gels) networks with a coupling agent.

2. Control of polysaccharide movement on surface to provide hybrid or composite
materials by coupling or grafting responses. Cellulose is an abundant natural
polymer on earth. It has sharp crystal structure in which sugar self-polymerizes
with an intramolecular and intermolecular association of 1 4 glycosidic and
hydrogen bonds. Chemical cellulose alteration has led in a huge amount of deriv-
atives of cellulose. In this regard, cellulose, soluble, maize, and maize starch
polysaccharides (PS) with varying amylopectin/amylose content were connected
chemically to form polymeric adsorbents with epichlorohydrin (EPI). The char-
acteristics of chemically bonded polysaccharides and epichlorohydrin compo-
nents were designed by changing the circumstances of preparation (reagent
ratios and polysaccharide) to provide adjustable-property polymer products. For
sequestration of chromium VI from industrial wastewater, Dalbergia sissoo
(Shisham) legumes were used as lignified cellulosic nitrogenous waste material.
Dalbergia sissoo (Shisham) legumes (DSP) can be considered as a lignified cel-
lulose agro waste product that contains sensible quantities of proteins and fibers
in terms of its composition. The metal elimination capability was examined ver-
sus many variables, such as pH adsorbent dose impacts, original amount of
metallic ions, stirring velocity, and time of contact. The prior job (nanoparticles
of hydrogels were synthesized on carboxymethyl cellulose (CMC) acrylic acid,
and N-isopropylacrylamide (NIPA) graft copolymerization. To remove aqueous
solutions from copper and lead ions, the prepared nanogels were used. The
impacts on metal ion removal ability of pH, moment, cross-linking agent ratio,
temperature, and original metal ion concentration were explored (Mahajan and
Sud 2012). In addition, the+ ve ion of metal is the adsorption mechanism of
super-absorbent hydrogels based on cellulose.

Mahajun and Sud reported the prospective use of Dalbergia sissoo pods as a biosor-
bent for chromium sequestration (VI) in its different forms. This prepared biosor-
bent is capable of removing the chromium(VI) ions from water media along with
sorption capability was heavily dependent on the adsorbent nature, the quantity
used, the original metal ion concentration, and the original pH. The experimental
information fits well with excellent correlation coefficients for the Freundlich and
Langmuir equations. The sorption and desoption cycles have been shown in Fig. 2.5
(Mahajun and Sud 2012).

Results of sorption possessed that the percentage of ion uptake values were the
peak values, i.e., 13.8, 11.5, 9.8, 9.0, and 8.7. In addition, superabsorbent hydrogels
established on cyanoethyl cellulose had synthesized and utilized from aqueous solu-
tions for Cu®*ions adsorption. Metal ion removal has been discovered to be depen-
dent on the deprotonation and protonation characteristics of basic and acidic groups,
i.e., medium pH value (Dahri et al. 2014).
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Fig. 2.5 The sorption and 100
desoption cycles.
(Modified Mahajun and
Sud 2012)
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In addition, to synthesize hydrogels for the purpose of sorption of metal ions,
cellulose was grafted into acrylamide. The grafting conditions were explored, and
the sorption by grafted cellulose of various metal ions was investigated. The cellu-
lose derivatives were also used for the preparation of adsorbent hydrogels (O’Connell
et al. 2006).

The ideal conditions for removing nickel from water using prepared copolymers
were investigated by varying pH, contact time, and levels of metal ions. Starch is a
natural polymeric material (primarily hydrocarbon) made up of a big amount of
units of glucose joined by glycosidic bonds. Most green crops produce this polysac-
charide for energy conservation. Starch is next commonly available material after
cellulose carbohydrate and exists in big quantities in main foods such as maize
(corn), wheat, potatoes, rice, and cassava. As it comprises two molecular types, it
has a distinctive structure: straight chain or cyclic amylose and branched amylopec-
tin. Starch usually includes 20-25% amylose and 75-80% amylopectin by weight,
depending on the plant. Intensive research has been conducted to utilize in wastewa-
ter removal of heavy metals. In this regard, the initiator used ceric ammonium ion
to synthesize graft copolymers of acrylonitrile and cassava starch solution made up
in water. The prepared copolymer was used to absorb toxic cations from the water
bodies as a sorbent. The sorption capability was assessed by evaluating the magni-
tude of nickel, copper, and lead metal ion sorption under circumstances of equilib-
rium (Liu et al. 2012).

2.9 Hydrogels as Heavy Metal Adsorbent

Hydrogels were prepared, described, and examined on the basis of saponified poly-
acrylonitrile and starch composites with water solubility characteristics. These
hydrogels “water absorbency” characteristics were discovered to depend on factors
that affect the levels of both saponification and polymerization. The hydrogels
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synthesized were utilized to remove certain toxic metal ions from water-based
medium (Isobe et al. 2013).

2.9.1 Starch-Based Hydrogel as Adsorbent

The efficacy of removing metallic ions from their water-based solution was explored
through interlinked carboxymethyl corn starch. When 1% starch was incorporated,
mercury, lead, and cadmium in water were almost entirely removed. Starch could be
regained by cleaning the metallic ions with weak acid from the complex (pH 2.0),
although this method slightly lowered the metal bonding activity of the starch. The
starch obtained from corn has been altered with natural compounds, itaconic acid,
and maleic acid through esterification in a water medium, and duty of catalysis was
performed by NaOH to generate sorbents for the removal of metallic cations in
water bodies. The impact of single and double alteration of both acids has been
explored on the swelling and solubility ability of the modified starch. In addition,
the ability of itaconic acid-substituted starches to adsorb metal cations such as
nickle, cadmium, zinc, and mercury has been checked, and data likened with natural
corn starch (Ma et al. 2015).

The acid hydrolysis has functionalized the starch and/or oxidized to form —
COOH group at six number carbon by nitrogen oxides. Copper ion sorption was
researched as a purpose of composition of hydrogel and other variables. Hydrogels
display a connection between structure and property in the Cu** ion sorption. The
hydrogel showing the peak ion uptake was taken to analyze the impact of the con-
centration on sorption ability of contact moment, pH, temperature, and Cu*" ions
(El-Hamshary et al. 2014). In addition, carboxyl-containing anionic starch
researched its use as a chelating agent. As the acrylic content improved, the sorption
effectiveness of the alkali-treated samples improved. The sorption values relied on
the metal ion for separate heavy metals and followed the order
Hg?* > Cu2+ > Zn?** > Pb*. The removal efficiency with respect to pH has been
shown in Fig. 2.6 (Kweon et al. 2001).

An innovative cross-linking at the sodium xanthate doped polyacrylamide was
grafted upon starch extracted from corn, the copolymerization of acrylamide (AM)
and sodium xanthate reactions by epichlorohydrin (EPI) as a cross-linking agent
and ceric ammonium nitrate (CAN) as starter. In sewage therapy, the efficiency of
the synthesized hydrogel was explored. Recently, metal anion adsorption mecha-
nisms have been explored by quaternary ammonium amphoteric starch and car-
boxymethyl groups. The adsorption capability was discovered to be dependent on
solution pH, cross-linked amphoteric starch dose, and original Pb (II) ion concen-
tration. The proposed responses are engaged in the process of preparing (Yin et al.
2008) (Fig. 2.7).

Also used to eliminate chromium VI from aqueous solution were interlinked acid
base starches (CASs). It was discovered that the adsorption method depends on
original pH, Cr (VI), CAS dose, and temperature. In addition, phosphate
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carbamates with cross-linked starch have been prepared and used from an aqueous
solution to adsorb Cu (II) ions. Batch adsorption studies were conducted based on
adsorption moment, dose of adsorbents, pH, content of substitute groups, original
concentrations of Cu(Il) ions, and temperature (Xu et al. 2003).

2.9.2 Biopolymer Composite for Heavy Metal Removal

Despite their ultimate importance, when used in a smooth shape, biopolymers have
some obstacles limiting their use, such as their small upper layer and the exertion of
separating them from the medium. On the other side, in complicated multiphase
structures with an external magnetic field, magnetic adsorbents have a large area
upon the surface and are simple to isolate from the media and regulate (Gotoh
et al. 2004).

Composites made of different polysaccharides constitute another class of natu-
rally secure products for multiple applications in the biological and industrial fields.
For instance, chitosan, gum arabic, f-cyclodextrin, and cellulose, magnetic nano-
materials functionalized with biopolymers were used to exclude poisonous metals
from water medium. Very little research has been performed on starch composite
preparing. The starch obtained from potato peels has been adjusted with acrylic acid
in this regard. Nanoparticles were synthesized consisting of substituted starch poly-
mer and Fe;0,. The nanoadsorbents prepared were used to selectively remove Pb**,
Cu?*, and Ni’* ions from water (Zhou et al. 2016).

Because of their low price and biodegradability and therefore environmentally
friendly, starch-based copolymers are highly needed in sector. Because of environ-
mental concerns, copolymers which have grafted starch have developed the central
idea for preparing hybrid superabsorbent nanocomposite. Starch has been shown to
be effective in stabilizing nanoscale particles of magnetite, and starch-supported
magnetite ore nanoparticles are powerful sorbents for in situ soil removal of arsenic
contaminated (Carlos et al. 2013).

A freshly designed strategy to reduce the process waste left behind in the manu-
facturing and leachable arsenic. A fresh group of starch-linked magnetite nanopar-
ticles for arsenate removal were prepared and tested. As an additive to depress the
nanoparticle agglomeration, a cheap, green starch was used. Recently, Fe® nanoscale
steadied with multiple polymers; carboxymethyl cellulose and starch were investi-
gated and contrasted for their ability to remove arsenic (III) and arsenic (V) from
water medium alternatives as the common arsenic removal iron nanoparticles (Liu
et al. 2015) (Fig. 2.8).

The most commonly occurring natural biopolymer lignocellulose has been noted
for its prospective adsorption of heavy metals because its molecules contain a big
amount of active hydroxyl, phenolic, carboxyl, and other working groups that can
be used in electrostatic interaction and heavy metal ion coordination sites. However,
it has block extensive application hard due to its bad reactivity, weak polydispersity
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Fig. 2.8 Adsorption kinetics of As (V), (IlT) by S-nZVI adsorbent dosage = 0.3 g/L, pH = 7.
(Modified (Liu et al. 2015)

characteristics, and low specific gravity. Therefore, particular attention was pro-
vided to derivatization by immobilizing sulthydryl onto the LC to solve these prob-
lems and increase the adsorption impact. The sulfthydryl group site generally has
elevated binding affinities with heavy metals due to its coordination and chelation.
(Qi and Aldrich 2008).
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In addition, a derivative of sulthydryl-lignocellulose has many distinctive char-
acteristics, including water solubility, controllable biodegradation, adhesive charac-
teristics, and heavy metal selectivity. Sulfur introduction also adds to higher acidic
solution stability owing to cross-link formation. It has become particularly appeal-
ing in latest times with regard to apps for adsorption. Significant recognition is cur-
rently being given to elastic layered silicates (e.g., montmorillonite clay). However,
due to swelling, low affinity, and dispersed water suspension properties, montmoril-
lonite adsorbs only very small amounts of heavy metal ions to the surface of the
broken bonds on the outside. In addition, the literature showed that altered MT
exhibits a greater adsorption ability than the initial clay (Salman et al. 2015).

2.10 Polymer Nanocomposites as Adsorbent
for Heavy Metals

Although raw clay minerals also demonstrate sorption potential, it is also a well-
established fact that unmodified natural clay particles have relatively lower adsorp-
tion capacity, so they can be altered to enhance their adsorption capacity (Ozcan
et al. 2009). We need an alternative, cost-effective adsorbent to remediate heavy
metal in industrial wastewater that can be recovered by desorption (Li et al. 2002).

Polymer sorbents have been acknowledged in recent centuries as a protective
replacement for standard remediation methods in the form of big upper layer size,
better mechanical characteristics, changing upper layer morphology gas imperme-
ability, and achievable desorption restoration (Pan et al. 2009). As a result, polymer
grafting on nanoclay particles dramatically enhances nanocomposite characteristics
by enhancing surface area and sites of absorption (Ray and Okamoto 2003).

2.11 Imorganic Organic Hybrid Materials as Heavy
Metal Adsorbent

Nowadays, to reduce these drawbacks, novel hybrid polymers were taken into
account to remove toxic species from wastewater. The practical variant of hydrocar-
bons in these compounds is united with the benefits of a thermally heat resistant and
robust inorganic substratum, which results in covalent bonding toward nominated
metal ions and comparatively high adsorption capacity of metal ions. Functionalized
polymeric hybrid materials as adsorbents are considered to be one of the most effi-
cient methods because the organic—inorganic polymer hybrids can chemically bond
metal ions. These types of products often synergistically present the finest charac-
teristics of each of their parts and have elevated physical, chemical, and mechanical
properties performance (Jiang et al. 2007). Since comprehensive research on the
production of clay-based hybrid compounds by the sol-gel technique has been
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carried out. These compounds can be produced either directly by their precursor
polymerization response (or by grafting suitable organic groups on main chain cre-
ated by sol—gel methods such as silica gel) (Samiey et al. 2014).

2.12 Polymer/Clay Nanocomposite as Heavy
Metal Adsorbent

Polymer/clay nanocomposites have drawn significant attention from scholarly sci-
entists as a very promising option to expanding industrial and economic operations
and satisfying progressively stringent circumstances. Polymer/clay nanocomposites
are now becoming an evolving research and growth area. They are actually multi-
phase materials in which ultrafine clay in the range of 1-100 nm is dispersed into
polymer matrix. They simultaneously demonstrate both inorganic and organic prop-
erties that assist the investigator study their apparent potential or technological
material that also provides a comfortable macroscopic environment for studying
main science phenomena, such as zeta potential (electrokinetic potential in colloidal
systems), rheology, and young modulus. After discovering the outcomes of such
different tests of these materials, it was well defined that they demonstrate enhanced
characteristics such as tensile strength, traction modulus, reduced coefficient of heat
expansion, enhanced solvent resistance, enhanced gas barrier characteristics, and
enhanced sorption capability (Jin et al. 2011). Following are some of the materials
applied for heavy metal adsorption;

For their potential application as a sorbent of metals present in aqueous media,
Faizah et al. reported polymer/clay nanocomposites were performed by incorporat-
ing nanoclay into the polymer matrix. Polyacrylonitrile was chemically impreg-
nated with sepiolite modified by 77% of vinyltriethoxysilane. The trend toward
copper removal of nanocomposites was explored by spectroscopy of atomic absorp-
tion. Copper’s highest adsorption was 86%, which could be accomplished with 2%
initiator synthetic nanocomposites. As effective adsorbents, the findings disclosed
the practical potential of the prepared PCN (Altaf et al. 2018) (Fig. 2.9).

©
o

Fig. 2.9 Co removal by
polymer/clay
nanocomposites. (Faizah

Modified sepiolite
etal. 2018) B SAN 1.0%
B SAN 2.0%
1 m SAN3.0%
10 - l
0| mm .

Sample

H Sepiolite

A O O N ©
o O O o O
1

Percentage adsorption
nNn W
o O




2 Polymer Absorbents for Heavy Metal Removal 51
2.12.1 Amine Grafted Polymer Sorbents

Diethylenetriamine-embedded polyglycidyl methacrylate sorbent is an amine-
functional sorbent obtained from diethylenetriamine attached upon micro-granules
of polyglycidyl methacrylate. High amine level was discovered as an effective
organic group, resulting in beneficial impacts on this adsorbent’s efficacy, ability,
selectivity, and reusability. The polyglycidyl methacrylate has excellent mechanical
power and elevated epoxy group reactivity for upper layer grafting; it is also used in
industrial column chromatography. Liu et al. indicated that a response between an
NH, of DETA with an epoxy group of PGMA and an adsorbent showed outstanding
adsorption efficiency in solution pH > 3 for copper ions. lonic strength enhanced
peak adsorption ability, leading in quicker adsorption kinetics. The kinetics of
adsorption strongly followed the kinetic model of pseudo-second order, showing the
significance of chemical adsorption in the system. The Langmuir—Freundlich iso-
therm model was best equipped with adsorption isotherm information. Different
HNO; solutions were recycled in desorption, which showed that acidic circum-
stances significantly impacted desorption performance, and 0.1 M HNO3 solution
accomplished the highest desorption effectiveness, completing 80% of desorption
effectiveness in the starting minute (Liu et al. 2006).

2.12.2 Humic Acid and Bentonite Composite

Humic acid-grafted polymer and bentonite clay composite, a novel product synthe-
sized on amine modified polyacrylamide/bentonite by directly intercalating poly-
mer by immobilizing humic acid (HA). Anirudhan and Suchithra made
polyacrylamide/bentonite amine modified. In relation to the backbone of linear or
branches, cyclic units slightly acidic to fundamental medium, the multiple func-
tional character is because of the existence of different carboxyl groups. These car-
boxylic and phenolic groups have improved metal ion adsorption through
electrostatic interactions and surface complexation. The adsorption followed the
equation of pseudo-second order, and the steady rate reduces with a rise in Cu (II)
ion concentration. Thermodynamic parameters have shown that the method of
adsorption is endothermic, so the impact of changes in enthalpy is prominent than
changes in entropy. Large effectiveness in desorption and regeneration were reported
at 0.1 M HCI. Possibility of reuse has been recorded for four consecutive cycles
(Anirudhan and Ramachandran 2007).
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2.13 Conclusion

Pollution of water heavy metal and metalloid bodies is an established issue, and
several studies have been carried out. The polymeric materials produced so far have
shown outstanding results and have the capacity to be efficiently applied to remedi-
ate heavy metal-polluted waters and have the capacity to be used in communities
using mining and industrial wastewater-impacted borehole water in used water sys-
tems. The mixed polymers are produced via sol-gel procedures, self-assembly pro-
cedures, nanobuilding blocks assembly or dispersion, hierarchical structures, and
interpenetration networks. The functional variety of organic materials in these com-
pounds syndicates with the assistances of a robust and heat-resistant firm inorganic
substrate. These materials have powerful binding affinities to chosen metal ions and
comparatively elevated capacity to adsorb metal ions and can be used to treat waste-
water and separate heavy metals from solid state. Polymer/clay nanocomposites are
now becoming an evolving research and growth area. They are actually multiphase
materials in which ultrafine clay in the range of 1-100 nm is dispersed into polymer
matrix. They simultaneously demonstrate both inorganic and organic properties that
assist the investigator study their apparent potential or technological material that
also provides a comfortable macroscopic environment for studying main science
phenomena, such as zeta potential (electrokinetic potential in colloidal systems),
rheology, and young modulus. After discovering the outcomes of such different
tests of these materials, it was well defined that they demonstrate enhanced charac-
teristics such as tensile strength, traction modulus, reduced coefficient of heat
expansion, enhanced solvent resistance, enhanced gas barrier characteristics, and
enhanced sorption capability. A freshly designed strategy to reduce the process
waste left behind in the manufacturing and leachable arsenic. A fresh group of
starch-linked magnetite nanoparticles for arsenate removal were prepared and
tested. As an additive to depress the nanoparticle agglomeration, a cheap, green
starch was used.
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Abstract The occurrence of pollutants in drinking water sources has become a
serious problem worldwide. Sometimes, the contamination is not even related to
human activities but occurs naturally during the weathering of minerals in water
reservoirs. This is the typical case for arsenic- and fluoride-polluted human con-
sumption water sources, which is a well-documented problem that impacts millions
of people worldwide. Due to the health affectation to humans, the permissible con-
centration limit of arsenic and fluoride in drinking water is very low, 10 pg/L and
1.5 mg/L, respectively. Therefore, purifying water to reach those levels in a cost-
effective way has become a real challenge. In this chapter, we first reviewed the
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full-scale strategies for the elimination of arsenic and fluoride from water, consider-
ing only physicochemical processes. Afterward, we make emphasis on adsorption,
mainly by metal oxyhydroxides as adsorbent materials. The focus of the current
research on this topic is the generation of new materials with superior characteris-
tics, including higher adsorption capacity and selectivity. Metal and bimetallic
oxyhydroxides have been developed and have shown to be promising materials to
remove up to 200 and 250 mg/g of arsenic and fluoride, respectively. Also, research-
ers have oriented their efforts to transform metal oxyhydroxides into granular mate-
rials that can be applied in full-scale drinking water operations. Among the strategies
are the synthesis of polymer composites, the agglomeration of metal oxide powder
with various binders, and the anchorage of particles onto granular materials such as
activated carbon: the processes involved are revised, with emphasis on the interac-
tions between the carbonaceous matrix and the anchored metal oxyhydroxides.

Keywords Drinking water - Water remediation - Arsenic - Fluoride - Adsorption -
Adsorption mechanism - Metal oxyhydroxides - Granular adsorbents - Metal
impregnation - Composites

3.1 Introduction to Halogens and Metalloid Water Pollution

Water is an essential liquid for living organisms and an important resource for
human development. Due to the expansion of both rural and urban spaces, water
supplies are being affected. The concentration of several inorganic pollutants in
drinking water and water supplies is under regulation. This is because of the asso-
ciation of presence of contaminants in water with the increment of illnesses and
diseases on human beings. Sometimes pollution has a non-anthropogenic origin,
which makes the matter more challenging to solve. The World Health Organization
provides international guidelines and standard settings on water quality and human
health and serves as a drinking water quality parameter in most of the nations.
According to the World Health Organization, the priority chemical pollutants that
are considered to be regulated in drinking water are listed in Table 3.1. In this

Table 3.1 The priority chemical pollutants that are considered to be regulated by WHO

Priority chemical pollutants

Aluminum Cadmium Lead Selenium
Ammonia Chloride Manganese Silver
Antimony Chromium Mercury Sodium
Arsenic Copper Molybdenum Sulfate
Barium Cyanide Nickel Uranium
Boron Fluoride Nitrite Zinc
Bromide Iron Nitrate
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revision, we will focus on the water pollution caused by fluoride and arsenic, being
the former considered the most massive poisoning in history (Bhattacharjee 2007).

The ingestion of arsenic and fluoride is causing severe health problems world-
wide (Gonzalez-Horta et al. 2015; Limén-Pacheco et al. 2018). Among the affected
countries are Bangladesh, India, Vietnam, Thailand, Taiwan, Mongolia, China,
Argentina, Chile, Bolivia, Brazil, Mexico, Germany, Hungary, and the United States
(Hossain 2006; Alemayehu et al. 2011; Chowdhury et al. 2018; Khan et al. 2019;
Bhardwaj et al. 2019; Thakur 2019; Agusa et al. 2014; Tiankao and Chotpantarat
2018). Reports indicate that millions of people in different parts of the world are
ingesting water with high concentrations of arsenic and fluoride (high than 300 pg/L
(Smith et al. 2000) and 30 mg/L, (Dey et al. 2004), respectively). The high arsenic
concentrations can cause human diseases such as arsenicosis, hyperkeratosis, kera-
tosis, and cancer (Choong et al. 2007). On the other hand, fluoride is beneficial in a
concentration of 0.7 mg L' but represents a health hazard once it exceeds a concen-
tration of 1.5 mg L™". Chronic fluoride exposure can cause dental and skeletal fluo-
rosis, cancer, negative effects on deoxyribonucleic acid structure, Alzheimer’s
disease, and kidney and neurological damage. High fluoride concentrations in water
can interfere with mineral metabolism, vitamins, carbohydrates, proteins, and lipids
(Ozsvath 2009).

Arsenic is a naturally ubiquitous metalloid in the earth’s crust, making geologi-
cal the main source of arsenic in water. Arsenic exists in three main oxidation states,
+5, +3, and —3, known as arsenate, arsenite, and arsine, respectively. Arsenic pollu-
tion of drinking water can be caused by naturally ocurring minerals or can be related
to anthropogenic activities, such as mining (since about 245 minerals contain arse-
nic), the use of fossil fuels and pesticides (Bissen and Frimmel 2003). Arsenic is one
of the 20 most abundant elements in nature, and we can also find it in the human
body and in seawater (Mandal and Suzuki 2002). Arsenic appears in natural waters
commonly as oxoanion, being the arsenate (AsO,*") and arsenite (AsO;*~) the most
common oxidation states. Figure 3.1 shows the -Log [H*] vs. -Log concentration
diagram for those chemical species. The predominant chemical speciation of arse-
nate in the pH of natural waters (6-8) is as mono- and dianion, while for arsenite,
the predominant chemical form is the neutral oxo-complex.

On the other hand, fluoride occurs in the environment mainly associated with
metals, including sellaite (MgF,), fluorite (CaF,), cryolite (Na;AlF), and fluorapa-
tite (Ca,o(PO,)¢F,). When a suitable chemical environment surrounds the fluoride-
containing minerals, the minerals dissolve, and the fluorine becomes part of the
dissolved components of the water reservoir. Additional fluoride sources are related
to industrial activities, including metal casting operations (iron, steel, and alumi-
num), production of ceramics, and the production of phosphate-based fertilizers.
Besides, many sources of fluoride for human include food, medicaments, cosmetics,
and organofluorine compounds, among others (Council 2006). The chemical spe-
ciation of fluoride in groundwater appears in Fig. 3.2. Arsenic can be seen, and the
predominant chemical species of fluorine in groundwater is the anionic form.
Interesting, the presence of metal alkaline cations promotes the formation of fluo-
rine ionic pairs with a positive charge (i.e., MgF*, CaF*).
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Fig. 3.1 pC—pH diagram
for arsenate (top) and
arsenite (bottom) in pure
water. Total arsenic
concentration 5 pM,

25 °C. Around neutral pH
(6-8), the chemical form
of arsenate is as a negative
ion, 1 or 2 negative
charges. In contrast,
arsenite appears as a
neutral species

Fig. 3.2 pC-—pH diagram
for fluoride in water with
the main components in
typical ground water. Total
concentration (mg/L)

F~ (5), Ca** (10), Mg (2),
Na'* (1.5), K'* (1),

CO;*~ (45), H,Si04(15),

25 °C. Around neutral pH,
the predominant chemical
species is the single atom
anion (F~). However, in the
presence of metal cation
such as calcium and
magnesium, the
concentration of the
positive ionic pair becomes
significant
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To abate the arsenic and fluoride effect to human health, international organiza-
tions have lowered the maximum allowable limits of these pollutants in drinking
water. The World Health Organization suggests a maximum permissible limit of
arsenic and fluoride in water of 10 pg/L and 1.5 mg/L, respectively. Reaching a low
arsenic and fluoride concentration requires the application of low-cost and efficient
technologies to allow safe drinking water supply for human consumption. In the
following section, we review the most relevant technologies for the elimination of
these pollutants from drinking water, making emphasis in its fundamentals.

3.2 General Strategies for Arsenic and Fluoride Removal
from Water

Currently, there are full-scale technologies for the elimination of arsenic and fluorine
from drinking water. The efficiency of any treatment strategy depends on the raw
water composition, the volume of water to be treated, and the final target concentra-
tion of the pollutants. In addition, the selection of the most suitable treatment depends
strongly on cost-effectiveness during implementation and use. For drinking water
supply, physicochemical treatments are the methods of choice, being the most rele-
vant coagulation/precipitation, membrane processes, ion exchange, membrane filtra-
tion, and adsorption. In the following section, we briefly review the fundamentals of
these technologies, including the specifics for fluorine and arsenic removal from water.

3.2.1 Coagulation and Flocculation

Coagulation and flocculation process includes the addition of chemicals to remove
stable colloidal particles from water, including natural organic matter. This process
typically takes place in two stages: coagulation followed by flocculation. Figure 3.3a
represents the typical configuration of a water clarification system. During coagula-
tion, chemicals are added to neutralize the charges of the colloidal particles, creating
neutral particles that can be attached. Each particle carries a similar charge, and almost
all the colloidal impurities in the water are negatively charged. Generally, the size of
the colloidal particles is around 0.01-1um; therefore, the attractive forces between the
particles are less than the repelling forces of the electric charges (Teh et al. 2016).
The colloids present in the aqueous solution attract ions from the opposite
charges, named counterions. The counterions, attracted by electrostatic forces and
van der Waals forces, will form a compact layer around the charge of the colloid
(Fig. 3.3B). Therefore, the counterions tend to remain discrete and dispersed in the
suspension. The stability of the colloidal particles can be explained quantitatively
by the estimates of the attractive energy such as van der Waals forces and the repul-
sion energy. Another estimate attractive energy is the superposition of electric dou-
ble layers, in terms of the distance between particles (Fig. 3.3C). Once the colloidal
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Fig.3.3 Schematic representation of a typical coagulation/flocculation process (A). Representation
of charges around colloidal particles. Coagulant addition into water neutralizes these charges to
destabilize the colloids (B). Representation of interparticle forces as function of the particle dis-
tance (C)

particles are unestablished or neutralized, the particles start to agglomerate under
gentle stirring. The addition of chemicals promotes the collection of particles, until
reaching a mass high enough to settle or to be removed during filtration.

The most common chemicals used during coagulation are hydrolyzed metals,
including ferric sulfate (Fe,(SO,); xH,0), aluminum sulfate (Al,(SO,); 14H,0), and
ferric chloride (FeCl; xH,0) (Edzwald 2010). These metals hydrolyze in water, to
form iron and aluminum hydroxo/aquo complexes with positive charges (e.g.,
Al(H,O)s **) that neutralize the negative charge of the colloids in water. Polymers
can achieve the same task, including biopolymers such as chitin, among others
(Kartinen and Martin 1995).

In this way, the clarification process which includes coagulation, flocculation, and
sedimentation is a specific operation for the removal of colloidal particles from
water. However, these processes can also remove arsenic and fluorine indirectly.
According to the chemical speciation of arsenic (arsenate) and fluorine, the predomi-
nant chemical form is a negatively charged ion, also known as anion (see Figs. 3.1
and 3.2). Since coagulant bears a positive charge, arsenic and fluorine can be attracted
to coagulant chemicals by electrostatic interaction and removed from the solution as
adsorbed anions in the sludge. A study of the arsenic removal during conventional
water treatment at a full scale with aluminum-based coagulants confirmed that most
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of the soluble arsenate is converted to particulate arsenic. This formed by adsorption
during rapid mixing coagulation, removing near to 95% of soluble arsenate.

In contrast, arsenite with a neutral charge remains in solution due to the lack of
interaction with positive coagulants (Gregor 2001). Thus, the ability to remove arse-
nic from water during clarification depends on the proportion of arsenate to arsenite
in the water source. The results are similar when iron-based coagulants are
employed, having a similar removal mechanism (Hering et al. 1996). Additional
strategies can be implemented to increase the arsenic removal during coagulation
and flocculation, including the aeration of the water source to transform all arsenite
to arsenate, pH control, and optimal coagulant dose. Further information can be
found elsewhere (Mondal et al. 2013).

A similar mechanism applies for fluoride removal from water during coagula-
tion, being mostly aluminum salts employed for this purpose (Bhatnagar et al. 2011;
Loganathan et al. 2013). The efficiency of fluoride removal by aluminum salt
depends on water composition, pH, and other solution characteristics (Hao Oliver
and Huang 1986). The most appropriate pH for defluorination during coagulation is
between 5.5 and 6.5 (Shen et al. 2003).

3.2.2 Ion Exchange

The ion exchange is an adsorption process that employs granular materials, charac-
terized by having exchangeable ions in the material surface. These ions can be
exchanged by ionic pollutants, lowering the contaminant concentration in the treated
water (Fig. 3.4). The ion-exchange materials are usually cross-linked polymeric res-
ins with chemical functionalities linked to the main polymeric chain. The chemical
functional groups are characterized by having a stable positive or negative charge
when equilibrated in water. The common functional groups are strong acid such as
sulfonate, -SO;™; weak acid such as carboxylate, -COO™; strong base such as quater-
nary amine, -N(R);*; and weak base such as tertiary amine, -N(R), (Edzwald 2010).

For the removal of arsenate and fluoride anions, the anionic exchange materials are
appropriate. In the process, the pollutants are exchanged for the negative ions that bal-
ance the charge in the ion exchanger, generally hydroxide or chloride. Resins have
been reported that can interchange arsenic for more than 4000 equivalent bed volumes
before becoming exhausted (DeMarco et al. 2003). In particular, for arsenic removal,
there are hybrid resins that incorporate metal hydroxides in addition to the anionic
exchange functional groups. Iron is the metal often used for the hybrid ion-exchange
resins and represents some of the more successful materials for arsenic removal from
water. Cumbal and SenGupta reported the treatment of up to 15,000 bed volumes of
arsenite or arsenate polluted groundwater (Cumbal and SenGupta 2005).

On the other hand, some examples of materials that have been used as ion
exchangers to remove fluoride from water are zeolite and activated carbon. Zeolites
are often used as a cation exchanger material; hence its arsenic and fluoride removal
is negligible. However, by means of the anchorage of high-valence cations such as
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Fig. 3.4 Schematic representation of the ion-exchange process in a cationic (A) and an anionic
exchange resin (B). Cationic exchange resin often balances the polymer fixed charge with protons
(H*) that can be exchanged for cations in the solution. An anionic exchanger has positive charges
fixed to the resin that are balanced with negative ions, commonly CI~ or OH". Those anions can be
exchanged for anions in the solution, such as H,AsO,~ or F~

Al** or La** in a low-valence zeolite site such as Na* site, the surface of the modified
zeolite acquires a positive charge and is able to remove fluoride from water (Onyango
et al. 2004). Regarding to polymeric resins, zirconium and alum have been success-
fully incorporated into the polymer matrix to generate hybrid resins (Pan et al. 2013;
Viswanathan and Meenakshi 2009). For example, the commercial resin (FR 10)
with Na* and AI** increased the fluoride adsorption significantly to capacities around
450 mg F/kg. Despite the efficiency of the ion-exchange resins for the removal of
arsenic and fluoride from water, the material cost and the disposition or regeneration
of exhausted resins make its application difficult. The economic factor is something
to take into consideration since most of the population exposed to arsenic and fluo-
rine polluted water belongs to marginalized communities.

3.2.3 Membrane Filtration

Membrane filtration is a technology in which the water pollutants are removed from
water utilizing the size exclusion provided by a semipermeable thin layer of polymer,
known as membrane (Singh 2015). The membrane filtration is classified by the aver-
age pore size of the membrane, and hence, this establishes the pollutants that could
retain (Fig. 3.5). Microfiltration with a pore size between 0.1 and 1.0 pm is capable
of retaining colloids and bacteria. Ultrafiltration with a pore size between 0.01 and
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1.00 pm retains the virus in addition to colloids and bacteria. Nanofiltration with
pores between 0.001 and 0.01 pm can retain some inorganic multivalent ions. Finally,
reverse osmosis that uses membranes with pores lower than 1 nm allows only the
pass of water molecules, retaining all other water components (Najafpour et al. 2007).

The arsenate and fluoride anions have an ionic radius of 0.248 and 0.133 nm,
respectively (Regenspurg and Peiffer 2005; Chowdhury et al. 2018). Hence, nano-
filtration and reverse osmosis are the membrane technologies capable of removing
arsenic and fluoride from water. However, removing arsenic and fluoride depends
on factors such as pore structure of the membrane, material composition and chem-
istry, system configuration, and water composition. For instance, the removal of
fluoride was reported using a nanofiltration/reverse osmosis system, obtaining a
removal efficiency higher than 96% with reverse osmosis and higher than 90% with
tight nanofiltration and up to 50% with loose nanofiltration membranes (Ayoob
et al. 2008b; Dolar et al. 2011). Nunes-Pereira et al. 2018, obtained a maximum
fluoride rejection of 68% after six filtrations for composite membranes of hydroxy-
apatite and poly(vinylidene fluoride-hexafluoropropylene). The membranes pre-
sented an homogeneous porous structure with degrees of porosity ranging between
20 and 76% and average pore size in the micron range.

On the other hand, arsenic removal studies showed the reduction of arsenate in a
range from 88 to 96% but only 5% for As(IIl), with reverse osmosis membranes
(Ning 2002). The rejection of As(V) by the nanofiltration membrane was found to
be between 90 and 100% (Xia et al. 2007). Hubadillah et al. (2019) prepared a hol-
low fiber membrane of hydrophobic kaolin (0.32 pm of average pore size), and
reported an arsenic rejection efficiency of 100% at 60 °C and met the maximum
required limit of 10 pg/L.

Even though membrane filtration can reduce the arsenic and fluorine concentra-
tion to levels below the permissible concentration for drinking water, its implemen-
tation remains limited. Under operation, reverse osmosis can have a percentage of
water loss, calculated as the water that does not pass through the membrane, that
ranges from 35 to 65% (Ingallinella et al. 2011). The refused water often bears a
high concentration of pollutants and requires additional treatment before its dis-
charge, increasing the water treatment cost.
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3.2.4 Adsorption

Adsorption is an interfacial process that involves the attachement of molecules from
a gaseous or liquid phase onto the surface of a solid (see Fig. 3.6). This atraction
between the molecules (also known as adsorbate) and the solid (known as adsor-
bent) is caused by different forces. The main attraction forces in the adsorption
process are van der Waals-like and columbic forces, polar interactions, and specific
bond formation. Both shorter range that are often repulsive and more extended
range that are often attractive forces are balanced when the adsorption equilibrium
is reached (Thomas and Crittenden 1998; L. G. Wader 2011). The schematic repre-
sentation of this interaction appears in Fig. 3.7.

Adsorption is probably the most sustainable technique that can be applied to the
arsenic and fluoride removal from aqueous solutions (Khan et al. 2000; Sarkar et al.
2008; Nabbou et al. 2019). The principal advantages of the adsorption process

- Adsorbate
; )
0

» J
Adsorbent

Fig. 3.6 Schematic representation of the adsorption process. Adsorption is a mass transfer process
in which one or more adsorbents present in a fluid, whether liquid or gas, accumulates in the adsor-
bent and are removed from the effluent
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Fig. 3.7 Schematic representation of interactions between adsorbent surface and adsorbate. The
surface of the adsorbent can be charged (positive charges) and interact with permanent (A and B)
or induced (C) charges of the adsorbates. The adsorbate can also interact with specific functional
groups on the adsorbent surface, e.g., aldehyde, by means of a specific bonding interaction (hydro-
gen bond, D)
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include the ability to remove the pollutants even at a very low concentration, low energy
consumption, and the availability of different adsorbent types (Ali 2012). Numerous
studies and reviews have reported the benefits of the adsorption process during arsenic
and fluoride removal (Bhatnagar et al. 2011; Gallegos-Garcia et al. 2012; Velazquez-
Jimenez et al. 2015; Jadhav et al. 2015; Lata and Samadder 2016). This technology
offers satisfactory results at low cost with a simplicity of design and operation.

Adsorption is a highly efficient technique for arsenic removal due to its numer-
ous advantages already mentioned, which also include relatively high arsenic
removal efficiencies (Singh and Pant 2004; Mohan and Pittman 2007). However,
arsenic adsorption capacity strongly depends on the concentration and pH of the
system. The pH of the solution changes the predominant chemical species in water.
At the same time, pH alters the activity of functional groups on the surface of adsor-
bents. According to the study conducted by Lenoble et al. (2002), arsenate adsorp-
tion is favored at low pH, whereas at pH between 4 and 9, maximum arsenite
adsorption capacity is reached. Table 3.2 shows several adsorbent materials to
remove arsenic and fluoride from water.

Table 3.2 Several adsorbent materials to remove arsenic and fluoride from water

Adsorbents

Titanium-based nanocomposite:
titanium-based nanocomposites are
TiO,—aFe,03, hydrous TiO,,
crystalline hydrous titanium oxide,
titania impregnated chitosan bead,
titania

nanotubes, Ce-Ti oxide, Zr-TiO,

References
Ashraf et al. (2019)

Contaminant

Arsenic

Modified-natural adsorbents Asere et al. (2019)

Nanomaterials and composites. Siddiqui et al. (2019b)

Fe—carbon, Zr—carbon,
Fe:Mn- carbon

Arcibar-Orozco et al. (2014), Velazquez-
Jimenez et al. (2018), Nieto-Delgado et al.
(2019), Kalaruban et al. (2019)

Alumina and aluminum, activate
carbon, alumina impregnated
calcium alginate beads, oxide
calcium, hydroxyapatite

Fluoride Yadav et al. (2018)

Monometallic oxides: lanthanum
hydroxide, granular ferric
hydroxide, zirconium oxide

Kumar et al. (2009), Na and Park (2010),
Dou et al. (2012)

Bimetallic oxides: Al-Zr, A1-Mn,
Cu-Al, Mn—Ce, Fe-Ti, Ti—Ce, Ti—
La, Fe—Zr, Fe-Al, Li-Al

Maliyekkal et al. (2006), Biswas et al.
(2007a, b), Bansiwal et al. (2010), Liu et al.
(2010), Li et al. (2010), Deng et al. (2011),
Chen et al. (2012), Zhang et al. (2012)

Trimetallic oxides: CeO,/Mg-Fe,
Fe-Al-Cr

Biswas et al. (2010), Zhang et al. (2013)

Carbon modified with metallic
oxides: carbon-La, carbon—Ce,
carbon—Zr, carbon—-Al-Fe

Velazquez-Jimenez et al. (2014, 2018),
Arcibar-Orozco et al. (2014), Vences-
Alvarez et al. (2015)
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The materials studied show an outstanding efficiency to remove fluoride from
water. However, it is essential to consider that the contaminate concentration, solu-
tion pH and temperature, surface area of adsorbent, and the contact time are param-
eters that affect the fluoride adsorption capacity (Yadav et al. 2018). The pH is an
essential factor affecting defluorination (Ma et al. 2009), for instance, the adsorbent
surface at alkaline pH has a negative charge while at acid pH is highly protonated.
Therefore, the high fluoride adsorption capacity at acid pH can be attributed to an
increase in attractive forces between the adsorbate and adsorbent (Rajan and
Alagumuthu 2013; Vences-Alvarez et al. 2015).

As for the adsorption capacity, this can vary depending on the adsorbent mate-
rial. In general terms, the arsenic adsorption capacity is between 2 and 200 mg/g
using metal and bimetallic oxyhydroxides (Zhang et al. 2003; Dou et al. 2011b;
Basu and Ghosh 2013; Chaudhry et al. 2017; Dou et al. 2018). Chen et al. 2014
synthesized iron—cerium alkoxide with a high surface area and abundant surface
functional groups. The bimetallic oxide produced by using a molar ratio of 5:1
for Fe:Ce, respectively, exhibited the highest adsorption capacities for both As(V)
and As(III) (206 and 266 mg/g, respectively). As for the fluoride adsorption capac-
ity, it is between 2 and 250 mg/g (Bhatnagar et al. 2011; Loganathan et al. 2013;
Velazquez-Jimenez et al. 2015). Lv et al. (2007) employed MgAI-CO; layered dou-
ble hydroxides to treat high fluoride concentration solutions. The MgAl-CO; maxi-
mum adsorption capacity was 319.8 = 5.7 mg/g at an initial fluoride concentration
between 1000 and 1500 mg/L, and in a pH range of 5-7.

An example of the application of alumina in the simultaneous arsenic and fluo-
ride removal from water is the system called ArCIS-UNR. This is a hybrid process
that integrates adsorption, coagulation and filtration: using poly-aluminum chloride
as a coagulant, followed by two filtration units (upflow coarse gravel filtration and
rapid sand filtration). This process has been successfully implemented in large-scale
plants in Argentina, and has treated groundwater with arsenic concentrations of
100-150 pg/L and fluoride concentrations of 1.7-2.5 mg/L. The results of this
research indicate that the optimum pH range for the removal of arsenic and fluoride
was 6.3-7.3 and 5.2-6.2, respectively. The efficiencies reached ranged between 75
and 85% for arsenic and between 50 and 55% for fluoride. However, the disadvan-
tage of this process is that at pHs below 7.0, the residual aluminum begins to
increase (Ingallinella et al. 2011).

Other material that has been succesfully employed for the removal of asernic
from water is iron based ion exchange resin. German and coworkers (German et al.
2019) reported the performance of a community scale hybrid anion exhange system
as a long-term solution for arsenic contaminated growndwater. The hybrid ion-
exchange materials are composed of cerium or zirconium oxide nanoparticles dis-
persed in an anionic exchange polymer resin (Cumbal et al. 2003; German et al.
2014). Three of the arsenic mitigation systems were monitored during 24 months of
long-term self-sustainable operation to assess the efficiency and profitability of the
systems. The systems were designed to provide high-quality water to 200 families,
that is, between 500 and 1000 people. Hybrid ion-exchange materials can be regen-
erated efficiently compared to activated alumina (German et al. 2019).
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Finally, the majority of the current research in arsenic and fluorine adsorption is
directed towards the development of new adsorbent materials with advanced char-
acteristics. High adsorption capacity or high selectivity is a valuable characteristic
presented by the new developed adsorbent materials. Particularly, the adsorbent
materials with the most elevated adsorption capacities of arsenic and fluorine are
based on metal oxyhydroxides (Jadhav et al. 2015), which is described in the fol-
lowing sections.

3.3 Metal Oxyhydroxides for Adsorption

The metal oxides are solid materials with a chemical structure formed by the alter-
nation of metal cations and oxygen or hydroxide anions. The cohesion between the
metal and oxygen or hydroxide is achieved by electrostatic interactions that gener-
ate covalent bonds with different levels of cohesion depending on the metal electro-
negativity (Pawelec 2005). In the surface of the metal oxide, the coordination of the
metal cation is lost, creating unsaturated sites that can be compensated with the
adsorption of ions and molecules. The primary reaction in the metal oxide and water
interface is the hydroxylation of the metal surface to form a metal oxyhydroxide
(see Fig. 3.8). These hydroxyl surface groups follow similar reactions to the

A)

B) C‘ ”

® Oxygen @ Saturated metal @ Unsaturated metal @ Hydrogen

Fig. 3.8 Schematic representation of the cross section of a metal oxide and the hydroxylation of
its surface. The metal cations in the surface layer are unsaturated (Baeige atom color in (A) and can
react as a Lewis acid with water molecules (B)). The further dissociation of the coordinated water
molecule generates the hydroxylated water surface (C). (Modified after Stumm and Morgan 1996)



70 E. Vences-Alvarez et al.

aqueous complexes generating a local surface charge that can be negative, neutral,
or positive as a function of the solution pH, as illustrated in the Eq. 3.1.

pka, pka,

M-OH, + OHe2=M-0OH+H,022=M-0" +H,0 3.1)

The symbol =M indicates that the metal is attached to a solid surface. The chem-
ical form of the surface groups in the metal oxyhydroxides depends strongly on the
solution pH and the chemical nature of the metal cation. A useful indicator for the
transition between a positive surface charge and a negative surface charge in a metal
oxyhydroxide is the pH of the point of zero charge. This is the pH at which the net
charge of the metal oxyhydroxides is zero. The point of zero charge of selected
metal oxides is presented in Table 3.3. When the solution pH is lower than the point
of zero charge, the net charge of the metal oxyhydroxides is positive. Hence the
material can adsorb anionic pollutants such as arsenate and fluoride. In this sense,
Fe-, Ti-, Mn-, Al-, Cu-, Mg—Zn-, Zr-, and Ce-based metal oxides are good candi-
dates for the removal of arsenate and fluoride from water through electrostatic inter-
actions. The specific adsorption mechanism is discussed in the following sections.

Table 3.3 Point of zero Substance Point of zero charge (pHpzc)

charge ' of selected Sio, 4

metal oxides 5
Albite (Na feldspar) 2.0
Feldspars 2.0-2.4
Montmorillonite (clay) | 2.5
™_-MnO, 2.8
Kaolinite (clay) 4.6
a-Al(OH), 5.0
TiO, 3.5-6.5°
Fe;0, 6.5
Ce0O2 6.8
$-MnO, 7.2
a-FeOOH 7.8
Zr02 7.8°
©-AIOOH 8.2
o-Fe,0; 5.5-9¢
Fe(OH);um) 8.5
a-ALO; 6.5-10*
CuO 9.5
ZnO 9-10*
MgO 12.5

Data from Brezonik et al. unless otherwise indicated
(Brezonik and Arnold 2011)

4Data from Jolivet et al. (2000)

®Measured by potentiometric titration
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Many of the chemical properties of the metal oxides depend on the crystallo-
graphic structure, related to atom arrangement, and the crystal habit which is the
characteristic external shape of a crystal group. Not all the crystalline planes offer
the same amount and type of active sites, e.g., gibbsite particles have a hexagonal
platelet habit (see Fig. 3.9). The (001) faces have only AL,OH uncharged sites, with
a group’s density of 13.8 groups/nm?, obtained by crystallographic data. In contrast,
the (hk0) faces have two kinds of groups, ALLOH and AIOH~2, with a theoretical
concentration of 9.6 and 4.8 groups/nm?, respectively (Jolivet et al. 2000). Hence,
the reactivity of specific crystalline planes is different. It is worth mentioning that
the charge compensation by coordinate cations in the metal oxyhydroxides surface
is not always complete, according to the multisite complexation model. Further
information of the model and how it can be applied to the study of adsorption on
metal oxides can be revised elsewhere (Hiemstra et al. 1989a, b).

The reactive nature of the unbalanced metal cations in the surface of the metal
oxyhydroxides represents significant advantages for the adsorption of ionic pollut-
ants from water. The polar nature of the atoms in the metal oxyhydroxides surface
needs to be balanced by surrounding molecules. Noguera and coworkers reviewed
the advances in the understanding of the polar electrostatic surface of different
metal oxides and its compensation by external molecules (Noguera 2000;
Goniakowski et al. 2008). This polar interaction can promote diverse mechanisms
of pollutants adsorption. The main adsorption mechanisms are numbered below:

1. The ion exchange of surface groups, such as the hydroxyl adsorbed molecule.

2. Adsorption of charged species by means of electrostatic attraction with the metal

oxide charged sites (=M-OH," or =M-O").

The adsorption of metal cations by means of Lewis acid—base complex formation.

4. The exchange of ligand between the metal oxyhydroxides surface and poly-
atomic ions (i.e, oxocations).

(O8]
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5. The dissociative adsorption of Bronsted acids such as alcohols, in which the
oxygen in the metal oxyhydroxides surface acts as proton acceptor and the
deprotonated molecule binds to the metal cation (Parkinson and Diebold 2016).
In the following section, we revise the adsorption mechanism of arsenic and
fluorine in selected metal oxyhydroxides.

3.3.1 Fluoride Adsorption on Metal Oxyhydroxides

Due to the chemical characteristics of fluoride, the most relevant adsorption mecha-
nism implies the coordination of fluoride anions in the metal surface. Fluoride has a
negative charge and bears eight free electrons that can be easily donated to unsatu-
rated cations in the metal oxide surface. The fluoride has a small size (0.133 nm), so
it can be easily accommodated in the coordination geometry of transition metals.
There are scientific reports that provide experimental evidence to support this
adsorption mechanism. Tang and coworkers studied the adsorption of fluoride on
granular iron hydroxide using X-ray photoelectron spectroscopy and infrared spec-
troscopy (Tang et al. 2009). The results indicated the complexation of fluoride
anions in the surface of the metal oxide. In addition, it was possible to detect hydro-
gen bonding between the surface hydroxides and fluoride.

On the other hand, Shao-Xiang Teng and coworkers reported the adsorption of
fluoride in hydrous-manganese-oxide-coated activated alumina (Teng et al. 2009).
The authors evaluated the solution pH change during the adsorption process, notic-
ing that the pH increases with the adsorption of fluoride. The author associates this
process with an ion-exchange mechanism in which the surface hydroxides in the
material surface are exchanged by fluoride anions that become part of the inner-
sphere complexes. Similar results were obtained by Ayoob and coworkers using
alumina granules (Ayoob et al. 2008a). Therefore, OH groups play an essential role
in the adsorption process of fluoride ions (Jin et al. 2016; Yu et al. 2018; Wang et al.
2018; Kang et al. 2018). However, the interactions between fluoride and the surface
of adsorbent do not lead to chemisorption since, in several studies, it has been shown
that fluoride adsorption is reversible (Medellin-Castillo et al. 2014).

Conventionally, aluminum and iron oxyhydroxides have been used for the fluo-
ride adsorption; however, recent research has reported the use of rare earth metal for
the fluoride adoption, including lanthanum and cerium (Huo et al. 2011; Vences-
Alvarezetal. 2015, 2019; Zhu et al. 2017; Hernandez-Campos et al. 2018; Chigondo
et al. 2018; Zhang et al. 2019). Rare earth-based metal oxides provide a slightly
different adsorption mechanism. Zhang and coworkers recently reported that lan-
thanum oxide (La,0s) could bond fluoride anions without the exchange of hydroxy
ligands (Zhang et al. 2019). Results of X-ray photoelectron spectroscopy showed no
change of the peak attributed to M—OH after the fluoride adsorption. However, the
relative area of the peak attributed to M—OH, decreased considerably. Magnetic
resonance spectroscopy analysis and theoretical calculations demonstrated the con-
figuration of the adsorbed fluoride. A study on the coordination chemistry of
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lanthanides demonstrated that lanthanum could coordinate up to nine aquo com-
plexes. However, in the presence of fluoride ions, the water molecues can be dis-
placed, apparently because the bounded fluoride generates a more stable configuration
(Parker et al. 2002).

3.3.2 Arsenic Adsorption on Metal Oxyhydroxides

As revised in Sect. 3.1, the predominant chemical forms of arsenic in water are
arsenate and arsenite. The arsenate is in the water as hydroxide-anion and the arse-
nite is a reduced species that predominates as an uncharged molecule. In conse-
quence, the adsorption mechanism of arsenate and arsenite has some differences.
The metal oxides often studied for arsenic adsorption are iron and aluminum
oxyhydroxides. Goldberg and Johnston studied the adsorption mechanism of arse-
nate and arsenite in amorphous aluminum and iron oxides. Accordingly, arsenate is
adsorbed through ligand exchange reactions with the surface coordinated molecules
such as water or hydroxyl, to form inner-sphere surface complexes on both metal
oxides. In contrast, arsenite can adsorb on iron oxide by the formation of both inner
and outer surface complexes and only by outer-sphere complexes in aluminum
oxides (Fig. 3.10) (Goldberg and Johnston 2001). The formation of inner-sphere
complexes between arsenate and both metal oxides has been confirmed by other
authors using advanced spectroscopic techniques such as extended X-ray absorp-
tion fine structure (Manceau 1995; Arai et al. 2005). With regard to arsenite adsorp-
tion, Jain A. et al. evaluated the H* and OH™ release during the arsenite adsorption
on ferrihydrite. The authors showed that the adsorption of neutral arsenite
(H3As05) can be carried out as an outer-sphere complex at low pH (Jain et al. 1999).

Fig. 3.10 Schematic

representation of the H 0\ /0 H

different configurations in A) 0 y \4\ C)
which arsenate can be 0\ /O """ H\ o 9O
adsorbed on metal As’ ™M M 0 NS
oxyhydroxide: (A) VAN O/ "\O | /A'S%
mononuclear bidentate O \M M/ H 0 o
inner-sphere complexation; 0/ \0

(B) binuclear bidentate (0] >M M/ O

inner-sphere complexation; ", 0 AN |

(C) outer-sphere surface As 0—A ()
complexation; and (D) B) 0/ 0—M D)
mononuclear monodentate / o

inner-sphere complexation.
Arsenite binds on metal
oxide surfaces in a

similar way



74 E. Vences-Alvarez et al.

Due to the chemical charge of arsenate and arsenite ions at different solution
pH, the adsorption mechanism could change, including electrostatic interactions
(Chen and Huang 2012), coordination (Jun et al. 2015), and hydrogen bonds (Liu
et al. 2014). The electrostatic interactions occur mainly by attraction-repulsion
between the adsorbate and the adsorbent. When the solution pH is below the
point of zero charge of the adsorbent material, its surface is positively charged
due to hydroxyl groups on the protonated surface to form OH,* (Sarkar et al.
2008). The positive charge of adsorbent material favors the adsorption of the
arsenate anion. On the other hand, when the pH is above the point of zero charge
of the adsorbent material, the hydroxyl groups of the surface are deprotonated,
whereby the material will be negatively charged. In these conditions, the arsenate
adsorption becomes unfavorable due to electrostatic repulsions (Zhang
et al. 2010).

In recent studies, zirconium oxyhydroxides have been tested for the arsenic
adsorption. He et al. 2019 used organic zirconium metal structures for the removal
of As(III) and As(V). The authors demonstrated through extended X-ray absorption
fine structure studies the formation of a bidentate mononuclear and bidentate binu-
clear complex for As(V) and As(IIl), respectively, as shown in Fig. 3.11.

Studies currently conducted by various research groups agree that the arsenic
adsorption process can be summarized as follows: arsenic diffuses from the solution
to the interface of the adsorbent material. In the interface of the adsorbent, a fraction
of arsenic(V) is adsorbed on the adsorbent surface, for example, metal oxide (=M-
OH or =M-0). Some of them can be adsorbed by ligand exchange (OH™) with the
adsorbent material and form monodentate or bidentate complexes. The remaining
parts of As(III) react with M—O to form an M—O~As complex. In the adsorption
process, two electrons are transferred to As(IIl) oxidizing to As(V) through the
reduction of the metal (Yin et al. 2019). However, the most common mechanism is
though the ligand exchange with the hydroxyl groups of the adsorbent material
(Santra and Sarkar 2016; Xi et al. 2019).

Fig. 3.11 Binding modes A) o 9
of (A) As(IIT) and (B)
As(V) onto the
hexanuclear zirconium. 0
The As(V) and As(III) “As”
form bidentate |
mononuclear and bidentate o
binuclear complex with the

zirconium, respectively.

(Modified after He

et al. 2019)
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3.4 Synthesis of Metal Oxyhydroxide-Based Materials
for Adsorption

As reviewed in Sect. 3.3, metal oxyhydroxides have ideal chemical properties for
the arsenic and fluoride adsorption from water. Currently, several research groups
that are working on the development of new adsorbents based on metal oxyhydrox-
ides that can be ultimately applied in the elimination of arsenic and fluoride purifi-
cation of drinking water. The efforts are oriented in two main areas: the increment
of the adsorption capacity of the metal oxides and the conformation of granular
materials. For the increment of adsorption capacity, authors have developed new
synthesis methodologies in which the particle size and specific crystalline structures
(crystalline habit) can be controlled. Also, the development of binary and ternary
metal oxide is a strategy already tested to increase the reactive surface of the metal
oxyhydroxide. Regarding the formation of granular materials, the agglomeration of
the metal oxyhydroxides with binders and the anchorage of the metal oxides to
granular materials are the most relevant strategies. In the following sections, we
review the recent advances in both areas.

3.4.1 Natural Metal Oxyhydroxides

There are natural materials with a high potential to be used as adsorbent due to its
physical properties. Giménez et al. (2007) evaluated the arsenic adsorption capacity
in natural hematite, magnetite, and goethite. Within the physicochemical character-
istics of natural oxides, the surface area was determined. The natural oxides have a
relatively low surface area, between 0.381 and 2.009 m*/g, compared to synthetic
oxides: 11-140 m?/g for goethite, 2—14 m?/g for hematite, and 60 m?/g for magnetite
(Grossl and Sparks 1995; Singh et al. 1996; Matis et al. 1997; Manning et al. 1998;
Dixit and Hering 2003; Yang et al. 2010). The points of zero charge for magnetite,
goethite, and hematite are very similar (6.5, 6.8, and 6.7, respectively), so the oxides
tend to have a positive surface charge at acidic pH and a negative charge at alkaline
pH. The adsorption capacity of natural oxides is usually low~1.31 mg/g (Ramirez-
Muiiiz et al. 2018).

Another natural granular material studied for the removal of arsenic is volcanic
rock. The soils and volcanic rocks are composed mainly of silicon, iron, and alumi-
num oxides (Alemayehu and Lennartz 2009). Therefore, arsenic removal by soils
and volcanic rocks such as pumice and slag can be considered as low-cost adsor-
bents (Yazdani et al. 2016). However, both slag and pumice have quite low adsorp-
tion capacity of As(IIl and V) (Kwon et al. 2010; Turan et al. 2014).

Hybrid adsorbents composed of iron—polymer oxide have been developed
(Rahim and Mas Haris 2015). Within these materials, we find iron oxyhydroxide
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nanoparticles contained in polyvinyl alcoho