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Preface

Water is the most essential substance for all life on earth and a precious resource for
human civilization. The quantity of drinkable water is extremely limited. Out of all
the water on earth, less than 1% water is available as groundwater and surface
water, which is suitable for human uses such as drinking and cooking. Groundwater
and surface water are continuously contaminating with various types of inorganic
and organic pollutants. Current water and wastewater treatment technologies and
infrastructure are reaching their limit for providing adequate water quality to meet
human and environmental needs. Over the last few decades, nanotechnology is
emerging as a rapidly growing sector of a knowledge-based economy due to unique
physiochemical properties of nanomaterial. This technology gained a tremendous
impetus due to its capability of reformulating the particle of metals into new
nanosized form, with dimension less than 100 nm in size.

In recent years, various types of nanomaterials such as magnetic nanoparticles,
layered double hydroxides, ion exchange nanocomposites, aluminosilicates,
nanozeolites, quantum dots, carbon nanotubes and graphene-based nanocomposite
materials have been widely explored for the remediation of wastewater. Among
these materials, graphene is considered to be the most ‘hot” material of recent years
due to its numerous properties (mechanical, optical, environmental, etc.)

Therefore, it was thought worthwhile and opportune to prepare a reference book
which describes the applications of graphene-based nanocomposite materials for
water treatment. This book is the result of remarkable contribution from the experts
of interdisciplinary fields of science with comprehensive, in-depth and up-to-date
research and reviews.

Chapter 1 focuses on the main groups of the marine contaminants, their effects
on mankind and methodologies to diminish the pollution of the ground and
drinking water resources. This chapter will therefore help the readers to understand
the issues and challenges that the humankind is facing in dealing with water quality
issues.

Chapter 2 highlights the different water quality assessments, several sources of
water pollution and the methods used for treating water for various purposes such as
for drinking, industrial water supply, irrigation, water recreation or many other uses.
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Overview regarding qualitative and quantitative measurements which are needed
from time to time to constantly monitor the quality of water is also presented in this
chapter.

Chapter 3 shows the current state of the art on the development and application
of 3D graphene-based macroscopic assemblies for ultrafast and recyclable oils and
organic solvents absorption. Furthermore, it distinguishes the fundamental knowl-
edge gaps in the domain and lays out novel strategic research guidelines, all of
which will promote further progress in this rapidly evolving cross-disciplinary field
of current global interest.

In Chap. 4, different types of green and eco-friendly materials for the adsorption
of various types of inorganic and organic pollutants are discussed.

Chapter 5 mainly focuses on the reduction of trihalomethanes (THMs) in
drinking water in Puerto Rico. Three different nanostructured materials (graphene,
mordenite and multiwalled carbon nanotubes) were used to reduce the THMs
formation by adsorption in specific contact time. The results showed that graphene
is the best nanomaterial to reduce THMs in drinking water.

Chapter 6 focuses on the recent advances in water treatment using chemically
modified graphene/GO and aims to provide insights into the developments in water
contamination removal technologies based on these novel nanomaterials. These
GO-based composites have shown outstanding performance for the removal of
water contaminants as well as act as good adsorbent of various types of inorganic
pollutants like cadmium, chromium, arsenic, mercury, antimony, lead, fluoride,
zinc, copper, etc. and organic dyes such as methylene blue (MB), methyl violet
(MV), methyl orange (MO), rhodamine B (RB), etc.

Chapter 7 provides a detailed discussion on pharmaceuticals in general, their
occurrence in water and their health consequences. It also delved into the photo-
catalytic degradation of these chemicals in water with emphasis on the use of
graphene-based materials.

In Chap. 8, the pros and cons of the ozonation reaction catalyzed by graphene
and their derivatives have been discussed tentatively. The unique properties of
graphene that are of relevance to catalysis, with emphasis on the adsorption,
electrostatic interaction, active sites that have been proposed to be responsible for
the catalytic activity have been discussed. Moreover, some challenging issues of
graphene-based carbocatalysts have been proposed to be resolved for the future
development in the field.

Chapter 9 presents advances made in the synthesis of graphene oxides and their
composites, and summarizes the application of these materials as a superior
adsorbent for the removal of arsenic from water. The adsorption affinity in terms of
contact time, pH and temperature has been discussed. Competitive ion effect and
regeneration are included within the text. Moreover, the challenges for the com-
mercial uses are discussed.

In Chap. 10, the formation of highly toxic bromate in the drinking water and its
removal using graphene-based materials have been discussed. It is believed that
graphene-based materials can meet water challenges in a sustainable way.
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Chapter 11 focuses on the catalytic ozonation of aqueous aromatic pollutants
using graphene/CNT and their derivative materials. The various sources of aqueous
aromatic pollutants were demonstrated. Some compatible treatment methods of
aromatic pollutants in water with their merits and demerits were debated.

Chapter 12 describes the promising application of graphene-based nanocom-
posites in adsorbing and removing nitrates and phosphates from the water bodies.
Graphene nanocomposites can be obtained from its derivatives such as graphene
oxide, chemically and thermally reduced graphene oxides. They act as nanosorbents
and are widely used owing to their properties such as biocompatibility, stability,
high surface area to volume ratio, good conductivity and low-cost synthesis.

Chapter 13 focuses on the applicability of graphene, its composites and its
modified forms for the treatment of pesticides-containing effluents. The main aim of
this chapter is to discuss the preparation, characterization and various types of
application of graphene-based materials for the purification of pesticide-containing
water.

Chapter 14 summarizes the various fabrication techniques used for the con-
struction of sensors and biosensors based on graphene oxide and CNTs related
materials for detection and removal of bisphenol A from different kinds of solutions
and materials. This chapter also provides an overview of analytical performance for
the application in clinical, environmental and food sciences research, and comments
on future and interesting research trends in this field.

Chapter 15 presents the application of graphene oxide nanocomposites in the
removal of toxic metal ions from water. A brief overview of recently
developed/modified graphene oxide nanocomposites, their efficiency in heavy metal
removal from water, adsorption kinetics and thermodynamic models, and their
regeneration potential is presented in this chapter.

Chapter 16 presents the new analytical approaches for pharmaceutical wastew-
ater treatment using graphene-based materials.

Chapter 17 focuses on solar light-driven renewable water treatment tool using
less expensive semiconductor photocatalyst materials. In particular, it covers the
recent development of graphene-based composite (metal, semiconductor and
alloys) materials in organic dye pollutant degradation. The photocatalyst synthesis
routes, comparative pollutant degradation analysis and required material property
for effective water treatment are discussed in detail.

Chapter 18 presents a short introduction to adsorption principles and adsorption
isotherms. It explains the synthesis and use of nano-graphene materials for the
remediation of dyes. It also consolidates the recent literature available for dye
adsorption using graphene materials and its mechanism.

Riyadh, Saudi Arabia Dr. Mu. Naushad
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Chapter 1 )
Threats to Water: Issues and Challenges gt
Related to Ground Water and Drinking

Water

Sapna Raghav, Ritu Painuli and Dinesh Kumar

Abstract The extreme burden of the mankind on the earth is instigating variety of
environmental changes worldwide, which in turn directly affects the safe and
protected water for the lives in the world. In this chapter, we focused on the main
groups of the marine contaminants, their effects on mankind and methodologies to
diminish the pollution of the ground and drinking water resources. The pollution
caused by the heavy metal and metalloids is also highlighted as they pose a severe
threat to all life forms in the environment owing to its lethal effects. Some aspects of
waterborne diseases and the basic requirements for the enriched sanitation in
developing countries are also discussed. The chapter also reports the current sci-
entific improvements to deal with the variety of pollutants. This chapter will
therefore help the readers to understand the issues and challenges that the human
kind is facing in dealing with water quality issues.

Keywords Ground and surface water - Water pollution - Issues
Challenges

Abbreviations

DDT Dichloro diphenyl trichloroethane
PAHs  Polycyclic aromatic hydrocarbons
PBDEs Polybrominated diphenyl ethers
PCBs  Polychlorinated biphenyl

PCDD  Polychlorinated dibenzo-p-dioxins
PCDFS Polychlorinated dibenzo-p-furans
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1 Introduction

The majority of issues that humankind is facing in this area are interlinked to the
water quality or quantity concerns (UN Educ. Sci. Cult. Organ. (UNESCO) 2009).
In the related future, these grievous problems are going to be more intensified via
the climatic changes. This will result in the melting of the glaciers, enhanced water
temperature, and an increase in the water cycles with potentially more droughts and
floods (Huntington 2006). Owing to these water problems the severe impact on the
human health includes lack of better sanitation, exposure to the pathogens via the
recreation or food chain etc. (Fenwick 2006). Currently, these problems are
affecting more than a third of the population in the world. The reachable and the
renewable freshwater of our earth is consumptively utilized for the industrial,
agricultural and for the domestic purpose (Schwarzenbach et al. 2006). These
activities lead to the water contamination by discharging the miscellaneous syn-
thetic and the organic chemicals. Because of all these human activities, the chemical
contamination of the natural water resources has become the main issue in all over
the globe (Algadami et al. 2017; Naushad et al. 2018). The Gallup poll taken up in
2009 publicized that the pollution of drinking water is the primary U.S. environ-
mental concern (Saad 2009). The water pollutants can be grouped into the two
classes, the relatively small number of the macro pollutants, which usually occur at
mg/g level for instances, as nitrogen (Gruber and Galloway 2008) and phosphorous
species (Filippelli 2008) as well as natural organic constituents (Jorgenson 2009).
The sources as well as the problems caused by these pollutants are well known, but
planning some sustainable treatment machineries for them still remains a technical
challenge (Larsen et al. 2007). For instance, enhanced nutrient loads enhance the
production of the biomass, O, reduction as well as the lethal algal blooms (Lohse
et al. 2009; Heisler et al. 2008). An increased salt load entering the surface water
results in an additional long-time difficulty (Kaushal et al. 2005). The increased
concentration of salt prevents the crop growth in agriculture as well as the uti-
lization of the drinking water.

The problem is highlighted in several coastline areas, for instances, India, and
China by marine salt intrusion into groundwater owing to overexploitation of
aquifers and sea level rise (Post 2005). However, there are numerous political and
the technical strategies to handle these problems which have been discussed in the
literature (An et al. 2009; Gray 2005).

In this chapter, we will explore a variety of natural and synthetic trace pollutants
which are existing in water resources. Most of these pollutants possess noxious
effects, even at the low concentrations (Gaur et al. 2014; Tak et al. 2013). Hence, by
considering the efforts in assessing the micro pollutants effects on the human life
and the aquatic life, the inexpensive water treatment approaches for their efficient
exclusion should be accomplished. The major efforts for instances, regulated uti-
lization, and exchange or oxidation treatment have to be anticipated in order to
inhibit these pollutants from getting into the natural water. Moreover, it is well
known that these tasks imply a difficult challenge not only from methodological but
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also from communal, commercial and the governmental standpoints. It is assumed
that globally about 30% of the available renewable freshwater is utilized by the
municipalities and industries (Cosgrove and Rijsberman 2000). This results in
producing altogether a massive amount of waste water possessing several chemicals
in variable concentrations. In nations like China, these wastewaters are still under
treatment or suffer from the treatment that is insufficient in eliminating the majority
of the micro contaminants (Shao et al. 2006). Inputs from the agriculture are the
other imperative sources of the micro pollutants (Bockstaller et al. 2009), which
results in an enormous amount of pesticides every year; from oil and gasoline spills
(Eliopoulou and Papanikolaou 2007); and from noxious chemicals, i.e. toxic metal
ions (Watson 2004) etc. A large number of municipal and precarious wastes areas
from where toxic chemicals enter into the natural water, particularly into the
groundwater. By considering a variety of micro pollutants from diverse sources, we
put an effort to give a typical representation of the water pollution worldwide. As an
overview of these issues, we will discuss certain common problems and challenges
in assessing micro pollutants in water resources.

2 Effect of Heavy Metal Ions on the Water Quality

Soils have an excessive adsorption capacity for the naturally occurring heavy
metals and hence they are not freely accessible for living beings. The cohesive
energy of heavy metal for the soil is very much higher in comparison to the other
anthropogenic resources (Fulekar et al. 2009). The natural phenomenon is
responsible for the occurrence of heavy metals in the environment, processes like
weathering of minerals, comets, erosion, and volcanic eruptions. Heavy metals
which are available from anthropogenic sources characteristically have a very high
bioavailability because of its soluble nature (Bolan et al. 2014). These anthro-
pogenic sources are chemical fertilizers, leather tanning, pesticides, atmospheric
deposition, alloy manufacture industries, battery manufacturing, bio solids, coating,
manufacturing of explosives, mining, photographic substances, pigments used in
printing, sewage irrigation, steel casting, and trades for electroplating etc.
(AL-Othman et al. 2012; Sharma et al. 2014) (Table 1). The heavy metals in higher
concentration in the atmosphere cause danger to all living organisms (D’amore
et al. 2005). The way to entrance for these heavy metals into the atmosphere
generally contains the weathering of parent materials, soil ingestion, the change of
the geochemical cycle by humans, the release of high concentrations from the
industries, and the transfer from mines from one to another place. The major factor
of increasing the concentration of heavy metal in the soil is mining and ore pro-
cessing, and the repossession of environments from this mining works could take
several years. These mining activities are responsible for the large number of dumps
and stockpiles. Abandoned mines pollute water life by chemical surplus overflow



Table 1 Effect of water pollutant on human, plant and microorganism

S. Raghav et al.

Effect on human

Effect on plants

Effect on
microorganisms

Reference

Cancer, dermatitis,
liver sicknesses, and
nasal ulceration

Decreases synthesis of
metabolites, and
constrain chlorophyll
synthesis

Constrain enzyme
activities, and
decrease growth
rate

Blais et al. (2008), An
and Kim (2009)

Brain injury,
conjunctivitis, skin
tumor, cardiovascular
and respiratory
syndrome

Impairment of cell
membrane, loss of
fertility, yield and
fruit production, and
oxidative stress,
growth inhibition,
constrained roots
extension,
proliferation

Deactivation of
enzyme

Abdul-Wahab and
Marikar (2012),
Finnegan and Chen
(2012), Bissen and
Frimmel (2003)

Hypersensitive
reactions, heart and
lung diseases

Seed incubation
inhibited

Chromosomal
abnormality and
change

Gordon and Bowser
(2003)

Bone ailment,
coughing,
hypertension,
headache, kidney
diseases, and anemia

Chlorosis, inhibits
growth, decrease the
nutrient ingredients of
plants, germination of
seed reduces

Impairment of
nucleic acid, protein
denature, and cell
division prevents

Fashola et al. (2016),
Chibuike and Obiora
(2014), Sebogodi and
Babalola (2011),
Sankarammal et al.
(2014)

Chronic bronchitis,
headache, skin
irritation, nausea,
renal failure,
respiratory tract
itching, and liver
diseases

Biochemical lesions,
chlorosis, wilting,
delayed senescence,
stunted growth,
decreases germination
biosynthesis, and
oxidative stress

Growth inhibition,
and oxygen uptake
inhibition

Barakat (2011),
Mohanty et al. (2012),
Cervantes et al. (2001)

Abdominal pain,
anemia, diarrhea,

Chlorosis, oxidative
stress, and delay

Disrupt cellular
function, and

Salem et al. (2000),
Nagajyoti et al. (2010)

headache, liver and growth prevent enzyme

kidney damage, activities

metabolic disorders,

nausea, and vomiting

High BP, anorexia, Disturbs Denatures proteins | Wuana and Okieimen

impairment to
neurons,
hyperactivity, chronic
nephropathy,
insomnia

photosynthesis and
evolution, decreases
seed propagation,
chlorosis, constrained
the activity of enzyme
and, oxidative stress

and also nucleic
acid and
transcription

(2011), Mupa (2013)

(continued)
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Table 1 (continued)

Effect on human Effect on plants Effect on Reference
microorganisms

Blindness, Boost lipid Decrease Wang et al. (2012),

gastrointestinal peroxidation disturbs | population size, Ali et al. (2013)

irritation, decrease
immunity, deafness,
loss of memory,
reduction in rate of
fertility, dementia,
kidney problems,
dizziness, sclerosis,
dysphasia, and

the antioxidative
system, disturbs
photosynthesis
process, prevent
growth of the plant,
stimulated genotoxic
effect, nutrient
acceptance,

denature protein,
cell membrane,
prevents enzyme
function

gingivitis homeostasis, and

oxidative stress
Nausea, Decrease in the Disorder cell Malik (2004)
cardiovascular chlorophyll content, membrane

diseases, nasal cancer,
chest pain, lung
cancer, dermatitis,
kidney problems,
dizziness, headache,
breathing problems,
and dry cough

prevent functions of
enzyme and its
evolution, reduced
nutrient uptake

Dysfunction of the
endocrine system,
gastrointestinal
disturbances,
impairment of natural
killer cells activity,
and liver damage

Alteration of protein
properties, reduction
of plant biomass

Inhibit growth rate

Germ et al. (2007),
Dixit et al. (2015)

Cytopathological
effects in fibroblast,
Argyria and argyrias,
bronchitis, and
keratinocytes

Affects homeostasis,
reduction of
chlorophyll content,
prevents growth

Cell lysis, inhibit
cell transduction

Prabhu and Poulose
(2012), Qian et al.
(2013)

Nausea, alopecia,
insomnia ataxia,
hypotension, burning
feet syndrome, hair
fall, coma,
gastroenteritis,
convulsions, fatigue
and delirium

Prevents activities of
enzyme, reduce
growth rate

Damage DNA,
prevents enzyme
activities and
growth

Babula et al. (2008)

and particulates that collect in water resources. So, there is a need for the treatment
of wastewater which is polluted with the heavy metals, before release into the
atmosphere occurs (Alder et al. 2007).
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3 Chemicals and Water Pollution

Chemical water pollution includes the various types of pollutant which severe water
pollution or hazardous to ground and drinking water. Table 2 gives an overview
about different features of worldwide water pollution, together with important kinds
of pollutant sources and pollutants.

4 Agriculture and Water Pollution

For the agricultural productions to preserve and enhanced crop yields many million
tons of chemicals are utilized for the controlling of insects, weeds, fungi and other
pests. Chemical utilized in the pesticides and agrochemicals contains hundreds of
active chemical components which are available commercially on the market. Due
to the toxicity of chemicals used in agriculture for the both humans and biota and
their intentional release into the surrounding atmosphere, the utilization of
advanced agrochemicals products in the agriculture. Country-specific registering
and risk assessment procedures, objective of defending not only soil and water
resources but also consumers and farmers (UN Food Agric. Organ. (FAO) 2008;
US Environ. Prot. Agency (EPA) 2008a, b; Galt 2008; Wiley-VCH, ed 2007; Reus
et al. 2002; Eur. Comm. 1991). Pollution of water capitals in catchment areas of
farming land and constant exposure of biota and humans to biologically active
substances is of much concern. The highest concentrations of insecticides and
pesticides and their alteration products, such as the commonly detected chloroac-
etanilides or triazanes in U.S. rivers, can exceed ecotoxic levels for aquatic systems
and cooperation in the utilization of surface and groundwater for drinking water
supplies (Gilliom 2007). Pesticides can infiltrate into the water resources, aquatic
systems and the soil via sewage treatment plants reliant on connections to sewer
systems. High-concentration level in the outlet of a catchment area can be caused by
point sources, but they do not necessarily constitute a share of the mass input (Leu
et al. 2004a, b). Instead, diffuse losses, as well as field overflow, spray drift or
drainage/leakage into the subsurface, are of much greater concern, and a wide
diversity of mitigation measures has been assessed to decrease their effect on water
resources. Losses of pesticide from the overflow is determined by the hydraulic
properties of soils such as water flow patterns, and the meteorological and topog-
raphy conditions of the soil, while compound-specific properties are less important
(Leu et al. 2004a, b). Water pollution also rises in the sewers and drainage systems
from the applications of pesticides in urban or non-agriculture areas through
enhanced overflow of pesticide-containing rainwater over sealed surfaces, such as
roads and roofs (Kristoffersen et al. 2008). Finally concluded that from the direct
contact of pesticides, there is acute poisoning, this is considerably hazardous for the
farmers. While the influence of this exposure pathway is disputed in Europe and
North America (Calvert et al. 2008; Steerenberg et al. 2008), accidental revelation
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and misuse of agrochemicals appears to more frequently used in developing
countries (Oluwole and Cheke 2009; Sarkar et al. 2008; Williamson et al. 2008),
which resulting in an expectable poisoning of three million people (UN Environ.
Program. (UNEP) 2007). Because of both urbanization and as well as industrial-
ization, these agricultural advances are producing water quality issues (Atapattu and
Kodituwakku 2009). Pesticide utilized for the cropland per hectare enhanced in the
current years (Khan et al. 2009). Capitals and abilities for regulating pesticide
amount in aquatic systems and evaluating the danger for humans and the envi-
ronment are often limited in developing countries (Menezes and Heller 2008).
Monitoring or regulating plans for the pesticide occurrence and distribution
demonstrates that the range of active ingredients can still different from those
utilized in the developed countries. Particularly, the derivatives of organochlorine
pesticides like DDT, HCHs are applied broadly in the agriculture as well as sani-
tation purposes also, since these pesticides are low-priced and effective (Agrawal
1999).

5 Groundwater Pollution by Hazardous Waste Sites
and Spills

Pollution of ground and surface water from the municipal waste, harmful waste
sites, abandoned production facilities, and accidental spills are the main cause of
ground water pollution. A number of waste sites throughout in the world, in which
hundred million tons of waste are needed to be discarded. In these waste sites, a
number of sites contain radioactive hazardous materials in huge amount (Giusti
2009; Eur. Environ. Agency (EEA) 2000; US Environ. Prot. Agency (EPA) 2008a,
b). But, the point detected are even much higher in number as we known,
groundwater-contaminating landfills. The number of official contaminated sites are
under controlled observation, mostly of them are releasing chemicals into the
atmosphere of nearby areas. Including all these a thousand of gasoline, oil and a
number of chemical spills are made every year on land and water, by which
different of incidents happened, in their transportation and facility releases. To
detect these numbers and fluxes of noxious chemicals from such polluted area to the
groundwater and land is very much difficult (Baun and Christensen 2004;
Christensen et al. 2001). The primary contaminants in the cases of spills, abandoned
facilities, and waste disposal sites are known: chlorinated ethenes, fuel hydrocar-
bons, methylmercury content in wastewater, nitroaromatic explosives from
ammunition plants, PCBs and PCDDs in the pesticide which is manufacturing from
the waste, radionuclides and radioactive waste, etc. (Farhadian et al. 2008; Smidt
and de Vos 2004; Engelhaupt 2008; Selin 2009; Kersting et al. 1999; Ewing 2006;
Spain et al. 2000). Discarded materials are, however, often not well characterized
and heterogeneous (Eighmy et al. 1995). The utilization of groundwater as a
drinking water source is extensive and the persistence of contaminations for long
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period, valuation of human health risks from the exposure of the huge amount of
chemicals and need to execution of suitable and appropriate, cost-effective reme-
diation strategies are necessary (Bayer-Raich et al. 2006; Vrijheid 2000). One of the
major scientific challenges and prerequisites for a thorough assessment of
groundwater pollution by spills and hazardous waste sites is thus to quantify the
site-specific, relevant processes that determine the transport and transformation
behavior of a given pollutant and its transformation products. One promising
analytical tool to obtain such information is compound-specific stable-isotope
analysis (Hofstetter et al. 2008).

6 Global Health Problems Related to Sanitation
and Drinking Water

In industrialized and developing countries, issues related to hygiene, drinking water
and sanitation, differs fundamentally. During the next 20-30 years, in high-income
countries, maintenance and replacement of the installed water supply substructure
and sanitation are the major responsibilities. In areas, where almost of the sewage is
discharged by lacking of any treatment, the enhancement of sanitation and source of
safe drinking water are of prime importance (UN Educ. Sci. Cult. Organ.
(UNESCO) 2009). Most of the population of the countries increase in urban areas
of developing countries, and from the current studies about 67% of the world’s
population will still not be linked to public sewerage systems. Presently, 1.1 billion
peoples lack access to safe drinking water, and approximately 2.6 billion people do
not even have appropriate sanitation, in developing countries, and this inequality
occurs between urban and rural areas for both safe drinking water supply and
improved sanitation. Out of the total population of the world four out of five
inhabitants with no access to safe sources of drinking water which live in a rural
area (World Health Organ. (WHO)/UN Child. Fund (UNICEF) 2008). On a
worldwide scale, 1.6 million deaths per year due to the controlled access to safe
water (World Health Organ. 2009) and more than 99% thereof occur in the
developing world. Fifty percent of children deaths occur in sub-Saharan Africa
country due to unsafe drinking water and nine out of ten happenings occurs with the
children (World Health Organ./UN Child. Fund (UNICEF) 2006). From the recent
studies, 15-30% of gastrointestinal diseases due to the unsafe drinking water and
almost 6.11% health related problems are due to consumption of unsafe drinking
water. The easily preventable diarrheal diseases caused by unsafe water and lack of
sanitation and hygiene. The foremost acute disease risk in developing and transition
countries in the drinking water is because of bacteria, protozoa, and virus which
spread via the fecal route in the groundwater (Ashbolt 2004). According to WHO
records of infectious disease, waterborne diseases are top of the list outbreaks in
132 countries, and cholera as the next most frequent disease which also caused due
to unsafe water consumptions, followed by acute diarrhea, legionellosis, and
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typhoid fever (World Health Organ. 2002). Due to wastewater and drinking water
supply in many of the health problems associated which are also intimately linked
to sanitation. For the projects related to the safe drinking water 82% of the funds
released by the Organization for Economic Co-operation and Development
(OECD) (World Health Organ. 2008). This preference contrasts with strong epi-
demiological evidence, which suggests that better sanitation and safe drinking water
would extremely decrease the problem of infectious diseases and, linked to this,
also malnutrition. To decrease the human health problems due to bad water quality,
World Health Organization and the United Nations Children’s Fund have launched
as a millennium development goal to half the population lacking access to safe
drinking water by 2015 (World Health Organ. (WHO)/UN Child. Fund (UNICEF)
2006). Also, hepatitis A and E viruses, parasitic protozoa and rotaviruses, are due to
inadequate water supply and hygiene. A study in Bangladesh reported that 75% of
diarrheal and 44% of the children were diseased with unsafe drinking water having
number microbes i.e. enterotoxigenic and enteropathogenic like Escherichia coli
(Nelson and Murray 2008). Outbreaks of typhoid fever happen periodically.
Eruptions caused by pathogenic E. coli and cryptosporidiosis are also reported in
high-income countries, and Legionella pneumophila is increasingly scattered in
warm water supplies and air conditioning systems of large buildings, such as
hospitals, companies etc.

7 Improved Sanitation and Safe Drinking Water Supply

As many waterborne pathogens spread primarily via feces-contaminated water, by
using the methods for the clear separation between drinking water and wastewater
systems is the fruitful way for water management. To decrease the concentration of
viruses and pathogenic microbes into ground water from wastewater, a multiple
method for treatment are accessible, and feasible in rural areas. Most of the methods
based on physical elimination of the pathogens by coagulation, filtration, and
sedimentation. Now a day, UVC irradiation or chemicals are utilized for the dis-
infection of treated wastewater in some countries. By utilizing the multiple barriers,
removal of pathogenic microbes from contaminated water. These barriers encom-
pass riverbank filtration, sand filtration, filtration by soil aquifer treatment, or
membrane systems and also disinfection steps, like boiling, chemical disinfection,
or UV light etc. For disinfecting drinking water, chlorination is still the most widely
utilized method because it is very much economical and effective and also the
byproduct of chlorinated water is now a day considered as insignificant when
compared to the health benefits from the inactivation of pathogens (Albert et al.
1999). From the previous time, for the municipal water treatment membrane based
methods became cost-effective and are gradually utilized as enhancing steps to
eliminate microbes and viruses from pretreated water (Peter-Varbanets et al. 2010).
A current effort recommends that in low-income countries gravity based low-flow
ultrafiltration is a good option for producing drinking water from low-quality source
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of water. The efficiency of the low flow ultrafiltration process highly depends on
their implementation as centralized versus decentralized solutions. In much popu-
lated areas, the centralized drinking water distribution and production technology
are much economically favorable and, hence, the common case in industrialized
areas. While in the large area or large cities of the low-income countries centralized
systems is no good for the distribution of safe drinking water to their mankind
(Peter-Varbanets et al. 2009). Because of insufficient maintenance owing to lack of
finances or proficiency, as well as to pressure failure, illegal tapping, etc. So, in
low-income countries, for safe drinking water treatment at the household level is
essential not only in rural areas but also in the centralized system area (Hunter
2009). The consistency of these methods is of prime importance because con-
sumption of unsafe water results in an enhanced health risk, mainly for children
(Hunter 2009).

8 Issues in Tackling Groundwater Contamination
and Pollution

In order to apprehend the main cause/origin, type and extent of pollution, the first
step evolves in making reliable and precise information via the water quality
management. But they are very few observatories in the nation that cover all the
necessary information about the water quality; therefore, the obtained data are not
decisive on the status of the water quality. Additionally, the water quality man-
agement involves costly as well as superior equipment’s that are very hard to
control and maintain and also required skilled manpower in assembling and
investigating the obtained data. To determine the diverse sources of water pollution,
the existing methodology for the water quality management is very insufficient.
Combining the data on water quality with data on water supplies, which is very
significant for assessing water obtainability for meeting several societal, financial
and ecological objectives, is barely completed. Lastly, without any strict norms on
water quality testing, and depending upon the period of testing, testing procedure
and instruments, the results can be changed all across the agencies. Let us observe
the technical issues in extenuating contamination. For seawater intrusion, artificial
recharge methods are present in India for diverse geo-hydrological settings.
Artificial recharge could push seawater-freshwater interface seawards. On the basis
of dilution principle, these techniques can be utilizing to decrease the fluoride,
arsenic levels or salinity in aquifer waters. Then again, the problem is of accessi-
bility of healthy water for revitalizing in arid and semi-arid regions given the large
aerial extent of contaminated aquifers.

For the industrial pollution, there are 3 types of issues for instances; propelling
out polluted water from the aquifer; treatment of this water to non- toxic bound-
aries; and replacing the depleted aquifer with freshwater. But finding sufficient
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freshwater for replacement was also problematic there. In the context of our
country, it is not economically practical to clean the aquifers.

To remove the various chlorinated solvents in groundwater, zerovalent iron
permeable reactive barriers are utilized in situ, in the United States. These tech-
niques are also utilized for the removal of the toxic arsenic. Our country is too poor
to pay for some of the technologies as they are very expensive. In India, ground-
water quality monitoring is primarily the concern of the Central Ground Water
Board and state groundwater agencies.

Here is the list of issues regarding the appropriateness of scientific data
obtainable from them:

1. The monitoring stations network is inadequate.

2. Water quality analysis eliminates serious parameters that assist to identify
pollution by pesticide and fertilizer, heavy metals and other lethal discharges.

3. The Central Pollution Control Board (CPCB) and the State Pollution Control
Boards (SPCBs) are the pollution supervisory body in India? Although
observing the quality of the groundwater and water quality of rivers has come
under their purview only recently. To perform its functions the GPCB also
suffers from the shortages of the working staff. There are numerous problems
with the design of the institution itself. The two-function executed by the SPCBs
includes the monitoring and administering pollution control standards. The
agency lacks legal teeth and managerial apparatus to penalize contaminators.
This decreases the efficiency of the organization in administering pollution
controller norms.

The geo-hydrological chemical process gets activated by the pumping and is the
foremost origin of the ground water contamination. It is very difficult to ban
pumping as in our country the masses of rural families rely upon the groundwater
for supporting irrigated agriculture and livelihoods. Any legal/regulatory contri-
butions for the ban of pumping would result in depriving societies from their rights.
The nitrate pollution can be significantly organized by the crop rotation, utilization
of the organic manure, controlled dosage of the fertilizers, regulated timing of
fertilizer application, but there are no official administrations governing the uti-
lization of the fertilizer and dumping of animal waste.

9 Emerging Challenges

The existing water treatment plants works on the principle based on chemistry and
physics. Therefore, the efficacy of these systems relies upon sustaining certain
definite operating conditions. This in turn depends upon the skilled manpower,
regular operations as well as the maintenance, which are mostly not present. Since
1989, approximately 28 desalinations systems were set up by the Gujarat Water
Supply and Sewerage Board. All of these desalination systems became
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dysfunctional in very less period. Most of the desalinations plants commissioned by
the government agencies in 8 states become non-functional owing to the lack of
technical assistance and improper membrane selection. It has been tried out that the
majority of the treatment plants for the drinking water at the public level should be
inexpensive and reasonable. Hence, constructing and operating the water treatment
systems on the basis of full cost recovery will be more applicable. The supply of
water has to be reasonable for the all class of society as the water is vital for the
existence. Therefore, unit cost of production should be decreased for commercial
viability. By creating the sufficient demand i.e. by running the plant at peak
capacity, the unit cost of production can be brought down. The factors which will
help in bringing down the cost of production include selection of proper membrane,
ideal plant design, generation of satisfactory demand, etc. New techno institutional
models need to be developed to manage these system in order to make them
self-sustaining. For providing the safe and clean drinking as well as ground water
the involvement of the private sector would be a key step towards achieving this.

In order to respond to the water quality problems civil society as well as the
institutions are needed to be reinforced. This can be achieved via the awareness and
information about the nature of ground water pollution, the ill-effects of using
contaminated water, potential sources of threats to groundwater quality in their
region, and the possible preventive measures. As the variations of the ground water
quality in nature are often infrequent, and it is very problematic for the monitoring
agencies to create a large setup of water quality management stations because of the
extraordinary prices and technical power involved. Therefore, it is imperative to
strengthen the civil society and the institutions. The incomplete information about
the water quality in numerous sources, it is impossible for various line agencies to
determine the suitable treatment measures. Also, the enthusiasm of the societies to
pay for water is directly linked to their information and alertness about bad-effects
of drinking polluted/contaminated water. Reliable and technically knowledgeable
government agencies will also play a big role in reinforcing the general public, by
producing the vital database on groundwater quality.

10 Conclusions and Policy Inferences

For handling the water pollution worldwide an effectual group of policies, scientific
advancements and technologies on diverse scales is required. The volatile chemi-
cals that cannot undergo the bioremediation process but is having the capacity to
accumulate in the food chain, should be controlled in their utilizations and in
applications. In order to enhance the agricultural production yields as well as to
protect the ecology and to maintain the food chain against contamination, the global
agriculture faces various challenges. For the enhancement of water quality in
agricultural field more integrated methodologies are required. In the developing
countries, rural populations rely upon the contaminated ground water wells. For
these issues, determining the alternate water resources or employing easy,
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trustworthy domestic water treatment machineries are required. For the cleaning of
huge scale of water pollution from the miming activities and the pollution of ground
water from the waste sites the science based decisions are required, by taking into
considerations the specific hydrological conditions, the microbial and geochemical
transformation pathways, and remediation technologies. Hence, the are challenges
that the water utilities would face for instances, constructing practical and admin-
istrative skills to design, install, control and accomplish water treatment systems,
making mankind to knowledge and awareness among communities about
groundwater and drinking water quality issues and treatment measures. At last, the
policies need to be motivated on constructing the scientific abilities of line agencies
related with water quality management, pollution control, water supplies, and
execution of pollution control norms efficiently and to empower them implement
environmental management projects.
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Chapter 2 )
Water Quality Standards, Its Pollution et
and Treatment Methods

Sheenam Thatai, Rohit Verma, Parul Khurana,
Pallavi Goel and Dinesh Kumar

Abstract Water is not only the most essential source of our day-to-day life, but the
development of this natural resource also plays a crucial role in economic and social
development processes. Waste disposal has become a worldwide problem for
increased environmental awareness, for more rigorous environmental standards and
dewatering challenges. Therefore, water quality management is a great work con-
trolled by monitoring of discharge and various effluents. World health organization
has issued guidelines for drinking water quality, its contaminants and how to handle
water supplies in small rural communities. Qualitative and quantitative measure-
ments are needed from time to time to constantly monitor the quality of water from
the various sources of supply. This chapter highlights different water quality
assessments, several sources of water pollutions and the methods used for treating
water for various purposes such as for drinking, industrial water supply, irrigation,
water recreation or many other uses.
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1 Introduction

Water is one of the prime elements responsible for life on earth. Water is used every
day for various purposes and involved in all the bodily purposes. An average body
consists of 42 1 of water. Safe water availability is important for public health. UN
general assembly recognized the right of humans to clean water and sanitation.
Since 1990, 2.6 billion people have gained access water quality standard to
improved drinking water (Pathak 2013). 97% of water available on earth is saline
and only 3% of water is freshwater. Of the 3% freshwater, 68.7% is available in
glaciers and icecaps and 30.1% is available as ground water. And the remaining
0.3% is available as surface water. Out of this 0.3% of surface water, 87% is present
in lakes, 11% in swamps and 2% in rivers (Pontius 1990).

India is ranked among the top ten water rich countries with 4% of world’s
freshwater resources. Surface water sources in India include rivers, lakes or fresh
water wetlands. India has 12 major river systems. The perennial Himalayan Rivers
in the north include Ganga, Yamuna, Indus and Brahmaputra. The south has rivers
Krishna, Godavari and Cauvery while rivers Narmada, Tapti and Mahanadi drain
central India. The Bay of Bengal receives 70% of total drainage while the Arabian
Sea receives 20% of the total drainage. Rivers are the lifeline of growth. They
provide drinking as well as raw water for industrial use. Lakes also serve as a
source of water for agriculture, drinking and industries. They also act as recharge
zones for groundwater. Lakes are a source of livelihood for many people. Indian
cities such as, Ahmedabad, Bangalore and Hyderabad have a number of lakes.
Some of the lakes are Dal Lake, Loktak Lake, Ropar Lake, etc. Water sources
within aquifers are known as ground water resources. The assessment of ground
water resources of the country is carried out by Central Ground Water Board.
Ground water contributes to 85% of drinking water, 58% of irrigation water and
about 50% of industrial requirements (Durfor and Becker 1964; Kumar et al. 2017).

A World Health Organization (WHO) report also suggests that about 1.8 billion
people rely on sources of drinking water which are contaminated. Water pollution is
the most serious ecological threat that the world faces today. Water pollution is
defined as the condition in which one or more toxic substances accumulate in water
bodies and degrade the quality of water. The Economist report in 2008 stated that in
India each day over 1000 children die of diarrheal sickness. Water is polluted by
both natural and manmade activities. Let, us now discuss the major causes that lead
to the pollution of water.
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2 Causes of Water Pollution

There are several causes of water pollution. The main causes are as follows.

2.1 Urbanization

The population of urban dwellers has risen to 285 million from 25.8 million people
in 1901. With population growth the demand for housing, food and cloth has also
increased. This rapid urbanization has led to various issues such as inadequate water
supply, production of wastewater in large amount, its disposal and treatment. Water
is supplied from rivers, lakes, ponds for domestic and industrial use. After the work
is done, this water is released out as wastewater, which is left untreated most of the
times. Thus, causing large scale surface water pollution. Due to rapid population
growth, the use of water for domestic purposes and use of soaps and detergents
going to sink has also increased. But the facility of sewerage lags far behind. Only
22% of the waste water from class 1 cities is collected through sewerage. Thus
wastewater in large amount is left uncollected. According to the CPCB 2003 report,
wastewater about 22,900 million liter per day (mld) was generated. Out of which,
only 5900 mld which accounts to only 26% is treated while the remaining
wastewater, which is about 17,100 mld is left untreated (http://greencleanguide.
com/earths-water-distribution-and-indian-scenario/). It has been found that perma-
nent treatment facility is available only in 27 cities while the rest forty-nine cities
have access to only primary and secondary facility for treatment of water. Table 1
explains the trend of population, water supplied, wastewater generated and the
amount of wastewater treated and untreated in class I cities and class II towns.

Table 1 Water supply trend and sanitation status in class I cities and class II towns

Parameters Class I cities Class II towns

Year 1978-79 | 1989-90 1994-95 1978-79 1989-90 1994-95
Number 142 212 299 190 241 345
Population 60 102 128 12.8 241 23.6
(millions)

Water supply 8638 15,191 20,607 1533 1622 1936
(mld)

Wastewater 7007 12,145 16,662 1226 1280 1650
generated (mld)

Wastewater 2756 2485 4037 67 (5.44%) |27 (2.12%) | 62 (3.73%)
treated (mld) (39%) (20.5%) (24%)

Wastewater 4251 9660 12,625 1160 1252 1588
untreated (mld) | (61%) (79.5%) (76%) (94.56%) (97.88%) (96.27%)

The numbers in round brackets show the percentage of the treated and untreated water (mld stands
for million liters per day)


http://greencleanguide.com/earths-water-distribution-and-indian-scenario/
http://greencleanguide.com/earths-water-distribution-and-indian-scenario/

24 S. Thatai et al.

= Maharashtra

1466.06

= Pondicherry, Goa, Andaman and
Nicobar Islands
Karnataka

2508.64

Orissa

= Andhra Pradesh
= Kerala
= Gujarat

= Tamilnadu

488.02

329
326.45 - 203.9 114.9 ~721.94

Chart 1 Municipal wastewater generated in coastal cities of India

Andaman & Nicobar Islands
Pondicherry

Karnataka

Orissa

Andhra Pradesh

Gujarat

Tamilnadu

Kerala

West Benga

Maharashtra

1466.08
2382.64

0 500 1000 1500 2000 2500 3000

® Untreated wastewater disposed (mld)
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From the above table, it is evident that the amount of wastewater treated in
comparison to the amount generated is very less. Thus, large amount of wastewater
is left untreated and released into the water bodies leading to pollution of water and
causing harmful effects on marine life, plants, and humans who consume this
polluted water.

Large amount of wastewater is generated and left untreated in the coastal cities.
India has an 8118 km long coastline. Cities near the coastline generate 5560.99 mld
of wastewater and 90.62% of the total wastewater generated is released into the
coastal water untreated. Chart 1 shows the amount of wastewater generated in
different coastal cities. And it has been found that Maharashtra generates the highest
amount of wastewater, followed by West Bengal (Aral 2009).

While Chart 1 depicts the amount of wastewater generated and Chart 2 depicts
the amount of wastewater which is left untreated. Maharashtra, which generates the
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largest amount of wastewater also disposes most of its wastewater untreated, fol-
lowed by West Bengal and Kerala.

Another survey shows that during 2015, 61,754 mld wastewater was generated
in India and about 38,791 mld of untreated sewage was discharged directly into
water bodies (http://cpcb.nic.in/).

2.2 Industries

Most of the fresh water sources like rivers are contaminated by toxic wastes produced
by industries. A water pollution control programme was launched by the Central
Pollution Control Board (CPCB) in 1992 for industries. This program identified 1551
industries which did not comply with the pollution standards. CPCB gave them a
time period for compliance with prescribed standards. It has been estimated that the
major industrial sources generate around 83,048 mld of waste water. The major waste
water generating industries in terms of volume are engineering industries and elec-
troplating units. Steel plants, paper mills, textile and sugar industries also contribute
significantly to waste water. Table 2 shows the wastewater generated by different
industrial sectors (http://www.sulabhenvis.nic.in).

Both large and small scale industries contribute to water pollution. In 1995, only
59% of large and medium industries had adequate effluent treatment plants. There
are about 3 million small scale industries in India which cannot afford ETP’s of
their own. Such small scale industries contribute to 40% of industrial water pol-
Iution (Murty and Kumar 2011).

2.3 Agriculture

Agriculture is the largest user of freshwater resources. It is also a major cause of
surface and ground pollution of water. Very large parts of total land area are under

Table 2 Wastewater generated by different industrial sectors

Industrial sector Annual waste water discharge (million cubic meters) (%)
Thermal power plants 27,000.9
Engineering 1551.3
Pulp and paper 695.7
Textiles 637.3
Steel 396.8
Sugar 149.7
Others 241.3
Total 30,729.2
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agriculture. Agricultural runoffs contain pesticides and fertilizers which pollute the
ground and surface water resources. A 40 km long drain in Haryana, pours
250,000 kg/day of chlorides into Yamuna. Thus, raising the concentration of
chlorides in Yamuna to 150 mg/l. Majority of chlorides are from agricultural return
flow. Nutrients which are derived from farming lead to enrichment of water. These
principally include nitrogen and phosphorous and their various forms, which often
lead to eutrophication. Also, the transfer of soil from agricultural land into water
resources affects the amount of light entering the water and fish spawning. Irrigation
is also a major cause of surface and ground pollution of water. Runoff of salts leads
to salinization of surface water and runoff of fertilizers and pesticides to surface
water leads to bioaccumulation in aquatic organisms. Other agricultural activities
such as aquaculture and silviculture also deteriorate the quality of surface and
ground water (Memon and Schroder 2009; Agarwal et al. 1997).

These were the major causes of water pollution. From the above discussion, it
can be concluded that large amount of wastewater is disposed off in water bodies
untreated. For treatment of this wastewater, techniques have been designed in
accordance with the pollutants present in wastewater. In order to determine the
degree of treatment required, water is tested for various characteristics which are
discussed below.

3 Characteristics of Water Tested for Water Quality
Assessment

Water contamination is caused due to chemicals, pathogens, heavy metals, pesti-
cides, fertilizers, etc. which are a product of agricultural and industrial activities
(Arora et al. 2011). Such activities have become a hazard to human health. It is
necessary to characterize the various characteristics of water in order to develop
treatment plans.

The following characteristics are tested for water quality.

1. pH: pH is defined as the measure of acidic or basic nature of a solution. It is
determined by the concentration of hydrogen ion (H") activity in a solution.
Mathematically,

pH = —log(H™)

2. Temperature The metabolism of the aquatic system is regulated by the tem-
perature of the water. Under high water temperature the ability of water to hold
dissolved gases such as oxygen reduces. Thus, leading to killing of fishes due to
reduced availability of oxygen in water.
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3.

Hardness Hardness is the defined as the measure of the water capacity to
precipitate soap. It is also defined as the sum of concentration of calcium and
magnesium (Memon and Schroder 2009).

Nitrate and Nitrite Nitrates and nitrites are a part of the nitrogen cycle.
Excessive use of fertilizers, pesticides, sewage disposal, discharge from
industries, domestic effluent, water from decayed vegetables and atmospheric
precipitation, have led to increase in concentration of nitrate in drinking water.
Excessive concentration of nitrate causes heart and lung diseases. Excessive
nitrites leads to production of methemoglobin in warm blooded animals leading
to the condition of methemoglobinemia (Memon and Schroder 2009).
Chlorides Combination of chlorine (Cl) gas with a metal results in formation of
inorganic compounds known as chlorides such as sodium chloride (NaCl).
Chlorine is used as a disinfectant and is highly toxic in nature. Surface water is
contaminated by chlorides through several sources such as agricultural run-off,
wastewater from industries, and effluent waste from water treatment plants and
also from rocks containing chlorides. High level of chlorides in freshwater and
lakes affects the health of aquatic organisms. Chlorides also affect the taste of
food products and corrode metals (Memon and Schroder 2009; Agarwal et al.
1997).

Fluoride In 20 states of India, the fluoride levels in ground water are higher
than permissible limits (Memon and Schrdder 2009). This means more than
60 million people consume water which has fluoride greater than 1 mg/l. High
concentration of fluoride in drinking water leads to severe conditions such as
dental and skeletal fluorosis. Consumption of high levels of fluoride in drinking
water also reduces the absorption of iron which further leads to iron deficiency
and related problems. The fluoride endemic states in India are Andhra Pradesh,
Kerala, Maharashtra, Gujarat, Karnataka, Punjab, Tamil Nadu, Rajasthan,
Haryana, Jammu and Kashmir and Delhi (Memon and Schréder 2009).
Arsenic Arsenic is an odourless metalloid. The most toxic form of arsenic is
Arsenite. Ground water is contaminated by arsenic during weathering of rocks
and minerals. Exposure sources of arsenic also include anthropogenic sources
such as agrochemicals, burning of fossil fuels, industrial sources, wood
preservatives, etc. Ground water arsenic contamination was first observed in
West Bengal in the year 1983 (Memon and Schrdoder 2009; Arora et al. 2011).
High levels of arsenic leads to the condition called arsenicosis which refers to
arsenic poisoning. Arsenic causes skin damage, skin cancer, and internal can-
cers and also damages the vascular system. The crops grown using arsenic
contaminated water are transported to other unaffected places. Thus, affecting
the habitants of the unaffected region and posing new dangers (Memon and
Schréder 2009; Arora et al. 2011).

Lead Natural sources contribute to presence of lead in tap water to some extent
but primarily household plumbing systems contain lead and thus contaminate
tap water. Lead compounds present in PVC pipes can be leached from them and
contribute to high concentration of lead in water. Lead poisoning has several
health hazards such as anemia, lower IQ and hyperactivity in children, stunted
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growth of the fetus in pregnant women, reproductive problems, and cardio-
vascular effects and reduced kidney function in adults (Memon and Schroder
2009; Bushra et al. 2015; Mittal et al. 2016; Nabi et al. 2009).

Phosphorous Phosphorous is one of the most important elements for growth of
biotic things. Phosphate a compound formed from phosphorous exists in three
forms, orthophosphate, metaphosphate, and organically bound phosphate.
Excessive growth of phosphate leads to rapid growth of algae and aquatic
plants. Thus, choking up the water and reducing the availability of water,
leading to the condition of eutrophication. Rapid growth of aquatic vegetation
causes death and decay of vegetation and deteriorates the quality of aquatic life
by reducing the availability of dissolved oxygen in water (Atwater and Polman
2010).

Iron Iron is the second most abundant metal and it is most commonly found in
form of its oxides. According to WHO, the minimum requirement of iron
ranges between 10 and 50 mg/day. Iron is a vital element required in the
oxygen transport mechanism in the blood. Consumption of iron doses as low as
40 mg/kg of body weight have resulted in deaths. Increased iron absorption in
the body results in chronic iron overdose. Iron present in domestic water supply
leads to staining of laundry and porcelain. Excessive iron in drinking water
gives it a bitter and astringent taste (Metcalf et al. 2003).

Dissolved Oxygen Dissolved oxygen refers to the amount of free oxygen
dissolved in an aqueous solution. Dissolved oxygen has influence on aquatic
organisms and thus is a very important parameter to access the quality of water.
Dissolved oxygen enters water through air by diffusion and as a byproduct of
photosynthesis. The amount of dissolved oxygen depends on temperature,
pressure and salinity. As temperature decreases the solubility of oxygen
decreases. Dissolved oxygen decreases with increase in salinity and increases
with increase in pressure. With the increase in concentration of dissolved
oxygen the fish mortality rate increases. High level of dissolved oxygen can
result in gas bubble disease in fishes (http:/nptel.ac.in/courses/105105048/
M13L16.pdf).

Biological Oxygen Demand (BOD) BOD is defined as the amount of oxygen
required for decomposing the organic matter by microorganisms. It also mea-
sures the chemical oxidation of organic matter. The amount of dissolved
oxygen in water sources is directly affected by biological oxygen demand.
Greater the value of BOD, more rapid will be the depletion of oxygen in water
sources. Thus reducing the amount of oxygen available for aquatic organisms
in the water. For raw sewage the general range of BOD is 100-400 mg/l. Dead
plants and animals, animal manure, water treatment and food processing plants
and effluents from paper mills are the major sources of biological oxygen
demand.

The water quality monitoring results obtained during 1995 and 2011 with
respect to biological oxygen demand show that the quality of water has
degraded gradually. Chart 3 shows the number of observations having
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Chart 3 Water quality trend of biological oxygen demand (BOD)

biological oxygen demand in different ranges for the period 1995-2011.
A gradual decrease was observed in the number of observations having
BOD < 3 and the highest value of 69% was observed in the year 2007.
Similarly there was a gradual decrease in the number of observations having
BOD between 3 and 6 mg and the highest value of 28% was observed in the
year 1998. But the number of observations having BOD > 6 was maximum in
the year 2001 and 2002 and then decreased gradually. While in the year the
2011 maximum value of 18% was observed (http://nptel.ac.in/courses/
105105048/M13L16.pdf; Drinan 2001).

13. Fecal Coliform Bacteria Fecal coliform serves as indicators of fecal pollution in
the water. Fecal coliform present in water suggests that the water has been pol-
luted by the fecal material. Absence of coliform organism indicates that the water
is free from disease spreading organisms. Coliform bacteria reside in the intestine
of human beings. Escherichia coli is the most common member of this
group. Typhoid fever, hepatitis A and viral are some of the most common
pathogenic diseases. Chart 4 shows the water quality monitoring results obtained
during the period of 1995-2011 with respect to the indicator of fecal coliform
bacteria. During the year 1995-2011 the numbers of observed fecal coliform
values of 500 MPN/100 ml was found to be between 48 and 70% and that of fecal
coliform values of the ranges 500—5000 MPN/100 ml was between 20 and 35%.
In the former case maximum value of 70% was observed in the year 2009 while in
the latter case the maximum value of 35% was observed in the year 1999. For the
third case, i.e. for fecal coliform values >5000 MPN/100 ml, the numbers of
observed values was between 7 and 21% in the year 1995-2011 and the maximum
value of 21% was observed in the year 2006 (http://cpcb.nic.in/water.php).
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Chart 4 Water quality trend of fecal coliform

In the above section of the chapter, we have discussed the causes of water
pollution, major trends associated with it and the important characteristics which are
tested for treatment of contaminated water. Now, in the upcoming section, we will
describe the harmful effects of polluted water on human health. Contaminated water
leads to various chronic diseases, killing millions of people each year. The various
water related diseases are discussed below.

4 Water-Related Diseases

Water related diseases lead to death of millions of people each year and a large
proportion of about 2.3 million people suffer from water related diseases (http:/
cpcbenvis.nic.in). Different water related diseases have different nature, transmis-
sion methods and harmful effects.

4.1 Water-Borne Diseases

Diseases are caused by water which is contaminated by animals, humans and chemical
wastes. Typhoid, polio, hepatitis A, hepatitis E, cholera and meningitis come under
the water-borne diseases. Improper sanitation facilities lead to various water borne
diseases majorly diarrhea. About 4 billion cases of diarrhea are reported every year.
Presence of toxic substances such as fertilizers, chemicals, pesticides, industrial
wastes, etc. can give rise to chronic diseases such as cancers. Presence of pesticides
such as DDT also has harmful effects on human health. They lead to cancers and are
also responsible for reduced sperm count and neurological diseases.
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4.2 Water-Based Diseases

These diseases are caused by aquatic organisms that live both in water and as parasites
of animals. They can reside in polluted as well as unpolluted water. Various organisms
such as flukes, worms, helminths, etc. cause these diseases. Some examples of water
based diseases are bilharzia, paragonimiasis and guinea worm.

4.3 Water-Related Vector Diseases

Vectors or insects are those which breed near polluted and unpolluted water,
transmit infections and cause diseases such as malaria, dengue fever, filariasis,
sleeping sickness, etc. A rapid increase has been observed in water related vector
diseases. Mosquitoes are developing resistance to insecticides such as DDT. Other
factors such as climate change, migration, creation of new breeding sites, etc. has
also contributed in the increase of such diseases (http://cpcbenvis.nic.in). Table 3
shows the water related diseases along with the respective causative organism
(http://cpcbenvis.nic.in).

Now, that we have discussed the harmful effects of contaminated water on
human health, we must explain about the steps involved to reduce water

Table 3 Water related

. . . Disease Causative organism
diseases and their causative

Water-borne diseases

organism
Bacterial
Typhoid Salmonella typhi
Cholera Vibrio cholera
Paratyphoid Simonella parayphi
Bacterial dysentery E. coli
Viral
Hepatitis Hepatitis-A
Diarrheal diseases Rota-virus

Water-washed diseases

Scabies Skin-fungus species
Bacillary dysentery E. coli
Water-based diseases

Guinea worm Guinea worm
Schistosomiasis Schistosoma sp.

Infection caused due to water related vectors

Malaria Plasmodium

Sleeping sickness Trypanosoma
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contamination. One of the most important steps in this regard is standardization of
water quality. The water quality standards set for various purposes are discussed
below.

5 Water Quality Standards for Various Purposes

Drinking water is used for various purposes such as drinking, cooking, etc. Water is
a basic human need and a prime resource. Therefore, the provision of safe drinking
water is a matter of high priority. According to the Bureau of Indian Standards
(BIS)-10500, drinking water shall comply with the requirements given in the
Table 4 (http://cpcbenvis.nic.in):

According to the Central Pollution Control Board (CPCB), under the National
Water Quality Monitoring Programme (NWMP), the classification of surface waters
in India on the basis of their usage and the respective water quality criteria is
discussed in Table 5 (http://cpcbenvis.nic.in):

According to the World Health Organization (WHO) guidelines, drinking water
shall comply with the requirements discussed below in the Table 6 (http:/
cpcbenvis.nic.in/water_pollution_main.html).

Now, as we are aware of the water quality standards for various purposes, let us
discuss about the treatment methods involved. Contaminated water has to be treated
in order to meet the quality standards. Treatment of wastewater involves various
techniques and processes which are used according to the type of pollutants present
in the wastewater.

6 Treatment of Wastewater

Various treatment techniques are used for removal of pollutants from water. We
have already discussed the various characteristics for which water is tested. Let’s
talk about the techniques involved in testing of the discussed parameters.

6.1 Techniques for Testing of Various Parameters
in Wastewater

Drinking water is tested for various parameters (http://cpcbenvis.nic.in; http://
cpebenvis.nic.in/water_pollution_main.html). The methodology for measurement
of various parameters is as follows.
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10.

11.

12.

. Temperature Temperature is measured by dipping the bulb of a thermometer

in the river for about 2-3 min. Then the mercury level in the thermometer is
read.

pH pH is measured with the help of a pH meter at the Divisional Laboratory
(Level-2). The instrument is standardized before measuring the pH value.

. Electrical Conductivity Electricity conductivity (EC) is measured by an

electrical conductivity meter. An EC meter is used to measure the resistance of
water between two platinized electrodes.

Magnesium It is measured by complex metric titration using the standard
solution of EDTA under the buffer solution which is prepared from ammonium
chloride and ammonium hydroxide of pH 10.0. Value of the EDTA solution
gives the sum of calcium and magnesium concentration.

Sodium A flame photometer is used to measure sodium. Sample emits radiation
which is measured through yellow filters.

Potassium A flame photometer is used to measure potassium. Potassium
solution is used to standardize the instrument. A flame photometer work on the
principle of measuring the radiation emitted by the atoms of potassium.
Carbonate Presence of carbonate is indicated when pH touches 8.30. It is
measured with the help of process of titration with HCI and phenolphthalein as
an indicator. As the value of pH exceeds 8.3 phenolphthalein becomes pink.

. Sulphate Sulphate is measured with the help of nephelometric method. In this

method the concentration of turbidity is measured with respect to the known
sulphate solution.

Chloride For measuring chloride, a sample is titrated against silver nitrate
solution. A potassium chromate solution in water is used as an indicator.
Dissolved Oxygen Dissolved oxygen is measured using the Winkler’s method.
It must be measured at the river site as it changes with time.

Biochemical Oxygen Demand Winkler’s method is used to measure dissolved
oxygen which is left in the sample. The difference between the initial and final
values of dissolved oxygen gives the amount of oxygen consumed by bacteria
during the incubation period. The value is calculated for one liter of sample.
Total coliform The bacteria which are present in water grow rapidly when
placed in a nutritive medium. The movement of the bacteria growing under
these special conditions is restricted and thus the number of bacteria is confined
to the sample. Various colonies of bacteria together give the total number of
coliform in the sample (http://cpcbenvis.nic.in).

Now, let us discuss a wastewater treatment plant and the different methods

which are involved.
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6.2 Methods Involved in a Wastewater Treatment Plant

A wastewater treatment plant involves use of different treatment methods (http://
cpcbenvis.nic.in; http://cpcbenvis.nic.in/water_pollution_main.html; Camp 1963).
These methods are classified into the following categories.

6.2.1 Preliminary Treatment

Preliminary treatment involves removal of floating material and settleable inorganic
and organic solids from raw water. Preliminary treatment involves processes such
as screening and grit removal.

Screening is the first operation in a wastewater treatment plant. It is used for
removal of large floating objects such as plastics, clothes, paper, dead animals, etc.
A set of inclined parallel bars are fixed at a certain distance in a channel. Screens are
designated as hand cleaned and mechanically cleaned based on the method of
cleaning. On the basis of the size of the opening, screens are differentiated into
coarse and fine screens. Coarse screens consist of parallel bars with bar spacing of
50-150 mm.

Fine screens are mechanically cleaned and the opening size ranges from 0.035 to
6 mm. They are specifically used for pretreatment of industrial wastewater. They
are also used for removing solids from primary effluents to prevent clogging of
filters (http://cpcbenvis.nic.in).

Grit removal technique is used for removing heavy inorganic materials such as
sand and ash. Working of grit chambers is based on the process of sedimentation
due to gravitational forces. Grit chambers are very similar to sedimentation tanks, as
they are also used for separation of heavier materials and to pass on the lighter
materials. The velocity of water through the grit chamber is maintained very high in
order to prevent the organic solids from settling. This velocity is known as the
“differential sedimentation and differential scouring velocity”. The critical velocity
of flow “V.” should always be less than the scouring velocity of grit. Because
beyond the critical velocity of flow, already settled particles can be reintroduced in
the flow (http://cpcbenvis.nic.in/water_pollution_main.html).

6.2.2 Primary Treatment

Primary treatment involves removal of organic and inorganic solids by physical
processes such as sedimentation and floatation. In primary treatment a quiescent
condition is maintained and the velocity of flow is reduced such that the denser
material settles down and the lighter one floats to the surface. During primary
treatment, about 50-70% of total suspended solids and 65% of oil and grease is
removed. Chemicals that are used to precipitate insoluble substances are added in
water in order to promote sedimentation. These chemicals are known as flocculants.
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Flocculation leads to aggregation of small pollutants. Thus, forming large floc so
that they can settle down fast. The solids that settle down are known as primary or
raw sludge.

A sedimentation tank usually has 4 zones; inlet zone, settling zone, sludge zone
and outlet zone (Camp 1963).

Based on shape the primary sedimentation tank is divided into three types.

e Rectangular tank: These are the most widely used tanks. Cost of maintenance is
very low in case of rectangular tanks. Also, these are suitable for large capacity.
Rectangular basins are least likely to short circuit. In a rectangular tank, the flow
takes place lengthwise.

e Circular tank: These type of sedimentation tanks are preferred for continuous
vertical flow type of sedimentation tanks. Circular tanks have high clarification
efficiency but they are uneconomical as compared to rectangular tanks.

e Hopper bottom tank: In this type of tank, a deflector box which is placed at the
top deflects the incoming influent downwards with the help of a central pipe.
The collected sludge is disposed using a sludge pump (http://cpcbenvis.nic.in/
water_pollution_main.html).

6.2.3 Secondary Treatment

After primary treatment, the wastewater is directed towards secondary treatment,
which degrades the biological content of sewage by removing nutrients and
remaining solids. Secondary treatment involves use of biological processes.
Aerobic microorganisms perform biological treatment in presence of oxygen. These
microorganisms consume the organic matter and produce more microorganisms and
inorganic end-products. Secondary treatment involves use of sedimentation tanks
known as secondary clarifiers. During secondary sedimentation, biological solids
called as secondary or biological sludge are removed. Processes involved in sec-
ondary treatment include activated sludge process, trickling filters and aerated
lagoons and oxidation ponds (http://cpcbenvis.nic.in; http://cpcbenvis.nic.in/water_
pollution_main.html; Camp 1963).

Activated Sludge Process

Activated sludge plant involves the following steps

Wastewater aeration in presence of microorganisms.
Separation of solids and liquids.

Discharge of clarified effluent.

Wastage of extra biomass.

Remaining biomass is returned to the aeration tank.
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Table 5 Classification of surface water and respective water quality standard

Beneficial use Criteria
Drinking water source without 1. Dissolved Oxygen 6 mg/l
conventional treatment 2. BOD (5 days 20 °C) 2 mg/l

3. pH between 6.5 and 8.5
4. Total coliform organism MPN/100 ml must be
50 or less

Outdoor bathing 1. Dissolved Oxygen 5 mg/l

2. BOD (5 days 20 °C) 3 mg/l

3. pH between 6.5 and 8.5

4. Total coliform organism MPN/100 ml should
be 500 or less

Source of drinking water after 1. Dissolved Oxygen 4 mg/l

conventional treatment 2. BOD (5 days 20 °C) 3 mg/l or less

3. pH between 6 and 9

4. Total coliform organism MPN/100 ml should
be 5000 or less

Propagation of wildlife and fisheries 1. Dissolved Oxygen 4 mg/l
2. pH between 6.5 and 8.5
Irrigation and waste disposal 1. pH between 6.0 and 8.5

2. Maximum boron 2 mg/l
3. Maximum sodium absorption ratio 26

In this process, wastewater is aerated in an aeration basin. Microorganisms are
added in the waste water, which metabolize the organic matter present in
wastewater and form floc. Also, these microorganisms multiply to produce new
microorganisms. Wastewater from the aeration tank is transferred to the settling
tank, where these stable solids (floc) settle down. This settled organic matter
consists of numerous activated microorganisms and is called activated sludge.
A part of this settled activated sludge is returned to the aeration tank and the
remaining waste activated sludge is removed from the tank and fed to sludge
digestor (Camp 1963).

Trickling Filter

Trickling filter is an aerobic treatment process. In this process, the microorganisms
which are used for treatment are attached to a medium in order to remove organic
matter form wastewater. Microorganisms are attached to material such as rock,
sand, redwood and various synthetic materials. Microbes such as bacteria, fungi and
algae grow on the filtering medium and are called biological slime. During the
process, wastewater is sprayed in the air and is allowed to trickle through the
medium. During this the organic matter which is present in the wastewater is
metabolized by the biological slime attached to the medium. Thickness of the
biological slime increases as the organic matter present in wastewater is synthesized
into new cellular material. Eventually, the biological slime layer becomes very thick
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Table 6 WHO water quality standards

S. No. Parameter WHO guideline (maximum allowable concentration)

1. Color 15 True Color Units

2. Turbidity 5.0 NTU

3. pH 6.5-8.5

4. Total hardness 500 mg/l

5. Chlorides 250 mg/l

6. Dissolved solids 1000 mg/1

7. Sulphate 400 mg/l

8. Nitrate 10 mg/l

9. Fluoride 1.5 mg/l
Micro pollutants (Heavy metals and pesticides) (mg/l)

10. Zinc 5.0

11. Iron 0.3

12. Manganese 0.1

13. Copper 1.0

14. Arsenic 0.05

15. Cyanide 0.1

16. Lead 0.05

17. Chromium 0.05

18. Aluminium 0.2

19. Cadmium 0.005

20. Selenium 0.01

21. Mercury 0.001

22. Sodium 200

23. Aldrin and dieldrin 0.03

24. DDT 1.0

25. Lindane 3.0

26. Methoxychlor 30.0

217. Benzene 10.0

28. Hexachlorobenzene 0.01

29. Pentachlorophenol 10.0

and gets detached from the surface. This phenomenon of detachment of slime layer
is known as sloughing. This detached slime layer and treated wastewater is col-
lected through underdrainage and is passed to a settling tank for separation of solids
and liquids (http://cpcbenvis.nic.in/water_pollution_main.html).

6.2.4 Tertiary Treatment

Tertiary treatment is also known as the final or advanced treatment. Tertiary
treatment involves removal of organic matter left after secondary treatment. Tertiary
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treatment involves removal of different types of pollutants such as suspended solids,
nutrients, pathogens, organic matter and heavy metals which are not removed by
secondary treatment. In tertiary treatment, the methods/processes used depend on
the characteristics of the secondary effluent.

Removal of Nitrogen

The most reduced nitrogen compound found in wastewater is ammonia. Under
aerobic conditions, ammonia nitrogen is oxidized biologically to nitrate. Air
stripping and biological nitrification and denitrification are the two most common
processes used for removal of ammonia.

Air Stripping

This process involves conversion of ammonia to gaseous form and then dispersion
of the liquid in air. Thus, leading to transfer of ammonia from wastewater to air.
This process is well suited for wastewater with ammonia levels between 10 and
100 mg/l. It depends on the temperature of air and pH of the wastewater. This is a
controlled process and produces no backwash. Also, the process is unaffected by
toxic compounds (Camp 1963).

Biological Nitrification and Denitrification

Nitrogen is removed biologically by bacteria in a two-step process involving
nitrification followed by denitrification.

Nitrification

It is defined as the biological conversion of ammonium to nitrate nitrogen.
Nitrification involves two steps. In the first step, bacteria Nitrosomonas converts
ammonia to nitrite, which in the second step is converted into nitrate by another
bacteria called Nitrobacter. Nitrification requires long retention rate, sufficient
alkalinity and low food to microorganism ratio. The process is also affected by the
wastewater temperature and pH.

Denitrification

This process is carried out by heterotrophic bacteria under anaerobic conditions.
These bacteria use dissolved oxygen or nitrogen as an oxygen source for oxidation
of organic matter. For reduction of nitrogen to occur, the level of dissolved oxygen
must be near zero and enough carbon supply must be available to the bacteria. The
process is conducted in an aerobic filter.
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Removal of Suspended Solids

Removal of suspended solids can be achieved using two techniques, namely micro
straining and coagulation and flocculation.

Micro Straining

In a micro strainer, a very fine screen made of stainless steel or plastic is supported
by a rotating drum. The wastewater fed into the drum is filtered outwards through
the screen. And solids accumulate on the screen inside the drum. These accumu-
lated solids are flushed in a removal trough by a backwash system (http://cpcbenvis.
nic.in; http://cpcbenvis.nic.in/water_pollution_main.html; Camp 1963).

Coagulation and Flocculation

Suspended particles vary in size, source, charge and shape. Coagulation process
aims at altering the particles in such a way that they adhere to each other.
A coagulant neutralizes the charge of suspended particles allowing them to combine
together to form large particles. The commonly used coagulant is alum. Once the
floc formed has gained appropriate strength and size, the solution is transferred to a
settling tank for the process of sedimentation (Camp 1963).
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Chapter 3 M)
Three-Dimensional Graphene-Based gt
Macroscopic Assemblies

as Super-Absorbents for Qils

and Organic Solvents

Shamik Chowdhury, Sharadwata Pan, Rajasekhar Balasubramanian
and Papita Das

Abstract With frequent oil spill incidents and industrial discharge of organic
solvents, the development of highly efficient and environment friendly absorbents
with both hydrophobic and oleophilic properties have become a top priority.
Attributing to exceptionally large specific surface area, intrinsic hydrophobicity,
outstanding electrochemical stability and superior mechanical properties,
two-dimensional (2D) graphene holds significant promise as advanced absorbents
for oil spill response and restoration. However, just as any other carbon allotrope,
graphene as a bulk material tends to form irretrievable agglomerates due to strong
m—7 interactions between the individual graphene sheets. This leads to incompetent
utilization of isolated graphene layers for environmental remediation applications.
In order to overcome this restacking issue, the integration of 2D graphene
macromolecule sheets into 3D macrostructures, and ultimately into a functional
system, has materialized as a progressively critical approach in recent years.
Consequentially, a wide array of exotic 3D graphene-based macroscopic assemblies
(GMAs), such as aerogels, hydrogels, sponges, foams, etc., have been intensively
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developed during the past five years. Owing to their well-defined and physically
interconnected porous networks, these rationally designed macroscopic graphene
architectures can support rapid mass transfer in 3D and provide adequate accessible
surfaces for molecular absorption, thereby outspreading their application potential.
This chapter aims at collating the current state-of-the-art on the development and
application of 3D GMAs for ultrafast and recyclable oils and organic solvents
absorption. Furthermore, it distinguishes the fundamental knowledge gaps in the
domain, and lays out novel strategic research guidelines, all of which will promote
further progress in this rapidly evolving cross-disciplinary field of current global
interest.

Keywords Graphene macroassemblies - Absorption « Absorbents
Oils - Organic solvents

1 Introduction

The upsurge of extraordinary industrial development and consequential global oil
exploration, have brought with them the archenemy of oil spillage (Aguilera et al.
2010; Al-Majed et al. 2012; Wahi et al. 2013; Beyer et al. 2016; Kumari and Singh
2016), as evidenced by the recent explosion and sinking of the Deepwater Horizon
drilling rig in the northern Gulf of Mexico. The aftermaths of such blowouts are
catastrophic as well as comprehensive, exceeding the domains of environment and
ecosystems, human health, and general flora and fauna (Aguilera et al. 2010; Beyer
et al. 2016). Numerous tactics have been contemplated to successfully combat the
problem of oil spillage, ranging from suppression methods to elimination of spills
employing booms (Muttin 2008), skimmers (Broje and Keller 2006), sorbents
(Wahi et al. 2013), dispersants (Kujawinski et al. 2011), solidifiers (Vidyasagar
et al. 2011), in situ burning (Buist et al. 1999) and bioremediation (Ron and
Rosenberg 2014). Out of all these, absorbents with both oleophilic (oil-attracting)
and hydrophobic (water-repellent) properties have garnered the most attention from
the scientific community due to their enhanced viability, high oil/water separation
efficiency, enviable specificity and self-adaption capability under harsh sea condi-
tions (Wahi et al. 2013; Ge et al. 2017). Mainly three different types of materials
have been utilized till date for oil spill cleanup: inorganic minerals (e.g., zeolite,
silica gel and activated carbon), synthetic organics (e.g., polyurethane foam and
polypropylene) and natural organics (e.g., wool fiber, saw dust and rice husk)
(Al-Majed et al. 2012). Despite the many potential benefits, all these materials
suffer from multiple disadvantages, including high density, daunting recovery, poor
regeneration, pore clogging, non-biodegradability, exorbitant costs and limited
applicability, thus precluding their practical implementation (Al-Majed et al. 2012).
There is, therefore, a pressing need for better absorbents that can overcome these
shortcomings, and are yet economical.
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Since the last decade, two-dimensional (2D) graphene-based materials have
proved to be highly beneficial for a multitude of environmental applications
(Chowdhury and Balasubramanian 2014a, b; Balasubramanian and Chowdhury
2015), including oil and organic solvent absorption from water (Gupta and Tai
2016); all thanks to their inherent hydrophobicity, enormous surface area and many
superlative properties (Dong et al. 2012; Cong et al. 2014). However, 2D
graphene nanosheets have a tendency to agglomerate irreversibly due to their strong
hydrophobicity, or even restack into graphite through strong van der Waals inter-
actions (Chowdhury and Balasubramanian 2016), thus decreasing their competence
for practical use. Several noteworthy efforts have been directed to tackle this chal-
lenge, among which the self-assembly of 2D graphene macromolecule sheets into
3D macrostructures, and ultimately into a functional system, has recently materi-
alized as a progressively critical approach (Yin et al. 2012; Cong et al. 2014; Fan
et al. 2015; Chowdhury and Balasubramanian 2017). The integration of nanoscale
graphene into monolithic macroscopic materials not only prevents their restacking,
but also largely translates the intriguing characteristics of individual graphene sheet
into the resulting macrostructure and simplifies the processing of graphene materials
(Shen et al. 2015; Xu et al. 2015a). Accordingly, a broad spectrum of 3D
graphene-based macroscopic assemblies (GMAs), such as aerogels, hydrogels,
sponges, foams, spheres, crumpled balls, frameworks with periodic structures,
honeycomb-like structures, porous films and vertical sheets, have been intensively
developed in the last five years (Fig. 1) (Chowdhury and Balasubramanian 2017).
Owing to their highly interconnected graphene networks, these rationally designed
macroarchitectures possess ultralow density, exceptionally high surface area, intense
porosity, extraordinary flexibility and superior durability, leading to versatile and
recyclable absorbents with extraordinary uptake capacities and ultrafast removal
capabilities (Wan et al 2016).

In view of these exciting developments, the current chapter offers a compre-
hensive overview of the recent progress in the design, synthesis and utilization of
various 3D GMAs (including sponges, foams and aerogels) for the selective
absorption of a broad variety of oils and organic solvents. Additionally, it attempts
to isolate the basic lacunae in the specific domain knowledge and outlines some
original future research plans. We believe that these will attract further scientific

Aerogels Hydrogels 3D Porous films Vertical sheets Frameworks

Fig. 1 Various types of 3D GMAs developed in recent years. Reproduced from El-Kady et al.
(2016), Copyright 2016, with permission of Nature Publishing Group
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Fig. 2 a-c Digital photographs of a GA, obtained through hydrothermal reduction and
supercritical ethanol drying, supporting a 2 kg counterpoise, more than 26,000 times its own
weight of 75 mg without any deformation. Reproduced from Cheng et al. (2017), Copyright 2017,
with permission of Nature Publishing Group. d Digital image of GAs prepared by chemical
reduction-induced self-assembly of GO sheets propped up on a green bristlegrass. Reproduced
from Li et al. (2014a), Copyright 2013, with permission of the Royal Society of Chemistry.
e Digital photo of a homogenous GO aqueous dispersion and the resulting GH after hydrothermal
reduction. f Scanning electron microscopy (SEM) image revealing the unique 3D interconnected
macroporous structure of the GH. Digital picture of GHs synthesized via hydrothermal reduction
of aqueous GO dispersions at 180 °C with g different GO concentration (CGO) and h different
reaction times. Reproduced from Xu et al. (2010), Copyright 2010, with permission of the
American Chemical Society

interest and help to endorse more significant advances in this already fast evolving
interdisciplinary research domain.

2 3D GMAs for Oil and Organic Solvent Absorption

2.1 Aerogels

Graphene aerogels (GAs) are an emerging class of mechanically robust, highly
porous (>90% v/v), low density (typically <200 mg cm >) carbon materials (Qian
et al. 2013), formed by interlocking of 2D graphene nanosheets in 3D space
through non-covalent bonds, such as hydrogen bonds, van der Waals forces,
electrostatic forces, hydrophobic—hydrophilic interactions and m—m stacking inter-
actions (Yan et al. 2015) (Fig. 2a—d). They are usually produced via sol-gel
chemistry, which involves self-assembly of graphene oxide (GO) sheets through
chemical, electrochemical or hydrothermal reduction, to form a highly cross-linked
3D structure (Xu et al. 2015a), followed by drying to vent out the absorbed water
(Ma and Chen 2015). The latter frequently involves non-evaporative techniques to
eliminate capillary forces that could otherwise collapse the 3D architecture.
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The hydrothermal or chemical reduction of GO significantly curtails the oxy-
genated surface functionalities and increases the van der Waals forces between
graphene basal planes. The n—n stacking interactions and concurrent hydrophobic
effects enforce the flexible, reduced GO sheets to partially overlap and interlock
with each other to generate adequate physical cross-linking sites to facilitate the
formation of a 3D porous scaffold with entrapped water, commonly referred to as
graphene hydrogel (GH) (Yao and Zhao 2017) (Fig. 2e). A typical GH consists of
well-defined and highly interconnected 3D porous graphene networks (~2 wt%)
filled with water (~ 98 wt%) (Xu et al. 2015a) (Fig. 2f). The pore sizes are usually
in the sub-micron to micron range, with pore walls comprising of thin layers of
stacked graphene sheets (Xu et al. 2015a; Gorgolis and Galiotis 2017). In addition,
the size and shape of the hydrogel can be easily adjusted by modulating the con-
centration of GO, treatment time and temperature, as well as the shape of the reactor
(Fig. 2g, h) (Bi et al. 2012a; Wu et al. 2012). After subsequent freeze-drying or
supercritical drying, the ensuing monolithic GA without substantial volume
reduction or network compaction, exhibits hierarchical meso-/macroporosity with
large specific surface area (100700 m? g~ '), increased surface hydrophobicity, and
superior mechanical strength (storage modulus of 450-490 kPa) (Xu et al. 2015a;
Gorgolis and Galiotis 2017). Attributing to these beneficial structural features, GAs
have outstanding absorption efficiencies and can absorb hydrocarbons and different
types of organic solvents up to several times their own weight (Wang et al. 2012;
Xu et al. 2015a; Liu et al. 2016; Zhang et al. 2016a; Ren et al. 2017), which poses
them amongst the superlative absorbing materials.

A typical instance is that of Wang et al. (2012), who developed superhy-
drophobic, ultralight (10-20 mg cm ) GAs with abundant pore space through
chemical reduction-induced self-assembly of GO sheets in the presence of a wide
variety of phenolic acids, such as trihydroxybenzoic acid (gallic acid), dihydrox-
ybenzoic acid (gentisic acid, protocatechuic acid) and monohydroxybenzoic acid
(vanillic acid, ferulic acid). Regardless of the type of phenolic reductant, the
as-prepared GAs could readily absorb various oils and organic solvents with high
efficiency, including vegetable oil, paraffin oil, kerosene, pump oil, dimethylfor-
mamide (DMF), cyclohexane, toluene, hexane, ethanol, chlorobenzene and phe-
nixin. The maximum absorption uptake was approximately 25-60 times the weight
of the aerogel . Similarly, using L-phenylalanine as a reducing agent, Xu et al.
(2015b) prepared a superoleophilic GA, with great absorption capacity and amazing
recyclability, by in situ chemical reduction and self-assembly of GO sheets
(Fig. 3a—e). The highly water repellent aerogel featured an outstanding absorption
capacity of over 100 g g~ for all common organic solvents (Fig. 3f-h), and hence
merits further consideration in oil-water separation applications. More recently,
Zhang et al. (2016a) described a facile and versatile strategy to efficiently synthesize
GAs with cellular-like pores that involves chemical reduction of GO assemblies at
oil-water interface under mild conditions (Fig. 3i). The as-synthesized GA was
ultralight (with density <3 mg cm ™), and yet mechanically resilient, making it a
promising candidate for absorbing and desorbing organic liquids. As depicted in
Fig. 3j, the GA saturated with n-hexane could be compressed more than 90% of its
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Fig. 3 a-e Video snapshots of the absorption process of a drop of hexadecane on the surface of
GA, fabricated by facile chemical reduction, demonstrating the superoleophilicity of the material.
Optical photo of a water droplet on the f surface and g cross-section of the as-produced GA. The
water contact angle in f and g are 154° and 151°, respectively. h Absorption capacity of the bulk
GA for various oils and organic solvents. Reproduced from Xu et al. (2015b), Copyright 2015,
with permission of the Royal Society of Chemistry. i Major steps involved in the synthesis of GA
comprising cellular-like pores. j Absorption-release cycle showing excellent recyclability of the
cellular GA toward n-hexane (dyed with Sudan orange G). Reproduced from Zhang et al. (2016a),
Copyright 2016, with permission of Nature Publishing Group

original height to squeeze-out the absorbed fluid. Further, the shape and size of the
monolith was completely restored after reabsorbing the extruded oil. More
importantly, this absorption/release process is highly repeatable without any change
in liquid absorption capacity, validating the high structural stability of the aerogel.

Impressively, Liu et al. (2016) fabricated highly compressible GAs with ultralow
density and anisotopic porosity by directional freezing of GH using anisotropically
grown ice crystals as templates, followed by freeze-drying (Fig. 4a—c). Owing to
the anisotropic structure, the resultant GA displayed high compressive strength in
the axial (freezing) direction and decent compressibility in both axial and radial
directions. When evaluated as absorbents, these novel hydrophobic GAs demon-
strated exceptional absorption capacity toward various organic liquids (such as
vegetable oil, pump oil, white oil, acetone, ethanol, n-hexane and n-heptane) under
absorbing-burning, absorbing-distilling and absorbing-squeezing cycles with good
recyclability (Fig. 4d—g), due to their large porosity, immense flexibility (in both
liquid and gaseous phases) and satisfactory fire-retardancy (Fig. 4h).
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with permission of Elsevier

Very recently, Ren et al. (2017) conceived a superhydrophobic (water contact
angle, WCA of 151°), robust reduced GA (rGA) via resorcinol-formaldehyde
(RF) sol-gel chemistry, which presented incredible absorbance for oils and organic
solvents (up to 19-26 times of its own weight), as well as remarkable cycling
stability. Additionally, the high absorbing ability was retained even under extreme
temperature conditions (—40 to 240 °C), which was ascribed to the exceptional
thermal stability of the nanoscale graphene building blocks and good heat transfer
characteristics of the 3D interconnected network structure. These findings clearly
showcase the efficacy and versatility of the synthesized rGA for routine and
emergency oil spill cleanup in oceanography, environmental protection and
industrial production.
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2.2 Sponges

Graphene sponges (GSs) represent novel, shape-mouldable, 3D graphene-based,
porous monolithic macroscopic materials, which demonstrate both superelastic
performance like rubber and near-zero Poisson’s ratio in all directions like cork
(Wu et al. 2015). They have densities comparable to air, and exhibit highly
repeatable compression and complete recovery across a wide temperature range in
both air and liquid without any substantial degradation (Wu et al. 2015). Catering to
these exclusive features, GS has been the subject of intense research and devel-
opment (R&D) efforts for environmental reclamation/restoration applications in
recent years (Bi et al. 2012b, 2014; Zhao et al. 2012a; Xie et al. 2013; Zhang et al.
2014; Wu et al. 2015, 2016; Guo et al. 2016; Ge et al. 2017; Zhang et al. 2017a, b).

In a seminal study, Sun and co-workers (Bi et al. 2012b) self-assembled GO into
GS with large specific surface area (423 m*> g~') through an ammonia-assisted
hydrothermal method, followed by freeze-drying. The as-prepared GS was
hydrophobic (WCA = 114°), and displayed extremely high absorbing abilities for
not only commercial petroleum products (viz., kerosene and pump oil) and fats
(e.g., vegetable oil), but also for toxic solvents (e.g., toluene, chloroform,
nitrobenzene, etc.). For example, the GS could absorb toluene at 55 times its own
weight, which was orders of magnitude higher than contemporary absorbers, such
as vaseline-loaded expanded graphite (<10 times its own weight). Furthermore, the
GS could be regenerated and recycled without affecting its performance when
heated close to the boiling point of the absorbate. Meanwhile, the emanating
organic compound could be evaporated, condensated and recollected elsewhere for
reuse. In order to enrich the absorption capacity of their GS for oils and organic
solvents, Sun and colleagues (Xi et al. 2013) subsequently tailored the porosity of
the GS by modulating the freezing temperature through a custom-prepared freezing
temperature control unit (Fig. Sa—f). When the freezing temperature was lowered
from —170 to —10 °C, both the pore diameter and wall thickness increased several
folds. In addition, significant differences in pore morphology were also observed.
As illustrated in Fig. 5g, a low ice solidification rate (i.e., high freezing tempera-
ture) created large anisotropic, lamellar ice crystals, resulting in larger pores
with thicker pore walls, thereby causing the sponge to be water repellant (Fig. Sh).
In contrast, at low freezing temperatures, the process was mainly nucleation
dominated, producing sponges with smaller spacing and thin walls that appeared to
be water permeable (Fig. 5h). Later, a soot-based treatment technology was rec-
ommended by the authors to further augment the surface hydrophobicity and hence
the absorption capacity of the GS (Bi et al. 2014). In comparison to the pristine GS,
the absorbance of the treated GS was approximately 8 times higher for chloroform.

In another notable contribution, Wu et al. (2014) adopted a novel
solvothermal-induced self-assembly approach to construct shape-adjustable GSs
with over 99.9% porosity and strong hydrophobicity (WCA = 135°), using GO as
precursor (Fig. 6a). The homogenous and nearly isotropic GS could absorb
remarkably large volumes of organic liquids (such as acetone, ethanol, DMF,
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Fig. 5 SEM images of GS fabricated at different freezing temperatures: a —170 °C, b —40 °C,
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proportionally to that of the GS. Ice crystals are demonstrated artificially on the background, while
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performance of the cross-section of the GS samples. Pores with sizes ranging from 250 to 700 mm
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A cross-section may also possess different water absorption properties in the center and near
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silicon oil and paraffin oil), and then reversibly and repeatedly discharge the liquid
in seconds upon compression (Fig. 6b, c¢). For example, the GS could reversibly
absorb and extrude up to 1010 times its weight of pump oil, which is 3 times higher
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2014, with permission of Nature Publishing Group

than the best performing solid absorbent previously reported for pump/engine oil
(Fig. 6b). Moreover, the long cycle life (Fig. 6¢), the short time periods to achieve
90% liquid extrusion and the complete reabsorption for even viscous liquids (e.g.,
4.5 s for DMF) suggest the potential application of the monolithic GS in envi-
ronmental remediation.

Meanwhile, employing soap bubbles as soft templates, Zhang et al. (2014) built
a GS with trimodal pore size distribution spanning across the micro-, meso- and
macropore range. Compared to many competing absorbent materials, the GS
showed excellent absorbance for a multitude of oils (like diesel oil and vegetable
oil) and organic solvents (e.g., acetone, ethanol, methanol, ethylene glycol, etc.).
Likewise, different types of hard/soft template-based synthesis strategies have been
recently reported to fabricate high performance GS-based absorbents for oil spill
control (Zhang et al. 2017a, b). In such 3D array of interconnected voids, the larger
pores have a greater absorption capacity and faster desorption rate than the smaller
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ones, which is due to the higher pore volume and weaker interactions with the
absorbed molecules (Guo et al. 2016).

Since heavy crude oil constitute 40% of the world’s oil reserve, improving the
diffusion of viscous crude oil, and thus the oil absorption rate of oil absorbents is
critically important from a practical viewpoint. To this end, Yu and colleagues (Ge
et al. 2017) explicitly designed a novel Joule-heated graphene wrapped sponge
(GWS) (Fig. 7a), which benefiting from both the hydrophobic nature and giant
electron mobility (200,000 cm® V™' s™") of 2D graphene could cleanup viscous
crude oil spills at a high sorption speed. While the intrinsic hydrophobicity of
graphene ensured a high oil/water separation efficiency, the colossal electrical
conductivity allowed to heat up the sponge through the application of electric
current. As a result, the Joule-heated GWS could rapidly absorb crude oil by
heating up the liquid and decreasing its viscosity (Fig. 7b). Indeed, compared with
that of non-heated GWS, the oil absorption time was reduced by ~95% utilizing
the heated GWS (Fig. 7c). Additionally, because of its low viscosity, the absorbed
hot oil could be squeezed out 7 times faster than natural crude oil. Furthermore, the
increase in oil temperature lowered the mechanical pressure needed to compress the
loaded absorbent. More interestingly, owing to the reduced viscosity, the heavy
crude oil could be directly collected from above the surface of seawater by in situ
pumping through the GWS (Fig. 7d). This important conceptual breakthrough in
the design of 3D graphene-based oil absorbents is expected to stimulate further
advances in developing a new generation of graphene-based 3D monolithic
absorbents that can quickly remove spilled crude oil from our oceans in a highly
efficient, economical and environmentally benign manner.

2.3 Foams

Graphene foams (GFs) are an important variant of 3D GMAs with foam-like
morphology created primarily through a templating strategy (Yao and Zhao 2017).
The concept of GF is to grow seamlessly interconnected 3D porous graphene
networks with high purity and excellent quality, which is different from the
approach to assemble 2D graphene building blocks into 3D macroscopic assemblies
(Chen et al. 2011). This makes them extremely appealing as absorbents for removal
of oils and oil-derived organic solvents (Niu et al. 2012; He et al. 2013; Shi et al.
2016; Yang et al. 2016a; Zhang et al. 2016b). For example, applying naturally
abundant sea scallops as template, Shi et al. (2016) demonstrated the chemical
vapor deposition (CVD) mediated growth of GFs with negligible impurity, ultralow
density (~3 mgcm ) and exceptional mechanical flexibility (Fig. 8a). The
self-supporting hydrophobic GF with continuous, open-pore geometry showed
marvelous absorption potential and rapid uptake kinetics toward a wide range of
organics, including ethanol, dimethyl sulfoxide, n-hexane, dichloromethane, pump
oil, bean oil, petrol and motor oil (Fig. 8b—d). Remarkably, the biomass-derived GF
was capable of absorbing over 250 times its own weight. This is much higher than
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other typical carbonaceous absorbents previously reported for pump oil (Fig. 8e).
Similarly, Yang et al. (2016a) introduced an autoclaved leavening route that relies
on utilization of polystyrene particles as sacrificial templates, to synthesize GFs.
The developed GF was further modified through physical activation using carbon
dioxide as the oxidizing agent. Owing to its well-defined trimodal pore system,
impressive thermal stability and superior hydrophobic/oleophilic properties, the
hierarchical porous GF (HGF) delivered excellent absorption uptake, outstanding
recyclability and high selectivity when used to separate a range of oil/water mix-
tures compared to regular GF.

2.4 Surface Modification and Performance Enhancement

Clearly, a wide array of highly efficient and exceptionally durable 3D
graphene-based macrostructures have been designed and developed to reduce the
environmental impacts of oil spills on the ecosystems and prevent accumulation of
organic solvents in water bodies. In spite of this extraordinary progress, their overall
performance is yet to achieve a satisfactory crest from a practical deployment
viewpoint. Therefore, tailoring the microstructural features and improving the
separation abilities of 3D GMAs have attracted considerable research attention of
late. In particular, doping heteroatoms (e.g., nitrogen (N), sulfur (S), boron (B),
phosphorous (P), etc.) into the graphitic lattice is actively being pursued to
manipulate the surface chemistry and elevate the absorption propensity of 3D
GMASs (Zhao et al. 2012b; Du et al. 2016; Ren et al. 2016; Yang et al. 2016b; Liu
et al. 2017). This is because the dopant atom generates an activation center on the
2D graphene building blocks by modulating the spin density and charge distribution
of the neighboring carbon atoms. The electrochemically active sites serve as
additional molecular traps, ultimately rendering the bulk material a superior
absorption capacity. It is for this reason that Zhao et al. (2012b) doped GAs with
highly electronegative N atoms by a facile, one-pot hydrothermal method without
any post-synthesis modification. Essentially, because of their highly porous and
mechanically stable graphene skeleton, the as-prepared N-GAs could quickly
absorb a wide range of oils and organic solvents. For instance, 300 mg of gasoline
was absorbed by a 1.2 mg of N-GA block within 6 s, with an average absorption
rate (41.7 g ¢7' s7') many folds higher than conventional GA. Moreover, the
expended N-GAs could be easily regenerated by direct combustion in air for
repeated usage. In addition to single-element doping, codoping with two different
elements may induce synergistic effects and generate even more powerful active
regions on the graphene plane, bringing about further improvements in the
absorption behavior. As outlined in Fig. 9, a B,N-codoped GA (BN-GA), prepared
by a combined solvothermal-induced self-assembly and freeze-drying process,
showed an excellent absorption capacity of up to 23 g g~! for different classes of
oils and organic solvents, and therefore merits widespread applications in prevailing
oil pollution control technologies (Liu et al. 2017).
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i Comparison of the pump oil absorption capacity of the GF with that of other
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Alternatively, decoration with inorganic nanostructures and compounds, such as
Cu,0 (Wu et al. 2013), Fe,O3 (Ye and Feng 2014; Qiu et al. 2015), Fe;04 (Cong
et al. 2012; Zhou et al. 2015; Subrati et al. 2017), FeOOH (Cong et al. 2012), etc.,
also appear to extend the absorption efficiency of 3D GMAs by enriching their
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surface hydrophobicity. Notably, Cong et al. (2012) uniformly anchored magnetic
Fe;0,4 nanoparticles or o-FeOOH nanorods on the surface of GA through an in situ
growth and self-assembly scheme. Owing to the excellent synergy between
superhydrophobic n—m stacking and capillary effects, the functionalized
graphene-based monoliths (i.e., Fe30,@GA and FeEOOH@GA) exhibited decent
absorption abilities and high degrees of recyclability for several oils and organic
solvents (including cyclohexane, toluene, gasoline, paraffin oil, vegetable oil and
phenoxin), and could therefore be readily adopted for the cleanup of oil spills and
industrial chemical leaks. Attractively, Zhou et al. (2015) fabricated an ultralight
(5 mg cm™) and highly porous polystyrene/Fe;O4/graphene hybrid aerogels
(CPFAs) by an environmentally friendly and inexpensive solvothermal approach
(Fig. 10a). The effective deposition of porous Fe;O,4 nanoparticles and polystyrene
microspheres synergistically enhanced the hydrophobicity of the aerogel, which
could be further upgraded by raising the magnetite concentration (Fig. 10b).
Consequentially, the absorption capacity of the as-developed CPFAs for lubricating
oil and crude oil were about 3740 times their own weights after 10 cycles of oil/
water separation (Fig. 10c), which is amongst the highest ever recorded for oil
absorbents. Furthermore, the oil-soaked composite could be easily recovered from
the aqueous media using an external magnetic field to squeeze out the absorbate
before the next cycle (Fig. 10d). Meanwhile, Ye and Feng (2014) and Qiu et al.
(2015) independently incorporated Fe,O3; nanoparticles into GAs to obtain hybrid
aerogels possessing high hydrophobicity, good compressibility and strong magnetic
properties. Similar to the aforementioned composite aerogel, the Fe,O3/GAs pre-
sented outstanding absorbance capabilities for a broad spectrum of organic solvents
(50-130 times their own weight) (Ye and Feng 2014), and could be easily recycled
by burning off the absorbed fluid (Qiu et al. 2015). In a more recent study,
Hong et al. (2015) introduced fluorine-containing substituents into GAs using a
simple solution-immersion process. By virtue of its superior physicochemical
characteristics, including low density (bulk density of 14 mg cm>), high porosity
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(>87%), mechanical stability (supports at least 2600 times its own weight) and
hydrophobicity (WCA of 144°), the fluorinated GA could not only eliminate spilled
oils and other toxic organic solvents from aqueous environment (up to 11,200% of
its own weight), but also displayed a remarkable regeneration capability with no
obvious change in absorption efficiency after 10 cycles.

Additionally, functionalization of 3D GMAs with organic molecules or poly-
mers can also significantly reform their absorption capabilities, as have been
extensively reported in recent years (Li et al. 2012, 2013, 2014b; Cheng et al. 2013;
Tao et al. 2014; Luo et al. 2016; Zhu et al. 2015a; Periasamy et al. 2017).
The presence of aromatic functional moieties can substantially strengthen the
intermolecular interactions between the randomly-oriented graphene constituents
via the formation of chemical cross-links (Campbell et al. 2015). As a result, 3D
graphene monoliths are obtained that feature mechanical stiffness and temperature
resistance orders of magnitude higher than those that are typically held together
only through physical interactions (e.g., van der Waals forces) (Worsley et al. 2010,
2012); making these materials viable candidates for continuous operation under
rigorous reprocessing, including combustion, thermal treatment and mechanical
extrusion (Wan et al. 2016). A representative illustration is the work of Tao et al.
(2014), who covalently cross-linked GO sheets into a monolith by conjugating the
oxygen functionalities on GO with the hydroxyl groups of polyvinyl alcohol
through a dehydration reaction. The obtained GO hydrogel was then freeze-dried
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and converted into reduced GO (rGO) aerogel by thermal treatment (Fig. 11a). This
robust graphene-based hydrophobic porous macroassembly (r-EPGM) could
rapidly remove significant amounts of both oil and petroleum hydrocarbons from
water because of its unique spheroidal and trimodal (micro-meso-macro) pore
structure (Fig. 11b). In another exciting study, Zhu et al. (2015a) grafted an
amphiphilic copolymer comprising a block of poly(2-vinylpyridine) and polyhex-
adecyl acrylate onto GF, resulting in an advanced macroscale material with
switchable superoleophilicity (alkaline) and superoleophobicity (acidic) in aqueous
media, which they referred to as ‘smart GF’ (ss-GF). The as-developed ss-GF
effectively absorbed oils and organic solvents from aqueous media because of its
superoleophilic surface at a neutral pH of 7. Upon decreasing the pH to 3, the ss-GF
underwent protonation and completely released the absorbate molecules for suc-
cessful reusage over multiple cycles. In a similar way, a host of different organic
compounds, such as triisocyanate (Li et al. 2012), polydopamine (Cheng et al.
2013), polypyrrole (Li et al. 2013), polyvinylidene fluoride (Li et al. 2014b),
polyethylenimine (Periasamy et al. 2017) and tannic acid (Luo et al. 2016), have
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been employed as cross-linkers to maximize the application potential of 3D gra-
phene architectures for practical oil/water separation in complex environments.
Apart from the aforementioned techniques, the insertion of different carbon
nanoarchitectures, including porous carbons (Zhu et al. 2016), carbon nanotubes
(CNTs) (Dong et al. 2012; Sun et al. 2013; Hu et al. 2014), carbon nanofibers (Wan
et al. 2015) and carbon cryogels (Wei et al. 2013), have been lately identified as an
equally promising strategy to expand the oil absorption profile of 3D GMAs. The
intercalation of carbon materials with different geometries is believed to enlarge the
basal spacing between graphene sheets, leading to a more accessible surface area
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Fig. 12 Video snapshots of the wetting behavior of a—c¢ water and d—f compressor oil on the
as-prepared CNT@GF. Reproduced from Dong et al. (2012), Copyright 2012, with permission of
the Royal Society of Chemistry. g Absorption capacities of carbonized bacterial cellulose
nanofibers (CBC), SCBC sphere-like carbonized bacterial cellulose (SCBC) and SCBC/GE
aerogel for various organic liquids. h Plausible mechanism of organic liquid absorption onto the
SCBC/GE monolith. The 3D interconnected honeycomb-like open cavities and ridges of SCBC/
GE improved the absorption capacity by increasing the specific surface area and providing
additional space for effective diffusion of organic liquids. In addition, the ridges reduced the
molecular size of the hydrocarbons by trimming the chain length, thus facilitating their interaction
with the hydrophobic absorbent. Meanwhile, the cavities trapped the absorbates and redirected
them to the underlying porous channels. Reproduced from Wan et al. (2015), Copyright 2015, with
permission of the Royal Society of Chemistry
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and additional pore channels (Chowdhury and Balasubramanian 2017). This in turn
allows a greater penetration of organic liquids, eventually resulting in their
increased uptake. For example, Dong et al. (2012) constructed a CNT @GF through
the direct growth of CNT forests on GF using the CVD method. Due to its intense
macroporosity, surface nanoroughness, nanoscopic voids and superhydrophobicity
(WCA = 152°), the superoleophilic hybrid foam could selectively remove oils and
organic solvents from the surface of water (Fig. 12a—f). These findings were later
corroborated by coating the porous interconnected networks of GA with vertically
aligned multiwall CNTs (Hu et al. 2014). More interestingly, Wan et al. (2015)
manufactured a novel, all-carbon, spherical, hybrid aerogel through in sifu assembly
of sphere-shaped carbonized bacterial cellulose (SCBC) nanofibers and graphene
(GE) nanosheets via a facile and scalable one-pot biosynthetic pathway, followed
by carbonization under an inert atmosphere. The free-standing SCBC/GE aerogel
had a high porosity (>98%), large specific surface area (514 m*> g~ '), strong
hydrophobicity and good elasticity, thereby demonstrating superhigh
water-repelling and oil-absorbing abilities, with a maximum potential of up to 243—
457 times its own dry weight (Fig. 12g). This extraordinary performance was
attributed to the unique, 3D hierarchically interconnected, honeycomb-like open
structure of the SCBC/GE monolith, as explained in Fig. 12h.

3 Summary and Outlook

The development of robust materials with high absorption capacity and excellent
oil/water selectivity are of utmost importance to tackle the multifaceted environ-
mental challenges arising from frequent oil spill events. As a versatile new class of
porous carbon materials, self-assembled 3D graphene macrostructures, such as
hydrogels, aerogels, foams, sponges, etc., possess immense potential as advanced
absorbents in oil spill response and cleanup operations. Their intrinsic hydropho-
bicity, seamlessly interconnected porous channels and superior graphene building
blocks endow a plethora of exciting features that make them extremely suitable for
absorbing oils and petroleum-based liquid hydrocarbons, with maximum capacities
several orders of magnitude higher than that of the peers. Moreover, attributing to
their intense porosity, they can serve as ideal scaffolds for functionalization with
heteroatoms, functional polymers, inorganic nanostructures, as well as a whole
range of topologically different carbon architectures, leading to the conceptualiza-
tion of new material systems with superlative properties and novel functionalities,
thereby outspreading their application potential. However, in spite of this, a number
of fundamental issues and technological bottlenecks persist that require immediate
attention to make even more significant progress in this exciting new research field
of topical interest. First, a comprehensive understanding of the interactions of
graphene sheets at nanoscales to assemble into hierarchical 3D macroscopic
structures is still at a nascent stage. Consequently, the precise architecture of these
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graphene macroassemblies remains largely unknown, precluding the ability to tailor
their internal path length for greater molecular diffusion and mobility.
Supramolecular engineering (i.e., the design, synthesis and self-assembly of
molecular modules with pre-programmed conformations and custom-made prop-
erties) of such 3D graphene macroarchitectures may pose to be an exciting and
promising new research avenue to the development of functional graphene-based
macroscale materials with optimized structures and tailored morphologies via a
controllable and scalable self-assembly approach (Ciesielski et al. 2010). This
advancement should significantly improve the mass transfer rates and mechanical
properties of 3D GMAs and assist their integration into practical oil spill control
technologies. Second, even though multiple strategies exist for synthesis of 3D
GMAs, including hydrothermal/solvothermal reduction, chemical reduction, elec-
trochemical reduction, CVD, etc., it is still a challenge to produce them on a
commercial scale. Hence, a more concerted research effort should be invested to
explore cost-effective, sustainable and environmentally benign techniques for the
mass production of 3D GMAs, which would in turn aid and accelerate their
widespread adoption and deployment. Last but not the least, since liquid infiltration
and defiltration is predominantly affected by the pore size, with larger pores
facilitating hydrocarbon migration and fluid distribution throughout the bulk, the
synthesis of macroporous graphene monoliths with a uniform pore size distribution
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Fig. 13 a Digital picture and b SEM image of a 3D printed GA. Optical image of ¢ 3D printed
GAs with varying thickness and d a 3D printed GA honeycomb. Adapting the 3D printing
technique to GAs realizes the possibility of fabricating a broad class of 3D macroscopic GAs of
predetermined geometries and engineered porosity for predictable fluid flow characteristics.
Reproduced from Zhu et al. (2015b), Copyright 2015, with permission of Nature Publishing Group
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is highly desirable. In this context, a promising avenue could be direct 3D printing
of graphene macroassemblies with predesigned macroporosity and permeability
(Fig. 13). In comparison to the contemporary 3D graphene scaffolds with randomly
distributed pores, we believe the well-ordered macroporous structure would sig-
nificantly improve the mass transfer rate and reduce the diffusion resistance, thereby
enhancing the liquid infiltration speed as well as the absorption efficiency. We
anticipate that the ongoing interdisciplinary and integrated research initiatives by
the global scientific community will resolve these issues, paving the way for a
technological breakthrough to effectively manage the environmental and economic
consequences of a major oil spill in the foreseeable future.
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Chapter 4 M)
Green and Ecofriendly Materials Skl
for the Remediation of Inorganic
and Organic Pollutants in Water

Tetiana Tatarchuk, Mohamed Bououdina,
Basma Al-Najar and Rajesh Babu Bitra

Abstract The widespread of organic and inorganic pollutants in wastewater from
various industries, are responsible for serious environmental problems meanwhile
represent a danger for human being. Therefore, the search of cost-effective methods
of wastewater treatment containing in particular heavy metals and dyes, become of
great importance. Noteworthy, adsorption has proven to be most effective tech-
nology for purification of wastewater from organic and inorganic pollutants. In this
review, different types of green and ecofriendly materials (biosorbents,
graphene-based composites, metal oxides, etc.) for dyes and heavy metals
adsorption will be discussed. The biosorbents such as agricultural waste materials
(waste seeds, orange peel, exhausted coffee ground powder, wood apple shell,
sweet potato peels, wheat straws, etc.), activated carbon prepared from different
types of agricultural waste (coconut husk, forest and wood-processing residues,
papaya seeds, magnetic biochar etc.), graphene-based adsorbents and their
derivatives, obtained by eco-friendly green synthesis, have been discussed and their
adsorption activity has been described in details.
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1 Introduction

Green and eco-friendly synthesis of nanoparticles (NPs) have emerged as an effi-
cient and environmental friendly route which makes use of naturally formed
materials such as plants (Li et al. 2017a, b; Al-Shehri et al. 2017) and agricultural
waste (Adebisi et al. 2017; Vaibhav et al. 2015). This approach provides an easy,
cheap and highly sustainable method for the preparation of various NPs. Substances
formed in nature were proved to be a good alternative to other hazardous chemical
compounds. Studies showed that many plants can be a perfect alternative of
chemical reducing agents. Surface reduction process is very essential in the syn-
thesis of oxides and graphene based NPs. Hence, substituting these chemical sur-
face moderators by plants is much safer resulting degradable outcomes that keeps
environment clean. It is very interesting that the amount of green substance could
directly affect the morphology, properties and hence applications of the synthesized
NPs (Amiri et al. 2017). Green synthesized NPs have shown potential in various
applications including electrocatalytic (Al-Shehri et al. 2017), biomedical appli-
cations (Choudhary et al. 2017; Anand et al. 2017), electronics (Baca and Cheong
2015), antibacterial applications (Ghidan et al. 2016; Karthik et al. 2017a, b),
energy production (Archana et al. 2017) and waste water treatment (Upadhyay et al.
2015).

Wastewater represents a major problem that threatens living species because it
contains harmful compounds that cannot be degraded or destroyed, thereby causing
considerable pollution issues (Awual et al. 2015). This includes, mainly, bacteria
(Ocsoy et al. 2017), heavy metals (Papa et al. 2017) and other organic compounds
such as benzene groups (Wang et al. 2017a, b) and dies (Sreekanth et al. 2016).
Many studies showed effective ways of the removal of heavy metals and dies by
applying various NPs such as oxides (Xia et al. 2017) and carbon based NPs (Peng
et al. 2017). However, the preparation method of these NPs includes some chemical
substances that could be hazardous which in turn affect environment too (Kuang
et al. 2013). In this chapter, the type and preparation of green and eco-friendly
oxides and graphene-based NPs are discussed as well as the application of these
NPs in heavy metals removal and other organic pollutants from wastewater.
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2 Types and Preparation of Green and Eco-friendly
Materials

The development of the industry creates serious environmental impact on water
resources, due to the use of toxic inorganic and organic pollutants. Various dyes
and toxic metals are widely used in textile, paper, pharmaceutical, plastic and
leather industries, which produced a big volume of wastewater mixed with these
pollutants. This is why the adsorption onto sorbents among various techniques such
as precipitation, osmosis, chemical oxidation, and ion exchange is more effective
method due to its simple operation, least waste generation and economic reliability.
But the founding of the effective sorbents for the remediation of inorganic and
organic pollutants in water still attract great attention of researchers (Naushad et al.
2014; Hafshejani et al. 2017; Carolin et al. 2017; Awual et al. 20164, b; Khan et al.
2015; Kumar et al. 2015, 2017; Shahat et al. 2015). On the other hand, in the
adsorption process, the high cost of adsorbents represents the main challenge for its
industrial usage. Nevertheless, the adsorbent cost can be reduced if prepared from
some waste materials, for example, from agricultural waste. So the development of
low-cost adsorbent for the removal of pollutants from contaminated wastewater is
currently relevant.

2.1 Biosorbents

Biosorption consists on the uptake of heavy metals, radionuclides and dyes from
aqueous environments by biological materials, such as agricultural waste, algae,
bacteria, fungi, plant leaves and root tissues, which can be used as biosorbents for
the remediation of inorganic and organic pollutants in water (Ali and Hassan
2017; Adegoke and Bello 2015). There are many different investigations of
natural biosorbents as adsorbents for pollutants in water purification: agricultural
waste (Wang and Zhang 2017; 2017a, b), algal biomass (Barquilha et al. 2017;
Tran et al. 2016; Verma et al. 2016; Anastopoulos and Kyzas 2015), chitosan
(Gokila et al. 2017), fungal biomass (Smily and Sumithra 2017) etc.

During the last years, a huge number of agricultural waste materials are being
studied for the removal of different dyes from aqueous solutions under different
operating conditions. Agricultural waste materials are low-cost and ecofriendly
materials, that are used in the removal of pollutants either in their natural form or
after some physical or chemical modification (Adegoke and Bello 2015).
Agricultural waste such as orange peel (Ali et al. 2016), banana peel (Ali et al.
2016, 2017), rice husk (Hubadillah et al. 2017), bamboo (Jiao et al. 2016), peat
(Bartczak et al. 2015), coconut (Johari et al. 2016; Etim et al. 2016), tea (Shen et al.
2017), coffee (Alhogbi 2017; Anastopoulos et al. 2017), eggshell waste (Lam et al.
2017; Angelis et al. 2017), sawdust (Banerjee and Chattopadhyaya 2017), sesame
husk (Feng et al. 2017), cashew NUT shell (Subramaniam and Ponnusamy 2015)
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have previously been studied as sorbents for the removal of an anionic and cationic
dyes and heavy metals. The use of low-cost, easily obtained and eco-friendly
adsorbents could be as an alternative to the current expensive methods of removing
toxic pollutants from wastewater.

Removal of cationic dyes such as rhodamine B (RhB) and methylene blue
(MB) by waste seeds Aleurites moluccana (WAM) was studied by (Postai et al.
2016). The plant has the advantage of large-scale production of seeds all year
round, low cost, and easy access. The maximum adsorption capacities of the dyes
were 178 mg/g for MB and 117 mg/g for RhB. Shehzad et al. (2018) reported
about waste of orange peel modified with magnetic nanoparticles as a novel
adsorbent of As(II) from aqueous solutions. It exhibited superior As(III) adsorption
capacity of 10.3 mg/g (experimental conditions: adsorbent dose = 1 g/L, temper-
ature = 25 °C, pH = 7.0). The use of low-cost, abundantly available, highly effi-
cient and eco-friendly adsorbent wood apple shell (WAS) has been reported by
Sartape et al. (2017) as an alternative to the current expensive methods of removing
malachite green (MG) dye from aqueous solution: the maximum adsorption
capacity at 299 K was 80.645 mg/g. The exhausted coffee ground powder
(CGP) was proved to be an efficient adsorbent for the removal of Rhodamine dyes
(i.e. Rhodamine B and Rhodamine 6G) from aqueous solutions (Shen and
Goudal 2017). It was shown that the maximum adsorption capacities of RhB and
Rh6G were 5.255 and 17.369 pmol g~ ' calculated by Langmuir model fitting.

Nayak and Pal (2017) investigated the adsorptive removal of methylene blue
(MB) dye from aqueous solution using different parts of abundantly available
agricultural product Abelmoschus esculentus seed (LFSP) (Fig. la). It was
observed that the maximum removal (~96%) of MB dye was achieved at the
biosorbent dose of 5 g/L. (Fig. 1b). A dye removal efficiency of 95.60% was
obtained at 50 mg/L, and then decreased to 76.26% at 1000 mg/L (Fig. 1c). So the
cost-effective nature of Abelmoschus esculentus seed represents an efficient and
cost-effective biosorbent for the MB biosorption process.

The low-cost adsorbent sweet potato peels reported by Asuquo and Martin
(2016), was used for the removal of Cd(II) from aqueous solutions. The maximum
loading capacity (qmax) Was 18 mg g~' at 25 °C. The removal of tartrazine from
aqueous solutions using masau stone (MS) as a novel low-cost biosorbent was
investigated by Albadarin et al. (2017). The maximum biosorption capacities of
tartrazine were between 0.096 mmol/g (51.3 mg/g) at 20 °C and 0.126 mmol/g
(65.1 mg/g) at 60 °C. The maximum efficiency is approximately 87% at
C, = 100 mg/L. was found at pH 2.

A novel bio-based polymeric adsorbent curcumin formaldehyde resin
(CFR) synthesized via polycondensation of curcumin (a natural bis-phenol) and
formaldehyde was investigated by Alshehri et al. (2014). The CFR was effectively
used for the removal of phenol; a removal percentage of 92.8% after 60 min at
concentration of phenol 100 mg L™", pH 6.5 and temperature 55 °C, was achieved.
This resin showed a high adsorption capacity for phenol 357.14 mg/g. The
regeneration studies showed that CFR could be efficiently utilized for the removal
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Fig. 1 Abelmoschus esculentus seed as adsorbent for MB: a SEM micrographs and photographs
of LFSP before and after biosorption of MB dye; b the effect of biosorbent dosage on MB
remediation onto LFSP (conditions: initial MB concentration = 200 mg/L, pH = ~ 6.74, agitation
speed = 150 rpm, contact time = 120 min, temperature = 303 K); ¢ effect of initial concentration
on removal of MB by LFSP (conditions: biosorbent dosage = 5 g/L, pH = ~6.74, agitation
speed = 150 rpm, contact time = 120 min, T = 303 K) (Reprinted from Nayak and Pal (2017),
Copyright (2017), with permission from Elsevier)

and recovery of phenol because the adsorption was reduced from 92 to 80% after
four consecutive cycles and the recovery was reduced from 85 to 74%.

A novel carbonization-functionalization of nitrogen-doped porous carbon sheets
(NPCS) derived from wheat straws via a facile molten salt synthesis method was
described in Yang et al. (2017). Wheat straws were used as a precursor for the
synthesis of powders (Fig. 2). Powders of wheat straws and metal chloride salts
(LiCVKCI = 45/55 by weight, the melting point is 352 °C) were mixed and
homogenized with a ball mill in the weight ratio of reactants (LiCl + KCI) = 1:10
with addition of LiNOs;. The calcination carried out at various temperatures (650,
750 and 850 °C) under N, flow (200 mL min ') for 2 h. The black solid product
was subsequently immersed in a solution containing HCI. The as-prepared samples
exhibited excellent adsorption performance with the adsorption capacity of
82.8 mg/g for atrazine removal and quick adsorption rate of 1.43 L/(g h) due to
their unique microporous structure and the introduction of nitrogen atoms.
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Fig. 2 Schematic illustration of the formation of nitrogen-doped porous carbon sheets (NPCS)
(Reprinted from Yang et al. (2017), Copyright (2017), with permission from Elsevier)

2.2 Activated Carbon Prepared from an Agricultural Waste

Activated carbon (AC) is the most popular material for the removal of pollutants from
wastewater. AC is an amorphous carbon with the high degree of porosity and very
large surface area, thereby allowing toxic molecules or heavy metals to be adsorbed
on its surface. The preparation of AC consists from two main steps: (i) the car-
bonization of the carbonaceous raw material below 1000 °C, in an inert, usually
nitrogen, atmosphere; (ii) the activation of the carbonized product (char), which is
either physical or chemical (Adegoke and Bello 2015). Physical activation involves
contacting the char with an oxidizing gas, such as carbon dioxide, steam, air or their
mixtures, in the temperature range between 600 and 900 °C, which results in the
removal of the more disorganized carbon and the formation of a well-developed
micropore structure. Chemical activation allow to obtain AC at lower temperature and
involves the use of chemical reagents such as KOH, NaOH, K,COj3;, Na,CO3, H;POy,,
H,SOy,4, ZnCl, etc. during the carbonization (Adegoke and Bello 2015; Okman et al.
2014; Kumar and Jena 2015, Kumar and Jena 2016; Hayashi et al. 2000).

The preparation of AC from coconut husk with H,SO, activation and its ability
to remove textile dyes (maxilon blue GRL, and direct yellow DY 12), from aqueous
solutions were described by Aljeboree et al. (2017). H,SO4/AC sample was pre-
pared by carbonization of coconut shells at 500 °C for 2 h in the absence of air and
then was soaked with certain weight of H,SO, and finally activated at 600 °C for
4 h.

Activated carbon prepared from forest and wood-processing residues was
developed by Aghababaei et al. (2017) and used for the adsorptive removal of
antibiotic drug oxytetracycline (OTC) and toxic heavy metal cadmium (Cd) from
aqueous solution. H3;PO, and NaOH-treated biochars showed the highest removal
efficiencies of oxytetracycline (263.8 mg/g) and cadmium (79.30 mg/g).
Kumar and Jena 2017a reported about AC prepared from Fox nutshell (FNAC) by
ZnCl, activation. BET surface area and total pore volume of FNAC were found to
be 2869 m*/g and 1.96 cm’/g, respectively (Fig. 3). FNAC was investigated as
eco-friendly adsorbent for Cr(VI); with a maximum adsorption capacity of
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Fig. 3 FESEM of activated
carbon prepared from Fox
nutshell (Reprinted from
Kumar et al. (2017),
Copyright (2017), with
permission from Elsevier)

43.45 mg/g. A very high removal efficiency of 99.08% for of 10 mg/L concen-
tration was achieved at pH = 2 and temperature of 30 °C for 3 h. Therefore, FNAC
can be used as an efficient adsorbent in the treatment of water and wastewater with
no need for further filtering and centrifugation.

The same research group (Kumar and Jena 2017b 2017) reported about AC
prepared from Fox nutshell (FNAC) by chemical activation with H;PO, at an
impregnation ratio of 1.5 and activation temperature of 700 °C under N, atmo-
sphere. Adsorption studies of Cr(VI) onto FNAC-700-1.5 showed a maximum
adsorption of 74.95 mg/g at the operating condition of 35 mg/L of initial con-
centration of Cr(VI) with a pH of 2.0, temperature 45 °C and contact time of 3 h.

Various different sources were also used for the preparation of low-cost AC,
such as coconut leaf (Jawad et al. 2017), papaya seeds (Krishnaiah et al. 2017),
babassu coconut and bone (Reck et al. 2018), aamla seed (Hameed et al. 2017),
Jjambul seed (Hameed et al. 2017), tamarind seed (Hameed et al. 2017), soapnut
(Hameed et al. 2017) etc. for the removal of dyes and heavy metals from
wastewater.

Biochar is a porous carbonaceous material derived from pyrolyzing organic
biomass under oxygen-limited conditions. In the recent years, biochar also has
attracted attention as ecofriendly and green adsorbent due to its mechanical and
thermal stability, and the presence of a highly porous structure and functional
groups. Various types of biochars derived from marine macro-algae waste
(Anastopoulos and Kyzas 2015), corn straw (Zhou et al. 2018; Zhang et al. 2018)
etc. were investigated.

Son et al. (2018) reported about magnetic biochar prepared by pyrolyzing of
marine macro-algae waste for heavy metal adsorption. The development of
magnetic adsorbents for water and wastewater treatment is very widely investigated
because magnetic adsorbents can be easily manipulated by external magnetic field
and easily recovered from contaminated water by magnetic separation. Magnetic
macro-algae biochar showed high selectivity for Cu (69.37 mg/g for kelp magnetic



76 T. Tatarchuk et al.

biochar and 63.52 mg/g for hijikia magnetic biochar) with plentiful O-containing
groups. The high heavy metal removal performance was attributed to the presence
of functional groups —-COOH and —OH on the magnetic biochar, which serve as
potential adsorption sites for heavy metals.

Magnetic oak wood biochar (MOWBC) and magnetic oak bark biochar
(MOBBC) were obtained from oak wood and oak bark biochars made by fast
pyrolysis during bio-oil production (Mohan et al. 2014) (Fig. 4). Biochars were
obtained from fast pyrolysis at 400 and 450 °C in an augerfed reactor and then
magnetized by mixing aqueous biochar suspensions with aqueous Fe®*/Fe** solu-
tions, followed by treatment with NaOH. They were investigated as potential green
adsorbents for cadmium and lead remediation from water. Maximum lead and
cadmium removal occurred at pH 4-5. The adsorption capacity was found to be
30 mg/g Pb** and 7 mg/g Cd** by magnetic oak bark biochar at pH 5.0 and
adsorbent concentration of 3 g/L at 25 °C.
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Fig. 4 Magnetic oak wood biochar and magnetic oak bark biochar: a SEM micrograph of
magnetic oak wood char at 952x magnification; b SEM micrograph of magnetic oak bark char at
2500x magnification; ¢ magnetic moment of magnetic oak bark char and magnetic oak wood char
at 23.7 °C (Reprinted from Mohan et al. (2014), Copyright (2014), with permission from Elsevier)
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Naushad et al. (2017) reported about nickel ferrite bearing nitrogen-doped
mesoporous carbon (NiFe,O4-NC) which was prepared using polymer bimetal
complexes and used for the removal of Hg®* from aqueous medium.
Urea-formaldehyde pre-polymer was used as a source of carbon and nitrogen as
well as structural templates for magnetic ferrite nanoparticles. The adsorbent
showed high surface area of 147.4 m?* g~!, with particle size in the range of 8—
10 nm and a saturation magnetization of 53.40 emu g ' (strong enough to be
efficiently separated from a solution using external magnetic field). The results
showed a maximum adsorption capacity of 476.2 mg g~ ' at 25 °C, indicating that
NiFe,0,-NC can be used as potential sorbent for the removal of Hg** from aqueous
environment.

Another magnetic nanocomposite Fe;O4@TAS prepared by Algadami et al.
(2017) (Fig. 5) revealed excellent magnetization and adsorption capacity for the
removal of Cd(Il), Cr(Ill) and Co(II) metal ions. The nanocomposite show high
surface area (210.34 m? g~ ') and high saturation magnetization (41.4 emu g ).
The maximum adsorption capacities were 286, 370 and 270 mg g~ for Cd(II), Cr
(II) and Co(II), respectively. It was found that the adsorption onto Fe;O,@TAS
was monolayer and after saturation of this layer no further adsorption took place.
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Fig. 5 Synthesis of Fe;0,@TAS nanocomposite as sorbent for Cd(II), Cr(IIl) and Co(Il) from
liquid environment (Reprinted from Algadami et al. (2017), Copyright (2017), with permission
from Elsevier)
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2.3 Graphene-Based Adsorbents and Their Derivatives

Graphene is a two dimensional material with a unique structure and large specific
surface area. The modification of graphene and the combination with other mate-
rials leads to new important composites with enhanced properties. For example,
graphene based composites and its derivatives (graphene oxide (GO), reduced
graphene oxide (rGO)) have been studied in the past years as adsorbents for the
sorption of organic dyes, heavy metals, and others pollutants. Graphene oxide
(GO) is one of the derivative of carbon-based materials, which can be obtained from
graphite using Hummer’s method. The surface of GO contains different functional
groups (i.e., carboxyl -COOH, carbonyl C=0, hydroxyl —OH groups), which allow
to use GO as potential sorbent for organic and inorganic pollutants, for example for
dye molecules and heavy metals adsorption. However, GO sheets exhibit a high
dispersibility in water, which prevents the efficient separation of dye-adsorbed GO
sheets from an aqueous environment (Guo et al. 2015). Thus, many efforts have
been carried out in recent years for developing of GO-based adsorbent composites,
which can be easily separated from aqueous solutions. This is why
magnetic-graphene-based nanocomposites have been widely applied for wastewater
treatment (Roy et al. 2016; Jia et al. 2017).

A new stretchable and graphene-oxide-based hydrogel Fe;O4/RGO/PAM was
developed by Dong et al. (2017) for removing organic pollutants and heavy metal
ions. The hydrogels exhibit excellent photo-Fenton in the degradation of 20 mg/L
RhB for 90% within 60 min under visible light irradiation, and even after 10 times
cycle test, the degradation rate for RhB still at 90%. This adsorbent can also remove
34.8-66.3% heavy metal ions after continual two days adsorption (Fig. 6).

The spinel ferrite systems (Tatarchuk et al. 2017a, b, ¢, d; Reddy and Yun 2016)
very often used as magnetic carriers for graphene-based adsorbents and their
derivatives, such as GO/Fe;04-g-PMAAM nanohybrid (Ma et al. 2017), Fez0,/
porous graphene nanocomposites (Bharath et al. 2017), magnetic 3D rGO-loaded
hydrogels (Halouane et al. 2017), poly(m-phenylenediamine)/reduced graphene
oxide/nickel ferrite (Wang et al. 2017a, b) etc.

For example, Guo et al. (2015) successfully reported the preparation of GO/
polyethylenimine (PEI) hydrogels by chemical route as efficient dye adsorbents for
wastewater treatment (Fig. 7a). Figure 7b shows the calculated dye removal rate
versus time plots for both MB and RhB. The dye removal rates can reach nearly
100% for both MB and RhB within approximately 4 h in accordance with the
pseudo-second-order model, suggesting the as-prepared GO/PEI hydrogels as
efficient dye adsorbents. The PEI was incorporated to facilitate the gelation process
of GO sheets and it allow conveniently to separate dye-adsorbed hydrogels from an
aqueous environment.

Yang et al. (2018) fabricated a Fe3;04-PSS@ZIF-67 composite as novel type of
metal-organic frameworks (MOF) magnetic porous composite materials (Fig. 8).
The ZIF-67 (Zeolitic imidazolate framework-67) nanocrystals were selected as
MOF. The results show that the equilibrium adsorption capacity for MO is up to



4 Green and Ecofriendly Materials for the Remediation ... 79

Nucleation

Fe;0,/RGO sheet

L

Graph ee oxide (GO)

@ ~,n-methylenebisacrylamide (MBAA)
. Fe;0, nanoparticles

/' Acrylamide monomer

Fe,0,/RGO/PAM hydrogel
(b) 80 (c)
£6.3% I adsorption rate 1.04
J 0.8+ y 4
9 ®0 524%  629% Solar light
I | 0.64 —=— RGOPAM
-] & —o— 0.1Fe/RGOIPAM
£ 407 Q —a— 0.2FelRGOIPAM
o O 041 —v— 0.4Fe/RGOIPAM
>
E 204 0.24
]
= 0.0
a- - . ¥ ¥ T T T
Ce**  Cu* Ag-  Cd* 0 15 3 45 60 75 90
lon type Time/min

Fig. 6 Graphene-oxide-based Fe;0,4/RGO/PAM hydrogel for the removal of organic pollutants
and heavy metal ions: a schematic steps of preparation of Fe;04/RGO/PAM hydrogels; b removal
rate of heavy metal ions after the degradation of RhB over 0.2Fe/RGO/PAM, hydrogel (adsorption
in the dark for two days); ¢ photo-Fenton-reaction for the degradation of RhB over different
samples (20 mg/L RhB, pH = 4.5, simulated solar light: 300 W Xe with AM 1.5 filter) (Reprinted
from Dong et al. (2017), Copyright (2017), with permission from Elsevier)

738 mg g71 (pH = 8.0, contact time 7 h, adsorbent dose 5 mg and initial MO
concentration 400 mg L™"). The authors stated that MZIF-67 composites could
selectively separate MO from the mixture solution of MO and MB. The removal
rate of MO is up to 92%. The results suggest that MZIF-67 composites could be a
good candidate for treatment of dye-bearing wastewater (Yang et al. 2018).
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Fig. 7 GOf/polyethylenimine (PEI) hydrogels as efficient dye adsorbents: a preparation (A GO
and B amine-rich PEI were combined to give C GO/PEI hydrogels); b the calculated dye removal
rates versus time plots for both Methylene Blue and Rhodamine B (Guo et al. 2015)

The new magnetic nanocomposite amino-functionalized SiO,@CoFe,0,4
nanoparticles decorated on graphene oxide were synthesized using solvothermal
and sol-gel processes by Santhosh et al. (2017). The obtained SiO,@CoFe,O,4
nanocomposite was functionalized with amino groups by adding 3-aminop
ropyltriethoxysilane, then was dispersed in 100 mL DI water with 100 mg of GO
and stirred for 2 h at room temperature. After, the obtained product was washed
with water and ethanol and dried at vacuum oven at 45 °C overnight. The prepared
nanocomposite was used as magnetic adsorbents for the removal of organic and
inorganic pollutants (acid black 1 dye and Cr(VI) ions as model pollutants) from
aqueous solution. The monolayer adsorption capacity of AB 1 and Cr(VI) ions onto
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Fig. 8 Porous magnetic MOF composites Fe;04-PSS@ZIF-67: a structure; b TEM images of
MZIF-67; ¢ separation of MB/MO mixture (photographs of MB/MO mixture solution before and
after magnetic separation; inset—photograph of MO and MB solution before mixed); d UV-vis
spectra of MB/MO mixture solution before and after magnetic separation (Reprinted from Yang
et al. (2018), Copyright (2018), with permission from Elsevier)

aminofunctionalized SiO,@CoFe,04-GO was found to be 130.74 and
136.40 mg g~ ' at pH = 2 and pH = 1 respectively.

3 Removal of Heavy Metals

Water is the source of existence of life on earth. The continuous increase in pop-
ulation and industrialization, cause adverse affect on human health and ecosystems,
due to severe contamination of water and surrounding soils by hazardous and toxic
pollutants. Nowadays, water pollution represents one of the most serious problem,
as 70-80% of all illness in developing countries are related to water contamination
(WHO 2000).
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3.1 Sources and Their Adverse Effects

In developing countries, various industries like, chemical, textiles, oil refinery, etc.,
directly or indirectly discharge the effluents containing toxic pollutants (organic and
inorganic) into surface water bodies and nearby land areas. Among the water
pollutants, metallic elements having high density like Zn(II), Pb(Il), Cr(IIT), Cd(1D),
Ni(II), Co(Il), Mn(II)... etc. are well-known hazardous pollutants due to their
tendency to accumulate in living organisms, especially at higher concentrations
causing health problems in human beings and raising serious environmental issues
(Chowdhury et al. 2016). In general, these metals exist naturally either alone or in
combination with other elements, but anthropogenic activities like mining, landfill
leaches, urban runoff and wastewater released by industries enhances their con-
centration (Ebtesam et al. 2013).

Water and food are the gateway for these elements to enter into human body, and
damage liver, nerves, block functional groups of vital enzymes, bones, renal, car-
diovascular, neurological disorders and even life threatening. These metals do not
only affect the humans but also, causes damage to biological cycles of aquatic
species, cell morphology and inhibit the cytoplasmic enzyme due to oxidative stress
(Bulgariu and Bulgariu 2014). Table 1 shows the limit of heavy metals on drinking
water and their adverse affects on human health, if the concentration is high.
To-date, only 10% of the produced wastewater is remediated and the residual

Table 1 Heavy metal and their limit in drinking water and their adverse affects on human health

Pollutant Permissible limits for drinking | Disorders
water (in mg/L) (WHO 2000)
Arsenic 0.01 Hypo-pigmentation, cancer, produce liver
tumors and skin gastrointesinal effects

Mercury 0.006 Corrosive to skin, eyes, and muscle membrane,
dermatitis, anorexia, kidney damage, respiratory
disorder

Cadmium | 0.003 Carcinogenic, cause lung fibrosis, weight loss,
kidney damage

Lead 0.01 High blood pressure, loss of apetite, anemia,
muscle and joint pains, kidney problem

Chromium | 0.05 Producing lung tumors, and allergic dermatitis

Nickel 0.07 Chronic bronchitis, reduced lung function,
disorder of bones

Zinc 3 Cause short-term illness called “metal fume
fever”

Copper 2 Long term exposure causes irritation of nose,
mouth, and eyes

Uranium No relaxation Mental retardation, estrogenic effect

Pesticides | No relaxation Cancer

Nitrate No relaxation Methemoglobinemia




4 Green and Ecofriendly Materials for the Remediation ... 83

wastewater is released into water resources and diffused into groundwater
(Al-Zoubi et al. 2015). Therefore, remediation of wastewater is important before its
discharge into water resources such as, rivers and seas. In general, heavy metals
may easily dissolve in solutions due to their water soluble property. This causes
difficulties in their elimination via physical and chemical separation methods.

3.2 Current Remediation Methods

There are several techniques employed for the removal of heavy metal ions from
wastewater and shown in Scheme 1. The conventional methods are more or less
successful in control of removal of heavy metals. However, they suffer several
drawbacks such as high-energy requirement, incomplete pollutant removal and
generation of toxic sludge. On the other hand, adsorption method has been proven
to be most effective and regenerative metal recovery technology for purification of
wastewater from heavy metal ions.

3.2.1 Chemical Precipitation Method

The most commonly used conventional method for the treatment of industrial
wastewater containing heavy metals is the chemical precipitation method. In this
process, positively charged molecules (cations) are combined with negatively
charged molecules (anions). Precipitation of dissolved metals (cations) is

Removal of Heavy Metals

Conventional Methods | * | New Adsorption Methods
* Chemical precipitation * Membrane filtration
* Coagulation and Flocculation *Bio-sorbents like as
* lon-exchange Peat
* Electrochemical treatment Flv ash

Microbial biomass
*Agricultural by-

products such as
Sugarcane bagasse
Sova bean hulls
Walnut hulls
Cotton seed hulls
Corn cob

Maize stack

Scheme 1 Different techniques are used for the removal of heavy metals from wastewater
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accomplished by increasing the concentration of soluble anions. For most metals,
this can be achieved by the addition of hydroxides (Harper and Kingham 1992).
However, this process requires a large amount of treatment chemicals to decrease
the heavy metals to levels imposed by the regulations. In addition, the sludge
produced from the precipitation process has to be subjected to dewatering and
disposal into landfills, which adds an additional cost to the treatment process.

3.2.2 Coagulation and Flocculation

Coagulation-flocculation process is well-known and simple chemical method used
to treat industrial wastewaters. The main purpose of this method is to enhance the
ability of a treatment process prior to sedimentation and filtration (Parson and
Jefferson 2006). Coagulation is a process used to neutralize the charges and form a
gelatinous mass to trap the particles, thus forming a large mass enough to settle or
be trapped in the filter. Flocculation is gentle stirring or agitation to encourage the
particles thus formed to agglomerate into masses large enough to settle or be filtered
from solution. Due to its easy operation, relatively simple design and low energy
consumption, coagulation-flocculation has been successfully employed in different
type of industries (Almubaddal et al. 2009). Moreover, coagulation-flocculation can
be used as a pre-treatment, post-treatment, or even as the main treatment of
wastewater due to the versatility of the treatment process.

3.2.3 Ton-Exchange

Ion exchange is used for the removal of heavy metals from effluent. An ion
exchange is a solid (synthetic organic ion exchange resins) capable of exchanging
either cations or anions from the surrounding materials (Barakat 2011). Even
though this method is successful in removing toxic elements, it cannot handle
concentrated metal solution as the matrix gets easily fouled by organics and other
solids in the wastewater. Moreover, ion exchange is non-selective and is highly
sensitive to the pH of the solution.

3.2.4 Membrane Filtration

Membrane filtration is a promising technique for the treatment of industrial
wastewater as it requires small space, low pressure and high separation selectivity.
It is capable of removing particulate material, pathogens, nutrients, organic and
inorganic contaminants and dissolved substances. Different types of filtration
techniques are employed depending upon the size of the particle/pore size of the
membrane and type of the effluent to be treated. Microfiltration (MF) is based on
the sieving mechanism, where as particles with a higher size than the membrane
pore dimension are retained and smaller particles pass through the membrane. In
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Ultrafiltration (UF) technique, adsorption-sieving mechanism is applied for the
separation of macromolecules or colloidal particles from liquid. Reverse Osmosis
(RO) demonstrates a high heavy metal rejection, compared to ion exchange, but it
operates in a continuous flow mode and has considerably lower reagent con-
sumption. RO technique of heavy metal cationic wastewater treatment can provide
potable-grade water or high purity water for technological operations.
Nanofiltration (NF) is the separation process, using specially designed membranes
with electrically charged surface (Kagramanov et al. 2009). Membrane technologies
provide an important solution in reuse and recovery of water. The separation in MF
and UF is based on the mechanical sieving while in NF and RO membranes is
based on the capillary flow or diffusion of the solute.

3.2.5 Adsorption

Adsorption is the process of accumulating substances that are in solution on a
suitable interface. The factors affecting the adsorption process are mainly the
amount of sorbent, initial concentration of metal ion, pH of the medium and
operating temperature. During adsorption, molecules of a substance (adsorbate)
collect on the surface of another substance (adsorbent). Therefore, adsorption is
considered to be a mass transfer operation, usually from a fluid phase to solid phase.
In adsorption method, activated carbon (AC) is used as adsorbent and has been
synthesized from coconut husk, sawdust and rice husk, jackfruit peel, sugarcane
bagasse, mango nuts, pumpkin seed shell. However, the use of AC is inadequate
owing to its higher cost (Wang et al. 2003; Dai et al. 2012). Therefore, several
low-cost sorbents like fly ash, silica gel, zeolite, lignin, seaweed, wool wastes,
agricultural wastes (maize, coconut shell, rice husk), chitin, chitosan (CTS), and
clay materials (kaolinite, montmorillonite, diatomaceous, and bentonite) are
investigated as they are efficient when compared to activated carbon (Jafari et al.
2014; Debbaudt et al. 2004; Zhu et al. 2012).

Biosorption method is another competent and economic method for the reme-
diation of heavy metals from industrial effluents (Hossain et al. 2012). Bio-wastes
generally contain carboxylic, alcohols, aldehydes, ketones, and phenolic functional
groups which have the capability to interact and bind with heavy metals by forming
complexes in solution and thus can be utilized as potential sorbents for the removal
of heavy metals (Demirbas 2008).

3.3 Removal of Heavy Metals

3.3.1 Arsenic (As)

The occurrence of arsenic in ground water is naturally due to the weathering of
rocks and sediments. In addition to the above anthropogenic activities like
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agriculture, industrial and domestic endeavors has increased the concentration level
in the water. The arsenic problem is found mainly in India, Bangladesh, Taiwan,
Magnolia, China, Chile, New Zealand, Hungary, Japan, Mexico, and Poland
(Mondal and Garg 2017). The permissible limit of arsenic in water is about
0.01 mg/L (Islam and Patel 2008; Yadav et al. 2006). It exist in As(II) and As(V)
oxidation states whereas As(IIl) is easily mobile and is about 25-60 times toxic
than As(V). The removal of these elements depends upon pH of the solution and
redox potential. As(V) usually adsorbs and reacts more strongly than As(IIl)
(Sharma et al. 2007).

Agents that can bind to arsenic through adsorption or through formation of
insoluble compounds with arsenic by precipitation or co-precipitation are referred
to sorbents (Table 2). The AC is most commonly used as an adsorbent for water
purification. However, the removal of As depends on the pH of the solution. The
adsorbents fabricated from char’s and AC were synthesized from sawdust, fly ash
and agriculture by-products. Chuang et al. (2005) reported oat hulls based AC and
observed that adsorption capacity was largely affected by the initial pH with
decreasing adsorption capacity from 3.09 to 1.57 mg/g when initial pH value was
increased from 5 to 8. Numerous reports are available in the literature for the
development of various low-cost adsorbents and concluded that their use may
contribute to the sustainability (Babel and Kurniawan 2003). Several authors
employed bio-sorption process (biomaterials including plant biomass, agricultural
waste, bacteria, fungi and algae) to eliminate As from water (Martinez-Juarez et al.

Table 2 Different types of sorbent materials and their efficiency for the removal of Arsenic

Material/ Amount of sorbent/conditions Efficiency References

Sorbent used

Lanthanum Lanthanum hydroxide (LH), lanthanum 0.001 mM Tokunaga

compounds (LC) and basic lanthanum carbonate (BLC). et al. (1997)

The optimum pH range was 3-8, 4-7 and 24
for LH, LC and BLC, respectively

Aqua bind - 100% Senapati and
Alam (2001)

Ferric 100 mg/L of ferric chloride and 1.4 mg/L of >90%, often | Ahmed

chloride KMnOy4 95% or more | (2001)

Aluminum 20 mg/L 96% Ahmed

alum (2001)

Iron filings lg 99% (4 days, | Su and Puls

type 2 mg/L) (2001)

Alumina lg 94% Kepner et al.

manganese (1998)

oxide

Calcium 0.1% lime/water ratio by weight 99.90% Hussain et al.

oxide (2001)

Wood 600-757 97-99% Hussain et al.

charcoal (2001)
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2013; Bhargavi and Savitha 2014; Zhang et al. 2015; Aryal et al. 2010; Vinh et al.
2015; Raj et al. 2013).

Coagulation and flocculation are the most simple and less expensive methods
that have been used for As removal. It was reported that chitosan as natural
coagulant supports the removal of As by coagulation process using FeCl;. It was
found that the removal percentage of As(V) and As(IIl) was 90 and 60%, respec-
tively, when FeCl; was used alone and it was enhanced almost to 100 and 80%
when used together with chitosan (Hesami et al. 2013). Recently, nanoscale based
material are used in the removal of As from wastewaters. Jungcharoen et al. (2017)
reported lignin-modified nanoscale zerovalent iron (nZVI) for the removal of As
from wastewaters. A lignin-modified (L-nZVI) and pulp-modified nZVI (P-nZVI)
nanoparticles were synthesized using the borohydride method. Both L-nZVI and
P-nZVI could remove 1 mg/L of As with the removal efficiency of 88.66 and
90.79%, respectively at an initial pH of 7. Adio et al. (2017) also reported nanoscale
zero-valent iron (Fe) using plant extract as a reducing agent and about 95% of As
removal was recorded using 100 mg adsorbent at solution pH 3.

3.3.2 Lead (Pb)

Lead is a very toxic heavy metal, and in human body it causes damage to the bones,
brain, blood, kidneys, and the thyroid glands. The major source of lead in water is
from the discharge of effluents of industries, i.e., electroplating, paint, pigment,
basic steel work, textile industries, metal finishing and electric accumulators’ bat-
teries. Pb(I) is used in batteries due to its specific characteristics such as con-
ductivity, resistance to corrosion and a reversible reaction between lead oxide and
sulfuric acid (Bahadir et al. 2007). Its presence also shows adverse effect on the
living creatures received through waters. Even a very low concentration of heavy
metals in water can be very toxic to aquatic life.

Wen et al. (2016) reported reusable electrospun zein nanoribbons for treatment
of lead contained wastewater. The modified coaxial electrospinning process was
conducted permitting the smooth and continuous generation of zein nanoribbons.
Adsorption results indicated that equilibrium was obtained in 60 min for Pb(Il)
solutions with initial concentrations of 100, 150 and 200 mg/L. Desorption results
showed that the adsorption capacity can remain up to 82.3% even after 5 cycles of
re-use. Badawi et al. (2017) developed three modified biopolymers by reaction of
chitosan and tannic acid in molar ration 1:1, 1:3 and 1:6, according to their
equivalent molecular weights of (17.01 g/1.73 g of 1:1), (17.01 g/5.19 g of 1:3)
and (17.01 g/10.38 g of 1:6) to adsorb Pb(II) metal ions from industrial wastewater.
The absorption efficiency as a function of bisorbent amount is shown in Fig. 9. The
maximum adsorption efficiencies were obtained at 99.6, 99.8 and 99.2% for Pb(Il)
metal ion and at 98.9, 99.8 and 99.5% by using 0.5 g of TC1, TC3, and TC6
biosorbents respectively.

A novel series of polyamine/CNT composites were synthesized via a single step
polycondensation reaction of melamine, paraformaldehyde, various alkyldiamines



88 T. Tatarchuk et al.
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and chlorinated carbon nanotubes (CNT) at optimized reaction conditions in the
presence of N, N-Dimethyl formamide as a solvent. Wastewater treatment revealed
the high efficacy of the synthesized polyamine/CNT composite in the removal of
~99% of Lead ions in wastewater samples. Awual (2016a, b) designed a new
re-usable conjugate adsorbent that can simultaneously detect and remove of toxic
Pb(I) even at lower concentrations without using any sophisticated instruments.
The detection of Pb(I) ions was 1.2 1 g/L. and was found to be relatively fast. The
maximum adsorption capacity was determined to be 188.67 mg/g. Moreover, this
technique achieved residual Pb(Il) concentration less than 10 mg/L, which is
acceptable by water quality regulations. In addition, the conjugate adsorbent was
regenerated by 0.10 M HCI treatment. In addition, the Pb(II) ion adsorption effi-
ciency was retained after nine adsorption-elution-regeneration cycles. Vasudevan
et al. (2012) used electrocoagulation method for the removal of Pb from water. The
results showed that the maximum removal efficiency was achieved with magnesium
alloy as anode and galvanized iron as cathode at a current density of 0.15 A/dm*and
pH of 7.0. Recently, Stevens and Batlokwa (2017) used fish scales waste remains as
an environmentally friendly to remove 81.97% Pb(Il) from wastewater. This is an
alternative method for agricultural and industrial waste management, particularly
for fisheries and food industries. Tinas et al. (2016) prepared and used
Fe;04@montmorillonite composite for the separation of Pb and Cd from aqueous
solutions. Under optimized conditions, Pb and Cd were quantitatively removed
from wastewater (between 95 and 98%) for a contact time of less than 5 min.
Recently, Yap et al. (2017) synthesized magnetic biochar (MB) with discarded
materials such as coconut shell (CS) using the microwave technique and achieved
maximum removal of Pb at pH 4.5 of the solution. The different adsorbent for the
removal of Lead and their capacities are shown in Table 3.
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Table 3 Adsorbent for the removal of lead and their capacity

Adsorbent Capacity References

Coconut activated carbon 391 Gueu et al. (2007)

Activated carbon 13.05 Imamoglu and Tekir (2008)
Sugarcane dust 13.9/50.4 Ho et al. (2005)

Olive stone 23.47 Alslaibi et al. (2014)

Activated carbon 32.17 Machida et al. (2005)

EFB based activated carbon 48.96 Wahi and Ngaini (2009)
Sugarcane dust 50.4 Ho et al. (2005)

Coconut husk 69.06 Sulak et al. (2007)

Activated carbon 99.5 Li et al. (2009)

Carbon nanotubes 112.36 Xu et al. (2008)

Peanut husks 113.96 Ricordel et al. (2001)

CNT’s 120.6 Tofighy and Mohammadi (2012)
Activated carbon 134.22 Singh et al. (2008)

Flax shive 147.1 El-Shafey et al. (2002)
Coconut shell 162.75 Yap et al. (2017)

Sugarcane bagasse pith 200 Yap et al. (2017)

Sawdust 200 Krishnan and Anirudhan (2002)
Bagasse 227.3 Ayyappan et al. (2005)

Coir pith 263 Kadirvelu and Namasivayam (2000)
E. rigida 279.72 Gercel and Gercel (2007)

Wild almond shells 823.1 Thitame and Shukla (2017)

3.3.3 Mercury (Hg)

Mercury Hg(II) is also considered as one of the most harmful metal ions to the
human and environment. It has been proved to have toxic effects on reproduction,
liver, kidneys and central nervous system, and it can cause psycho-logical and
sensory impairments (Harris et al. 2003). The maximum acceptable level of Hg(II)
in drinking waters is recommended 1 pg L™' according to World Health
Organization (WHO). Attari et al. (2017) developed a cost-effective Hg removal
approach based on a synthesized zeolite Linde Type A(LTA) from coal fly ash
(CFA-ZA). Adsorption experiments at room temperature achieved an average
removal efficiency of 94% with 10 mg/L initial concentration; that is comparable
with activated carbon. Devani et al. (2017) repoted biosorption of Hg(Il) from
solutions by normal and chemically modified husk of Cajanus cajan (Pigeon pea).
The maximum metal uptake was obtained as 68 and 82 mg/g for an initial Hg(II)
concentration of 150 mg/L for normal and chemically activated biosorbents,
respectively, at a most favorable solution pH of 5.5. Amidoamine functionalized
multi-walled carbon nanotubes (MWCNT-AA) has been investigated for the sep-
aration of Hg(Il) ions by solid-liquid extraction (Deb et al. 2016). The adsorbent
showed superior selectivity with high adsorption capacity towards Hg as compared
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Fig. 10 Preparation of mercaptoamine-functionalised silica-coated magnetic nano-adsorbents and
a possible mechanism for adsorption of Hg(I) or Pb(Il) on MAF-SCMNPs (Reprinted from Bao
et al. (2016), Copyright (2016), with permission from Elsevier)

to other metal ions present in industrial wastewater containing Hg. A novel mag-
netic hybrid material was fabricated using mercaptoamine-functionalized
silica-coated magnetic nanoparticles (MAF-SCMNPs) for the extraction and
recovery of mercury was initiated by Bao et al. (2016) (Fig. 10). The maximum
adsorption capacities was found to be 355 mg/g at pH 5-6.

Also, adsorbents with thiol or poly(l-vinylimidazole) functionalized super-
paramagnetic nanoparticles were found highly selective for adsorption of Hg(I) as
reported by Hakami et al. (2015). Awual et al. (2016a, b) explored the ligands N, N-
disalicylidene-4,5-dimethyl-phenylenedene impregnated highly ordered meso-
porous silica based optical nanocomposite material for sensitive, selective detection
and removal of mercury (Hg(Il)) from polluted water solutions. The Hg(II) ions
adsorption reached an equilibrium within short time and the maximum monolayer
adsorption capacity was 179.74 mg/g. The comparison of adsorption capacities of
nanocomposite materials with other adsorbents reported in the literature for Hg(Il)
ion in aqueous solutions are shown in Table 4.

Table 4 Comparison of adsorption capacities of nanocomposite materials with other adsorbents
reported in the literature for Hg(II) ion in aqueous solutions

Adsorbent Adsorbent capacity (mg/g) | References

Magnetic iron oxide nanoparticle 0.125 Cho et al. (2012)
Alkynyl monolayers silica gel 174.3 Choi et al. (2016)
Chitosan coated magnetic nanoparticles | 10 Awual et al. (20164, b)
Functionalized SBA-15 122.36 Mureseanu et al. (2010)
AC-based pistachio-nut shells 147.1 Asasian et al. (2012)
Pyrite 180.53 Duan et al. (2016)
Functionalized MCM-41 140 Quintanilla et al. (2006)
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3.3.4 Cadmium (Cd)

Al Hamouz et al. (2017a, b) developed new series of pyrrole based dithiocarbamate
functionalized polymers via one-pot polycondensation reaction. The developed
polymer (PYEDCS?2) is comparatively good absorbent for the removal of Cd ions
from wastewater compared to the reported adsorbent (Q,, 14.18 mg g~ ') materials
like Na-montmorillonite 5.2 mg g~ ' (Abollino et al. 2003), Biosorption 0.71 mg
g~ ! (Fawzy 2016), magnetic GO 5.34 mg g~ ' (Zare-Dorabei et al. 2016), Red mud
10.6 mg g~' (Sahu et al. 2011) and activated carbon 8 mg g~' (Leyva-Ramos et al.
1997). Rhodobacter sphaeroides was used for bioremediation of wastewater pol-
luted with Cd. The results showed that Rhodobacter sphaeroides had relatively
higher remediation effect about 97.92%, when compared with other bioremediation
methods. Recently, Verma and Sarkar (2017) investigated simultaneous removal of
Cd** and p-cresol by micellar-enhanced ultrafiltration (MEUF) with rhamnolipid
(RHL) as a biosurfactant. The maximum rejection coefficient of 98.8 and 25% for
Cd>* and p-cresol, respectively were obtained under the following optimal condi-
tions: RHL: 370 mg/L, Cd**: 60 mg/L, p-cresol: 75 mg/L and pH 7.8
(Verma and Sarkar 2017).

Several authors reported that natural and agricultural waste materials that are
biodegradable, readily available at little or no cost, in replacement of conventional

Table 5 Sorbent material and their sorption capacity

Sorbent material (natural/ Sorption capacity References

agriculture waste) (mg g M

Wheat bran 0.7 Singh et al. (2006)

Modified walnut sawdust 4.51 Bulut and Tez (2003)

Hazelnut shells 5.42 Bulut and Tez (2007)

Abies sachalinensis bark/Hardwickia 6.72/33.6 Seki et al. (1997)

binata bark

Coffee husks 6.9 Oliveira et al. (2008)

Pinus pinaster bark 7.84 Kumar (2006)

Olive stone waste 8.99 Fiol et al. (2006)

Modified sawdust 9.29 Taty-Costodes et al.
(2003)

Olive cake 10.56 Doyurum and Celik
(2006)

Ceratonia siliqua bark 14.27 Farhan et al. (2012)

Cassava waste 14.3 Abia et al. (2003)

Bark of Eucalyptus 14.56 Ghodbane et al. (2008)

Romanina Pinus sylvestris L. Bark 27.32 Tofan et al. (2012)

Eriobotrya japonica Loquat bark 28.8 Salem et al. (2012)

Waste tea leaves 31.48 Ahluwalia and Goyal
(2005)

Cassia siamea bark 37.7 John et al. (2011)
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sorbents, is in conformity with green chemistry and green environment. Fraxinus
tree leaves were successfully used to remove ternary mixture of Cd(I) from an
aqueous solution in a batch system under the optimal conditions of pH = 5, sorbent
mass of 0.05 g, and initial Cd(II) concentration of 129.1 mg/L (Zolgharnein et al.
2017). A comparison of different natural biodegradable sorbents/agricultural waste
and their adsorption capacity is listed in Table 5.

4 Removal of Organic Pollutants in Water

Organic compounds such as dies, alcohol and benzene groups are found in
wastewater causing serious problems due to their toxicity. Dyes are one of the main
organic compounds that found excessively in wastewater, usually as an output from
industrial effluents (Vidya et al. 2016). Organic dyes as Methylene Blue (MB) (Nava
etal. 2017a, b) Rhodamine B (RhB) (Sharma et al. 2017), Remazol Brilliant Orange
(RBO) (Bibi et al. 2017) and Malachite Green (MG) (Upadhyay et al. 2015) are
reported to have harmful effect on the environment. One of the best approach for the
elimination of such dyes consists on their degradation into less harmful components.
This can be achieved using catalysis reaction, which is a series of chemical reactions
that excite the catalyst atoms creating electrons and holes forming reactive oxygen
species that cause degradation of organic compounds. The creation of electrons and
holes depends on the power of the irradiation as well as the catalyst. Other factors such
as the initial concentration of the dye and pH of the solution also affect the efficiency
of the catalysis procedure (Bibi et al. 2017). To evaluate the efficiency of the
degradation, the following equation is usually applied:

CO_Ct
— 0 X
0

R(% ) = 100 (1)

where R (%) is the compound/dye removal efficiency, Cy (mg/L) is the initial
concentration of compound/dye in the solution, and C; (mg/L) is the concentration
of compound/dye at a certain time in min (Kuang et al. 2013).

There exists several approaches to enhance the efficiency of the catalysis process,
this includes creating a heterogenous catalyst by using mixed compounds (Amiri et al.
2017; Kuang et al. 2013) as well as doping (Wang et al. 2017a, b) resulting in an
increase in the generation of electron- hole pairs. Moreover, adding a nobel metal such
as Pd (Wang et al. 2017a, b) and Ag (Vendamani et al. 2017) are found to be very
effective in improving the catalyst reaction by surface plasmon resonance
(SPR) which occurs when nobel metal atoms accumulate on the surface of the catalyst
creating a larger electron yield. Most of the catalysis reactions are performed under
irradiation (photocatalysis) to enhance the excitation process of atoms.

Recently, researchers have applied a successful green route to synthesise dif-
ferent iron oxide NPs (a-FeOOH, B-FeOOH and Fe,Os3) using “Sapindus muko-
rossi” which is a plant that biodegrade in nature with no harmful effect (Jassal et al.
2016). These nature friendly iron oxides have shown a good binding ability with
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3-Aminopyridine which is an organic compound that is used in pharmacology and
may have harmful effect on environment. Experiments showed that the binding
percentage of surface of 3-Aminopyridine is 94.27, 92.36 and 88.31% using the
synthesized a-FeOOH, B-FeOOH and Fe,O; NPs (Jassal et al. 2016).

Zinc Oxide (ZnO) NPs is an important semiconductor oxide that has been used
in catalytic reactions. Recently, pure nanocrystalline ZnO NPs have been prepared
using Jackfruit leaf extract (Vidya et al. 2016). SEM images showed aggregation of
particles while HRTEM images showed a hexagonal-shaped morphology with
particle size in the range 15-25 nm (Fig. 11a). Degradation mechanism was
summarized in the following equations:

RB, - RB, (2)

hv _ +
ZnO—-e (CB)+h ™" (VB) (3)
h* +OH™ — OH* (4)
RB; + OH* — Products (5)

The obtained results revealed that under irradiation, RB dye start to excite into
different chemical states while the green synthesized ZnO NPs create electron—hole
pairs, as electrons are in the conduction band while the holes are in the valance
band. A hole causes electron removed from the medium causing OH- which
eventually tends to the radical OH*. This radical causes the RB dye to decompose
into different products that are considered to be harmless to the surroundings. It was
also shown that the pH of the medium affected the degradation efficiency; a pH 8
was the optimum value with a maximum degradation efficiency of 85%. This is
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Fig. 11 ZnO nanoparticles synthesised by a simple method using leaf extract of jackfruit
(Artocarpus heterophyllus): a TEM image of ZnO NPs; b effect of initial dye concentration on
250 mL of dye solution with 60 mg ZnO NPs at pH 8 (Reprinted from Vidya et al. (2016),
Copyright (2016), with permission from Elsevier)
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because at pH 8, the anionic medium reacts with the dye causing the creation of
more holes, however, at higher pH (9 and 10) the medium becomes more negatively
charged which allows recombination and hence resulted in less holes that mini-
mized degradation process. The initial concentration of the RB dye has also a direct
influence on the degradation rate too (Fig. 11b). The maximum degradation (85%)
was related to the minimum concentration (10 ppm), and was attributed to the
effective catalyst surface that relatively increases with decreasing the dye concen-
tration favouring more catalysis reactions (Vidya et al. 2016).

Moreover, ZnO NPs synthesized using Camellia sinensis extract (CSE) showed
a considerable efficiency in the degradation of MB from water (Nava et al. 2017a).
XRD results confirmed the formation of pure ZnO phase. It was shown that using
different concentrations of CSE had a direct effect on the crystallite size as it
decreased from 17.47 to 9.04 nm when CSE amount was increased from 10 to
40 mL per gram of Zinc nitrate. This even affected the shape and homogeneity of
the nanocrystals as shown in HRTEM image (Fig. 12a). The samples with smaller
crystallite size (40 mL) chosen for photocatalysis experiment for the degradation of
MB dye showed an efficiency of 84.37% at 120 min under UV irradiation
(Fig. 12b) (Nava et al. 2017a).

Furthermore, photocatalytic activity was tested for ZnO NPs synthesized using
peel extract from different fruits including tomatoes (Lycopersicon esculentum),
orange (Citrus sinensis), grapefruit (Citrus paradisi) and lemon (Citrus auran-
tifolia) making use of the aromatic hydroxyle groups that cause nucleation process
ending up with forming ZnO NPs named as M1, M2, M3 and M4 respectively
(Nava et al. 2017b). The crystallite size measured from XRD was found to be 9.01,
12.55, 19.66 and 11.39 nm which was confirmed by HRTEM too (Fig. 13a).
Photocatalytic experiment under UV light showed the degradation of MB dye using
the “fruit peel” prepared ZnO (Fig. 13b). It was obvious that ZnO prepared from
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Fig. 12 ZnO nanoparticles prepared using Camellia sinensis extract: a morphology of the ZnO
NPs (40 mL); b MB degradation through photocatalytic activity of the ZnO NPs (Reprinted from
Nava et al. (2017a), Copyright (2017), with permission from Elsevier)
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Fig. 13 ZnO nanoparticles prepared via green synthesis using different fruit peel extracts (tomato,
orange, grapefruit, lemon): a TEM micrographs of ZnO NPs (M1); b photocatalytic activity and
degradation rate constants of the ZnO NPs (Reprinted from Nava et al. (2017b), Copyright (2017),
with permission from Elsevier)

tomato peel has the best degradation rate (97% in 180 min) as well as the highest k
value (0.0195). This is mainly due to the relatively small crystallite size (Nava et al.
2017b).

Cerium Oxide (CeO,) NPs were synthesized through a cost effective green
method using “Azadirachta indica” plant leaf extract (Sharma et al. 2017). This
resulted in agglomerated spherical particles with a uniform size distribution in the
range 10-15 nm as shown in FESEM (Fig. 14a). The as-prepared green CeO, NPs
have shown great effect in the degradation of RhB dye into less harmful radicals
(Fig. 14b), under visible light. Photocatalysis experiment showed that 96% of the
dye was degraded from water after 120 min of treatment (Sharma et al. 2017).

~&—With CeO, NPs
~&— Without CeO, NPs

D 20 40 60 80 100 120
Time (min)

Fig. 14 CeO, nanoparticles synthesized by eco-friendly green synthesis using Azadirachta indica
leaf extract: a FESEM of the green synthesized CeO, NPs; b curve of A/A, versus time interval
(Reprinted from Sharma et al. (2017), Copyright (2017), with permission from Elsevier)



96 T. Tatarchuk et al.

Moreover, a successful mechanism of biosynthesis of cobalt oxide (CoO) was
achieved using “P. granatum” extracts which can be found easily in local markets
in Pakistan (Bibi et al. 2017). The reaction process monitored by UV-visible spectra
confirmed that “P. granatum” played a key role in surface reduction and hence, the
formation of nanoscale CoO NPs (Fig. 15a). Pure face centered cubic crystalline
phase was confirmed by XRD with an estimated average size in the range 43.78—
73.10 nm. SEM image showed spherical agglomerated particles with an average
size of 80 nm. These biosynthesized CoO NPs was used for the photocatalytic
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Fig. 15 CoO NPs fabricated using Punica granatum peel extract: a SEM image of CoO NPs
b UV absorption spectra of dye before and after treatment using CoO NPs as a catalyst under solar
light irradiation and (A—C) visual observation of dye before and after treatment (Reprinted from
Bibi et al. (2017), Copyright (2017), with permission from Elsevier)
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degradation of RBO in water under solar light (Bibi et al. 2017). A 78.45% of RBO
dye was degraded after only 50 min, indicating a considerable efficiency of these
biosynthesized CoO NPs in the elimination of such organic compound (Fig. 15b).

Among green NPs, ferrite system has shown efficiency in organic compounds
removal (Amiri et al. 2017). Green sol-gel was carried out to synthesize Cobalt
Ferrite Silica (CoFe,04-Si0,) composite using various amount of “Salix alba bark
(SA)” extract (3, 5, 7, 10, 15, 20 mg). The average particle size was found to
decrease from 51.02 to 15.41 nm with the amount of SA extract increasing from 3
to 20 mg. Consequently, room temperature saturation magnetization was found to
raise from 0.14 to 2.89 emu/g. Hence, the sample with the highest amount of SA
extract (20 mg) was chosen as photocatalyst for the degradation of malachite green
(MG) and the adsorption capacity reached 75.5 mg/g indicating good degradation
process (Amiri et al. 2017).

Carbon based NPs are known to have high surface area which can be easily
modified, as well as their good thermal stability which makes them good candidates
for catalysis (Choudhary et al. 2017; Wang et al. 2017a, b). Studies showed that
green synthesized graphene oxide can be used in water treatment. Grape extract was
applied to obtain an environmental friendly GO NPs that can be used efficiently in
the removal of dyes from water (Upadhyay et al. 2015).

Nitrogen doped CNTs with Palladium (Pd/N-CNT) were prepared through green
routes using different ratios of Polyvinylpyrrolidone (PVP, a water soluble poly-
mer) (Wang et al. 2017a, b). High magnification TEM image (Fig. 16a) showed Pd
nanoparticles clearly distributed onto CNT. XRD and EDS techniques confirmed
the purity and chemical composition of the samples with average diameter ranging
from 30 to 60 nm. Theses samples were shown to be an excellent catalyst for the
reaction of iodobenzene (an organic iodine compound that might found in
wastewater). The effect of temperature was tested too as experiments showed a that
at 50 °C, the efficiency of the reaction reached 92.8% in prolonged time where at
higher temperature the efficiency reached almost 100% in only 2 h. Also, Pd/
N-CNT have shown a great effect on the catalysis of other organic compounds such
as Benzyl alcohol and Benzaldehyde as it reached 85 and 100%, respectively, at Pd:
PVP ratio of 8.6 wt% (Fig. 16b). It is noteworthy to mention the effect of Pd as a
nobel metal in the catalysis process as it enhances the efficiency by surface plas-
monic resonance (SPR) effect. However, exceeding a certain amount of Pd could
actually disturb the flow of electrons allowing recombination with holes which
lower the efficiency of the catalysis. This can be shown clearly evidenced from
Fig. 4 as the efficiency of the reaction was found to decrease for the Benzaldehyde
when the Pd:PVP ratio is increased to 9 wt% (Wang et al. 2017a, b).

Recently, green synthesis of graphene oxide (GO) has been reported for catalytic
applications (Sreekanth et al. 2016). Nanosheets of GO decorated with Ag NPs
(GO-Ag) was synthesized using “Picrasma quassioides” plant extract. Morphology
and chemical composition were confirmed by SEM, TEM and EDAX, revealing
monodispersed spheres with no noticeable agglomeration. It was shown that these
nanosheets caused the degradation of more than 80% of MB dye from water within
30 min with a rate constant (k) of 0.038 min~ (Sreekanth et al. 2016).
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Fig. 16 N-doped CNTs with Pd (Pd/N-CNT) synthesized through green route:
a high-magnification TEM image; b catalytic results for the oxidation of benzyl alcohol with
O, over different catalyst. Reaction conditions: 0.02 g catalyst, 120 °C, 3 h, 5 mL benzyl alcohol,
20 mL/min O, (Reprinted from Wang et al. (2017a, b), Copyright (2017), with permission from
Elsevier)

Moreover, another research work has successfully reported the synthesis of Ag
reduced graphene (Ag-rGO) using the extract of another plant called “Psidium
guajava” with different concentrations of AgNO; (1, 2, 5 and 10 mM in 1 mg) and
hence obtained different amount of Ag NPs. Such green synthesis method is
claimed to have less toxic outcomes in comparison with other conventional
methods (Vendamani et al. 2017). The observed sharp and high peaks of XRD
pattern confirm the crystalline nature, while the intensity of Ag-peaks increases
with the variation in Ag amount, as seen in Ag 10-rGO. Chemical composition was
also confirmed by FTIR analysis whereas TEM revealed layers of graphene oxide
nanosheets with homogenous distribution of Ag NPs. Degradation studies showed
that these synthesized samples are efficient for the degradation of MB dye from
water (Vendamani et al. 2017). The quenching constant k represents a measure of
photoluminescence (PL) quenching efficiency of a given system and was calculated
using the following equation:

I,/T=¢e" (6)

where (I,/I) is the MB intensity ratio. The k value is found to be 32.5 and 13.4 (mg/
ml)~" for rGO and Agl0-rGO respectively (Vendamani et al. 2017).
Sapindus-mukorossi is a plant used as a natural surfactant in the synthesis of iron
hexacyanoferrate (Shanker et al. 2017). The formation of pure crystals of cubic
phase was confirmed through the sharp high peaks in XRD pattern. An average
particle size of 50 nm was observed by FESEM and the chemical composition was
confirmed too by energy dispersive spectroscopy (EDS). TEM revealed rod- and
spherical-shaped NPs with particle size in the range 10-60 nm (Fig. 17a). These
NPs was tested for the adsorption of several toxic organic compounds including



4 Green and Ecofriendly Materials for the Remediation ... 99

(a) (b)
®  Neutral Water i
v Acidic ! §
3 g
s i ¥
g i
¥

Fig. 17 Iron hexacyanoferrate nanoparticles synthesized green route using Sapindus-mukorossi as
natural surfactant: a FE-SEM image of iron hexacyanoferrate NPs; b adsorption of different
organic compounds at different pH (Reprinted from Shanker et al. (2017), Copyright (2017), with
permission from Elsevier)

anthracene, phenanthrene chrysene and benzopyrene in water. A good adsorption
rate was found above 70% for all compounds. This efficiency was found to be
directly proportional to the initial concentration of the compound. This was
explained with the enhancement of the surface area with the concentration, which
creates more active sites of catalysts and hence results in higher adsorption rate
(Fig. 17b). The effect of pH was also examined too, showing that the maximum
adsorption rate was found in a neutral pH medium, where proceeding the reaction in
an acidic medium will decrease the adsorption for the tested organic compounds
(Fig. 17b). This was explained as follow: the created holes during the catalysis
reaction may interact with the compounds at acidic medium limiting the formation
of ROS and lowering the adsorption efficiency (Shanker et al. 2017). It is very
important to mention that the effect of pH depends on the chemical behavior of the
introduced compounds as well as the catalyst used within the medium.
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Chapter 5 )
Graphene Characterization and Its Use s
to Reduce Trihalomethanes (THMSs)

in Drinking Water in Puerto Rico

Jorge L. Hernandez Bourdon

Abstract This chapter mainly focuses on the reduction of trihalomethanes (THMs)
in drinking water in Puerto Rico. Three different nanostructured materials
(Graphene, mordenite and multiwalled carbon nanotubes) were used to reduce the
THMs formation by adsorption in specific contact time. The results showed that
graphene is the best nanomaterial to reduce THMs in drinking water. Graphene can
reduce THMs 80 parts per billion (ppb) in about 2 h.

Keywords THMs (trihalomethanes) - ppb (parts per billion) - Graphene
Mordenite - Multiwalled carbon nanotubes

1 Introduction

The processes that occur in the surfaces of crystals depend on many factors such as
crystal structure and composition, conditions of a medium where the crystal surface
exists, and others physical and chemical factors. The appearance of a crystal surface
is the result of a complexity of interactions between the crystal surface and the
environment. There are a lot of computational techniques that allow us to predict
the changes in surface morphology of minerals that are influenced by chemical and
physical conditions (temperature, pressure, pH, etc.), of the solution when it’s
reacting with the surface (Barron et al. 2017).

The changes in the surface structure can be studied through the observation of
the crystal surface topography using a micro-scope. Microscopic observation allows
us to study small changes and estimates the rate of the processes by observing
changes in the crystal surface topography.

Methods of structure determination can be classified in two categories: direct
space methods and reciprocal space based methods. Direct space methods allow the
visualization of the atomic arrangement in nanometer-sized regions. Examples of
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these methods are: Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), and Atomic Force Microscopy (AFM). Reciprocal space based
methods exploit interference and diffraction effects of photons or electrons to provide
sample averaged information about structure (Wang 2000). This chapter has been
divided in three sections: the first one corresponds to the characterization techniques
(section A), the second one has been focused on the characterization results (section
B) and finally the section C, is focused on Trihalomethanes absorption by graphene.

The following section presents the conventional techniques used to characterized
graphene to reduce thrihalomethanes (THMs) in drinking water of Puerto Rico. The
techniques are: (1) Field Emission Transmission Electron Microscopy (FE-TEM)
(2) Atomic Force Microscopy (AFM) (3) X-Ray diffraction (XRD), (4) Brunauer,
Emmett and Teller (BET Method), (5) Raman Spectroscopy and Thermogravimetric
Analysis (TGA).

2 Field Emission Transmission Electron Microscopy
(FE-TEM)

It is possible to employ the fine-probe/scanning technique with a thin sample and
record, instead of secondary electrons, the electrons that emerge (in a particular
direction) from the opposite side of the specimen. The resulting is a
scanning-transmission electron microscope (STEM). The first STEM was con-
structed by von Ardenne in 1938 by adding scanning coils to a TEM, and nowadays
many TEMs are equipped with scanning attachments, making them dual-mode
(TEM/STEM) instruments. For this purpose, the hot-filament electron source that is
often used in the SEM (and TEM) must be replaced by a field-emission source, in
which electrons are released from a very sharp tungsten tip under the application of
an intense electric field. The field-emission gun requires ultra-high vacuum con-
ditions (UHV), involving pressures of around 107 Pa. After many years of
development, this type of instrument has produced the first-ever images of single
atoms, visible as bright dots on a dark background.

TEM is a technique where an electron beam interacts and passes through a
specimen. The electron beam is emitted by a source and is focused and magnified
by a system of magnetic lenses (Voutou and Stefanaki 2008). The electron beam is
confined by two condenser lenses which also control the brightness of the beam,
passes the condenser aperture and “hits” the sample surface. The electrons that are
elastically scattered consist of the transmitted beams which pass through the
objective lens. In addition, the instrument can be used to produce
electron-diffraction patterns, useful for analyzing the properties of a crystalline
specimen. This overall flexibility is achieved with an electron-optical system
containing an electron gun (which produces the beam of electrons) and several
magnetic lenses, stacked vertically to form a lens column. The electron gun has a
Wehnelt cylinder, which is a metal electrode that can be easily removed (to allow
changing the filament or LaBg source) but which normally surrounds the filament
completely except for a small hole (<1 mm diameter) through which the electron
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beam emerges. The function of the Wehnelt electrode is to control the emission
current of the electron gun. For this purpose, its potential is made more negative
than that of the cathode. This negative potential prevents electrons from leaving the
cathode unless they are emitted from a region near to its tip, which is located
immediately above the hole in the Wehnelt electrode, where the electrostatic
potential is less negative (Egerton 2005).

TEM is composed of various systems: an illumination source, a specimen stage,
an objective lens, the magnification system, the data recording, and the chemical
analysis system. The illumination system includes the condenser lenses that are
important for forming a fine electron probe. The specimen, for carrying out
structure analysis induced by annealing electric field or mechanical stress, to
characterize the physical properties of individual nanostructure. The objective lens
is the heart of TEM because they determine the limit of image resolution (Wang
2000). The magnification system consists of two lenses, (intermediate and pro-
jection) lenses, and it gives a magnification up to 1.5 million. The data recording

Fig. 1 JEOL 3000 field emission transmission electron microscope (Hernandez 2016)
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system tends to be digital with the use of a 