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Preface

The global population is increasing; it is estimated that the world population will increase
to 7.9 billion by the end of 2020. Rapid industrialization, modern methods of agricultural,
domestic activities and other geological, environmental and global changes have put
undue pressure on the demand and quality of fresh water. According to United Nations
World Water Development Report, some 2 million tons of waste are discharged to the
water bodies per day including industrial wastes, dyes and chemicals, human waste and
agricultural wastes (fertilizers and pesticides). Because of this, the world may be under
great fresh water scarcity. Fresh water is an important and essential component of this
universe and plays a vital role in the proper functioning of the Earth’s ecosystem. Our
water resources are limited and, hence, water treatment and recycling methods are the
only alternatives for getting fresh water in the coming decades. Therefore, there is a great
need for the development of a suitable, inexpensive and rapid wastewater treatment
technique and reuse or conservation methods in the present century. Several water
treatment technologies have been developed for this purpose. In view of these facts, this
book deals with a detailed discussion on the different types of water treatment and
recycling techniques in terms of their basic principles, applications, maintenance and
suitability. The book has been divided into eight chapters; each chapter has been
exclusively dedicated to a particular treatment technique, highlighting the principles,
mechanism, operating parameters, ways of maximizing efficiency, advantages, disadvan-
tages and future perspectives. The technologies discussed include adsorption, reverse
osmosis, membrane filtration, electrical, biological, remediation and recycling. A
systematic approach of water treatment and recycling involving their understanding,
evaluation and selection parameters has been presented. A comparison of the technol-
ogies has been presented by discussing their performance, sludge production, life period
and operations. Moreover, optimization strategies for each treatment technique is
explained which will be helpful to design future experiments in this area. This book is
important and unique because it is one of the first texts that deals with the global
discussions on water scarcity solutions. The purpose of this book is to provide the
guidelines for the selection of the technologies or their combinations for various appli-
cations so that one can select the exact and correct technology. The book will have
immense utility to scientists, researchers, academicians and students working in this area.
A brief guideline for the selection of the appropriate technologies for specific applications
has been evaluated which will be beneficial to the regulatory authorities for formulating
the regulations and legislations of water treatment.

Vinod Kumar Gupta
Imran Ali
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1.1 The Environment

“A sound mind exists in a sound body” is a well-known proverb in English literature and
the same is true for our environment. A clean environment is essential for the proper
growth, health, and the persistence of the human beings and other organisms. The
conservation and the protection of the environment are essential in the present indus-
trialized and developing world. Over growth of the population in some countries is one of
the most pressing problems of our age. The pollution problem of the environment has
now reached at a level that possesses a potential threat not only to the health but also to
the entire populations. The quality of our environment is deteriorating continuously due
to the accumulation of undesirable constituents into it. The main sources of the
contamination are industrialization, domestic activities, agricultural activities, atomic
explosions, and other environmental and global changes. These activities and changes, if
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improperly controlled, can destroy the quality of our environment. Broadly, the envi-
ronment is divided into three parts, i.e. atmosphere including the air sphere around the
earth, lithosphere which consists of the earth itself, and the hydrosphere, i.e. all the water
bodies including ocean, surface, and groundwater. Hydrosphere and the atmosphere
components of the environment are directly and readily available for the contamination
by the pollutants. Therefore, the quality of these components of the environment is
deteriorating continuously which is a matter of serious thinking and worried. Again, the
notorious pollutants find their ways easily through water bodies, while atmosphere is
being contaminating only by some gases and volatile organic pollutants. Therefore, the
ground and surface water at some places in the world are not suitable for drinking
purpose due to the presence of aesthetic and toxic pollutants. Similarly, the quality of
atmosphere at some cities and industrial areas of the world is not safe for health. The
importance of the conservation and improvement of the environment is essential and
urgent need [1-3]. Environmental awareness has grown dramatically in past decades and
several nations are taking lead in implementing the laws related to the environment. In
view of this, the environmental authorities are asking the data and information on the
pollution level and the improvement measures to control the contamination of the
environment.

1.2 Water Resources

Water resources are defined as the sources which produce the water for our different
types of uses and also those sources that give the huge benefit to the life of the humans.
The water which is used in the production of different types of useful products are also
included in the water resources. Basically, the function of the water resources is to
overcome the desires or the requirement of the water for the agricultural or household
purposes.

Water resources are one of the most essential issues due to climate change impacts
and adaptation. A clean and reliable water supply is critical for domestic use, food and
energy production, transportation, recreation, and maintenance of natural ecosystems
[4]. Different types of water resources are used for the production of water around the
world and they are divided into different categories (Figure 1-1.) based on their
composition and also on the basis of their uses for the benefit of the humanity. Some
important types of water resources are as follows.

1.2.1 Saltwater Resources

Water contains dissolved chemical materials called “salts.” When the concentration of
these dissolved materials becomes great, the water is referred to as saltwater or saline
water.

Saltwater resources are the types of water resources that can make the saltwater for the
sake of the benefit of the mankind and also save the environment from harm. Saltwater
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FIGURE 1-1 Water resources. For color version of this figure, the reader is referred to the online version of this book.

resources are also useful for generating the hydroelectric energy. Desalination of water
separates the water into freshwater and saline water. Main saltwater resources are ocean,
seawater, etc.

a. Ocean: Oceans are the largest single source of salts in the atmosphere, and sodium and
chloride are the most abundant ions in air masses over the sea [5-7]. Chloride and
sodium concentrations, therefore, are high in air masses near seacoasts but decrease
rapidly with increasing distance inland. These airborne salts are delivered to coastal
watersheds by precipitation. Chloride concentrations in precipitation, however, are
relatively small compared to seawater. Average chloride concentrations in precipitation
measured at about two-dozen atmospheric deposition monitoring stations along the
Atlantic coast in 2000, for example, ranged from less than 0.2 to 2.8 mg/L [7].
Concentrations of sodium and chloride can be increased in soils, shallow surface waters
(such as tidal lagoons), and groundwater by evaporation and evapotranspiration.

b. Sea water: Tides and storm surges, which can be local sources of increased ground-
water salinity in low-lying coastal areas and fossil seawater in unflushed parts of an
euifer: Such water either was trapped in sedimentary formations when they were
deposited (connate water) or flowed into the formations during periods of relatively
high sea levels when seawater flooded low-lying coastal areas [8-12].

c. Some of the ocean’s salts have been dissolved from rocks and sediments below the sea
floor [13,14].

d. Others have escaped from the Earth’s crust through volcanic vents as solid and
gaseous materials [15].
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1.2.2 Surface Water Resources

Another type of water resources is the surface water resource in which the water is present
in the rivers or in the streams. Basically, this type of water is used in many useful purposes
such as for the industrial use, for agricultural use, and for the generation of different types
of energy, i.e. hydroelectrical energy. Surface water is very important because its 90-95%
is used in the industry for manufacturing of different products [16,17]. Surface water
mainly occurring in lakes, rivers, streams, or other freshwater sources used for drinking
water supplies. While most drinking water in the United States is withdrawn from
groundwater sources, surface water remains a significant water resource [18].

Surface water is naturally replenished by precipitation and naturally lost through
discharge to evaporation and subsurface seepage into the ground. Although there are
other sources of groundwater, such as connate water and magmatic water, precipitation
is the major one and groundwater originated in this way is called meteoric water [19].

1.2.3 Groundwater Resources

Groundwater is generally stored in aqueducts, underground layers of porous rocks that
are saturated with water. These aqueducts receive water as soil becomes saturated with
precipitation or through stream and river runoff. As the aqueducts exceed their capacity
for water storage, they will bleed water back into streams or rivers. The aqueducts
maintain a natural balance of water, alternately receiving or giving water as their satu-
ration levels oscillate. Throughout this process, water constantly moves between surface
and groundwater sources, sharing contaminants as shown in Figure 1-2. Groundwater
divided into two zones, i.e. saturated and unsaturated and these zones are separated with
the help of water table below the ground [20,21].

1.3 Environmental Pollutants

Pollution refers to the entry of contaminants into natural environment that causes
disorder, instability, and harm or discomfort to the ecosystem [22]. Pollutants, the
causative factors of pollution, can be either foreign substances or naturally occurring
contaminants. Environmental pollution is a major issue of concern and it is likely to
influence the health of human populations [23]. In addition to the effects of environment
pollution on human beings, it also affects plants, trees, and animals. Environment
pollution is a global problem and its potential to influence the health of human
populations is great [24]. The significance of environmental factors to the health and well-
being of human populations is increasingly apparent [25]. The most serious hazardous
effects of environmental pollution can be seen in the densely settled urban-industrial
centers of the more developed countries [26]. More than 80% polluted water have been
used for irrigation purposes [27]. Industry, clustered in urban and semi-urban areas
surrounded by densely populated, low-income localities, continues to pollute the envi-
ronment [28]. The present scenario is in favor of the fact that human exposure to
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pollution is believed to be more intense now than at any other time in human existence
[29]. Pollution can be made by human activity as well as by natural forces [24]. Moreover,
selfish private enterprise and their lack of awareness of public well-being and social costs
[30] and natural disasters [31], e.g. volcanic ash from Iceland [32] are the other main
contributing factors of pollution.

Water pollution is a major global problem which requires ongoing evaluation and
revision of water resource policy at all levels. It has been suggested that it is the leading
worldwide cause of diseases and deaths [33]. Water pollution accounts for the deaths of
more than 14,000 people daily [34]. In addition to the acute problems of water pollution in
developing countries, developed countries continue to struggle with pollution problems
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as well. In the most recent national report on water quality in the United States, 45% of
assessed stream miles, 47% of assessed lake acres, and 32% of assessed bay and estuarine
square miles have been classified as polluted [35].

Water is mainly referred to as polluted when it is impaired by anthropogenic
contaminants and becomes unable to support a human use, such as drinking water,
and/or undergoes a marked shift in its ability to support its constituent biotic commu-
nities, such as fish. However, natural phenomena like volcanoes, algae blooms, storms,
and earthquakes also cause major changes in water quality and the ecological status
of water.

1.4 Types of Pollutants

Pollutants have been categorized into organic, inorganic, and biological on the basis of
their nature and origin. A classification of pollutants is shown in Figure 1-3. Besides, a list
of industries discharging various contaminants is given in Table 1-1. A brief summary of
the types of pollutants is discussed below:

1.4.1 Organic Pollutants

Agents that degrade water quality and are organic in nature form big threats to healthy
human existence and aquatic life. Organic water pollutants mainly include

1. Food processing waste, which can include oxygen-demanding substances, fats, and
grease.

2. Petroleum hydrocarbons, including fuels (gasoline, diesel fuel, jet fuels, and fuel oil),
lubricants (motor oil), and fuel combustion by-products [36].

3. Disinfection by-products (DBPs) found in chemically disinfected drinking water,
such as chloroform.

4. Volatile organic compounds (VOCs), such as industrial solvents, from improper
storage.

5. Insecticides and herbicides, a huge range of organohalides and other chemical
compounds.

6. Tree and bush debris from logging operations.

7. Chlorinated solvents, which are dense nonaqueous phase liquids, may fall to the
bottom of reservoirs, since they do not mix well with water and are denser.

8. Perchlorate.

9. Polychlorinated biphenyl (PCB).

10. Trichloroethylene.

Persistent organic pollutants (POPs) are a class of organic pollutants, resistant to envi-
ronmental degradation. These are quite stable organic compounds and therefore, easily
resist degradation to different environmental stresses. Because of this, they have been
observed to persist in the environment, to be capable of long-range transport,
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FIGURE 1-3 A classification of water pollutants on the basis of their chemical nature.

bioaccumulation in human and animal tissue and biomagnifying in food chains and to
have potential significant impacts on human health and the environment. Many POPs are
currently used as pesticides. Others are used in industrial processes and in the production
of a range of goods such as solvents, polyvinyl chloride, and pharmaceuticals. There are
a few natural sources of POPs but most POPs are created by humans in industrial
processes, either intentionally or as by-products [37]. The United Nations Environment
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Table 1-1 List of Industries Discharging Various Contaminants
Industries Inorganic Pollutants Organic Pollutants
1 Refineries Sulphides, Hg, Cr, Sb Qil-30, phenol-30, dioxin, furan,
PAH, PCBs
2 Production and processing As, Cd, Pb, Se, Fe, Zn, Al, Ni PCB, PAH, dioxins, oil, cyanides
of metals
3 Glass manufacture Scrap silicates and other mineral Emulsified oil, soda ash
oxides
4 Ceramics industry Fluorides Not available
5 Coke—chemical industries Ammonia, cyanides Phenols, hydrogen sulphide, tars,
hydrocarbons, thiocyanates,
organic suspension
6 Incineration and landfills Cadmium, lead, mercury Chlorobenzene, chlorophenols,
furans, and dioxins
7 Pulp & Paper, Board Mills Sulphites, free chlorine Methyl mercaptans,
pentachlorophenol aldehydes,
ketones, lignite sulphonate, and
organic suspension
8 Organic chemicals Not available Phenols, organic acids, nitro-
compounds
9 Fertilizers Sulfuric acid, phospsoric, and Monoethanol amines
fluosilicic acids, fluorine
compounds, HCI, As
10 Petroleum refining Sulphides, chlorides, sulfates Naphthalene acid, petroleum
products, phenols, surfactants
11 Steel mills NHs3/N-1000 Qil, grease, phenols 1300
12 Metal industry Copper, lead, cadmium, chromium, Not available
zinc
13 Textile industry Cr-5 Dyes, detergents
14 Iron and steel industry Cyanogen Coke, limestone, phenol, oils
15 Leather tanning and Chromium in the form of chromate, Precipitated lime
finishing ammonical nitrogen, sodium
chloride
16 Polymer and plastic industry Sulfates Styrene, acetonitrile, acrylates,
phenols, aromatic hydrocarbons,
aldehydes, cyclohexane, organic
acids, and suspension
17 Synthetic rubber industry Not available Butylenes, butadiene, organic acids,
acetonitrile, aldehydes, alcohols,
and hydrocarbons
18 Chlorine industry Mercury, chlorine, and chlorides Not available
19 Distillery waste industry Sodium, potassium, calcium, iron, Not available
sulfates, and chlorides
20 Soap and detergent industry Not available Propylene-derived alkyl benzene
sulphonate
21 Photographic industry Hypo, silver bromide spent solution, Not available

and fixing reducing agents
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Table 1-1 List of Industries Discharging Various Contaminants—Cont’d

Industries Inorganic Pollutants Organic Pollutants
22 Food processing industry Alkali metals, phosphates Amino acids
23 Pesticide industry Dichlorophenol
24 Tannery industry Chromium, sulphides Phenols, tartaric acid
25 Explosive industry Data not available Nitro-compounds
26 Laundry industry Alkalies, free chlorine Qils, grease
27 Wood processing industry Zinc, sulphides, and alkalies Not available

Programme Governing Council in 1995, decided to begin investigating POPs. They
initially began with a short list of the following 12 POPs, whom they referred as the “dirty
dozen” [38]: some of which are as follows (a) aldrin, (b) benzenehexachloride, (c) mirex,
(d) toxaphene, (e) chlordane, (f) DDT, (g) dieldrin, (h) endrin, and (i) heptachlor. The
structures of some organic pollutants are given in Figure 1-4.

Since then, this list has generally been accepted to include such substances as
carcinogenic polycyclic aromatic hydrocarbons (PAHs) and certain brominated flame
retardants, as well as some organometallic compounds such as tributyltin (TBT). The
groups of compounds that make up POPs are also classed as PBTs (Persistent, Bio-
accumulative, and Toxic) or TOMPs (Toxic Organic Micro Pollutants). Some of the
chemical characteristics of POPs include low water solubility, high lipid solubility,
semi-volatility [37], and high molecular masses. POPs with molecular masses lower
than 236 g/mol are less toxic, less persistent in the environment, and have more
reversible effects than those with higher molecular masses [37]. POPs are frequently
halogenated, usually with chlorine [37]. The more chlorine groups a POP has, the more
resistant it is to being broken down over time [37]. One important factor of their
chemical properties such as lipid solubility results in the ability to pass through bio-
logical phospholipids membranes and bioaccumulate in the fatty tissues of living
organisms [37].

POP exposure can cause death and illnesses including disruption of the endocrine,
reproductive, and immune systems, neurobehavioral disorders, and cancers possibly
including breast cancer. Exposure to POPs can take place through diet, environmental
exposure, or accidents [37]. A study published in 2006 indicated a link between blood
serum levels of POPs and diabetes [39]. Individuals with elevated levels of POPs (DDT,
dioxins, PCBs, and chlordane, among others) in their body were found to be up to 38
times more likely to be insulin resistant than individuals with low levels of these
pollutants, though the study did not demonstrate a cause and effect relationship [39]. As
most exposure to POPs is through consumption of animal fats, study participants with
high levels of serum POPs are also very likely to be consumers of high amounts of animal
fats, and thus, the consumption of the fats themselves or other associated factors may be
responsible for the observed increase in insulin resistance. Another possibility is that
insulin resistance causes increased accumulation of POPs.
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1.4.2 Inorganic Pollutants

Inorganic chemical pollutants are naturally found in the environment but due to human
development, these pollutants are often concentrated and released into the environment
in urban storm water. The primary inorganic pollutants of concern in urban storm water
are cadmium, copper, lead, zinc, nitrogen, nitrate, nitrite, ammonia, phosphorous, and
phosphate. These chemicals are used in every aspect of human activity and are often
highly toxic to humans and the environment. Some common trace metal ions such as
cadmium (Cd), copper (Cu), lead (Pb), zinc (Zn), nitrogen (N), phosphorous (P), nitrate,
nitrite, ammonia, and phosphate are present in the environment as a inorganic pollut-
ants. Some of the events that lead to the increased accumulation of inorganic pollutants
into the environment include

1. Acidity caused by industrial discharges (especially sulfur dioxide from power plants).

2. Fertilizers containing nutrients—nitrates and phosphates—which are found in storm

water runoff from agriculture, as well as commercial and residential use.

Chemical waste as industrial by-products.

Ammonia from food processing waste.

5. Silt (sediment) in runoff from construction sites, logging, slash. and burn practices or
land clearing sites.

6. Heavy metals from motor vehicles (via urban storm water runoff) and acid mine
drainage.

Lol o

1.4.3 Biological Pollutants

Biological contaminants include bacteria, molds, mildew, cat saliva, viruses, animal
dander, house dust, mites, cockroaches, and pollen. Such pollutants originate from
different sources. Pollens originate from plants; viruses are transmitted by people and
animals; bacteria are carried by people, animals, and soil and plant debris; and household
pets are sources of saliva and animal dander. The protein in urine from rats and mice is
a potent allergen. When it dries, it can become airborne. Contaminated central air
handling systems can become breeding grounds for mold, mildew, and other sources of
biological contaminants and can then distribute these contaminants through the home
[40]. Molds, mildew, fungi, bacteria, and dust mites are some of the main biological
pollutants inside the house. Some, such as pollen, are generated outside the home. Mold
and mildew are generated in the home and release spores into the air. Mold, mildew,
fungi, and bacteria are often found in areas of the home that have high humidity levels,
such as bathrooms, kitchens, laundry rooms, or basements. Dust mites and animal
dander are problematic when they become airborne during vacuuming, making beds, or
when textiles are disturbed [41,42]. Outdoor air pollution in cities is a major health
problem. Much efforts and money continue to be spent cleaning up pollution in the
outdoor air. Many ordinary activities such as cooking, heating, cooling, cleaning, and
redecorating can cause the release and spread of indoor pollutants at home and thereby,
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air pollution can be an issue to ponder still at home. Studies have shown that the air in our
homes can be even more polluted than outdoor air. Many Americans spend up to 90% of
their time indoors, often at home. Therefore, breathing clean indoor air can have an
important impact on health. People who are inside a great deal may be at greater risk of
developing health problems, or having problems made worse by indoor air pollutants.
These people include infants, young children, the elderly, and those with chronic
illnesses. Some common indoor biological pollutants include animal dander (minute
scales from hair, feathers, or skin), dust mite and cockroach parts, fungi (molds), infec-
tious agents (bacteria or viruses), and pollen.

All of us are exposed to biological pollutants. However, the effects on our health
depend upon the type and amount of biological pollution and the individual person.
Some people do not experience health reactions from certain biological pollutants, while
others may experience one or more of the reactions such as allergic, infectious, and toxic.
Except for the spread of infections, allergic reactions may be the most common health
problem with indoor air quality in homes. Allergic reactions can range from mildly
uncomfortable to life-threatening, as in a severe asthma attack.

1.5 Methods of Water Treatment

The ever-growing population, unplanned urbanization, rapid industrialization, and
unskilled utilization of natural water resources have led to the destruction of water quality
in many parts of the world. In many developing countries, groundwater provides drinking
water for more than one-half of the nation’s population and is the sole source of drinking
water for many rural communities and some large cities. However, due to industrial,
agricultural, and domestic activities, a variety of chemicals can pass through the soil and
potentially contaminate natural water resources and reservoirs. In recent years, various
toxic chemicals/compounds have been widely detected at dangerous levels in drinking
water in many parts of the world posing a variety of serious health risks to human beings.
Keeping the view of serious health problems to human beings due to elevated concen-
tration of toxic pollutants, there is an urgent need for developing cost effective and
environmentally friendly processes to remove them from drinking water and to safeguard
the health of affected citizens. A number of technologies are available with varying degree
of success to control water pollution [43] which is discussed in detail as follows.

1.5.1 Adsorption

Among the various techniques of water treatment, the adsorption process is an attractive
approach for water treatment, particularly if the adsorbent is cheap and does not require
a pretreatment step before its application [44]. For many applications, this process has
been proven to be superior to other techniques for a variety of reasons [45-47] including
the simplicity of design, low cost, high removal efficiency, ease of operation, and avail-
ability. Further, this process can remove/minimize different type of pollutants and thus, it
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has a wider applicability in water pollution control. Activated carbon is undoubtedly
considered as universal adsorbent for effluent treatment and is commonly used for the
removal of various pollutants from water [48]. However, its widespread use in wastewater
treatment is sometimes restricted due to its higher cost. A large variety of nonconven-
tional adsorbents have been examined for their ability to remove various types of
pollutants from water and wastewater and have been reviewed extensively [49-59].
Activated carbon as widely used as the adsorbent material [60] as very low concentrations
can be achieved and high loadings of pollutant on these adsorbents are possible.
Adsorption processes are normally operated using a batch of adsorbent with sufficient
capacity to operate for many months before reaching saturation. Once loaded the
adsorbent must be disposed of or regenerated. Analysis of the whole life costs of water
treatment by adsorption indicates that most of the treatment costs are associated with
regeneration [61]. In spite of this, most studies of adsorption have focused on the
development of adsorbents with high capacity and very few on developing adsorbents
that can be easily regenerated. It has been found that various low-cost adsorbents
developed from different origins show little or poor sorption potential for the removal of
aquatic pollutants as compared to commercial activated carbon [62-65] regenerate
activated carbon adsorbents electrochemically. However, due to its relatively low
conductivity, an electrolyte was required, the time and energy required for regeneration
was prohibitive, and the degree of regeneration was often significantly less than 100%.
Brown and Roberts [66] have shown that graphite intercalation compounds can be used
to remove dissolved organic compounds from water and that these adsorbents can be
rapidly and fully regenerated by electrochemical oxidation. Meaghan and Gagnon [67]
conducted in batch and column adsorption experiments using a groundwater from
Halifax Regional Municipality that had an average arsenic concentration of 43 mg/L and
a pH of 8.1. The residual solids (As) in this study were from five water treatment plants,
four surface water treatment plants that utilized either alum, ferric, or lime in their
treatment systems, and one iron removal plant. In batch adsorption experiments, iron-
based residual solids and lime-based residual solids performed similarly to GFH,
a commercially available adsorbent, while alum-based residual solids performed poorly.
Langmuir isotherm modeling showed that ferric residuals had the highest adsorptive
capacity for arsenic (Qmax ¥4 2230 mg/kg and 42,910 mg/kg), followed by GFH (Qmax ¥4
640 mg/kg), lime (Qmax ¥4 160 mg/kg), and alum (Qmnax ¥4 <1 and 3 mg/kg). Similarly, the
maximum arsenic removal was >93% for the ferric and lime residuals and GFH, while the
maximum arsenic removal was <49% for the alum residuals under the same conditions.
In a column adsorption experiment, ferric residual solids achieved arsenic removal of
>26,000 bed volumes before breakthrough past 10.0 mg As/L, whereas the effluent
arsenic concentration from the GFH column was under the method detection limit at
28,000 bed volumes. Overall, ferric and lime water treatment residuals (WTRs) were
promising adsorbents for arsenic adsorption from the groundwater, and alum WTRs did
not achieve high levels of arsenic adsorption. Vinitnantharat et al. [68] reports the use of
a pellet of adsorbent made from water treatment sludge (S) and acid activated water
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treatment sludge (SH) for removal of fluoride in the batch equilibration technique. The
influence of pH, adsorbent dosage, temperature, and effect of other ions were employed
to find out the feasibility of acid activated adsorbent to remove fluoride to the permissible
concentration of 0.7 mg/L. The results from the adsorption isotherm followed both
Langmuir and Freundlich models and the highest fluoride removal was found for
adsorbent activated with acetic acid at 2.0 mol/L. The optimum adsorbent dosage was
found at 40 g/L, 0.01 mol/L acid activated adsorbent which was able to absorb fluoride
from 10 down to 0.11 mg/L. The adsorption capacity was decreased when the tempera-
ture increased. This revealed that the adsorption of fluoride on SH was exothermic. In the
presence of nitrate and carbonate ions in the aqueous solution, fluoride removal effi-
ciency of SH decreased from 94.4% to 86.6% and 90.8%, respectively. However, there is no
significant effect in the presence of sulfate and chloride ions. Ha et al. [69] studied the
effect of chlorine on adsorption because prechlorination is often applied in order to
control microorganisms and taste-and-odor-causing materials, which may influence
organics removal by adsorption and membrane filtration. Thus, the addition of chlorine
into an advanced water treatment process using a hybrid of adsorption and ultrafiltration
(UF) was investigated in terms of natural organic matter (NOM) removal and membrane
permeability. A comparison between two adsorbents, iron oxide particles (IOPs) and
powdered activated carbon, was made to understand the sorption behavior for NOM with
and without chlorination. Chlorine modified the properties of dissolved and colloidal
NOM in raw water, which brought about lower total organic carbon (TOC) removal,
during IOP/UF. The location of IOPs, whether they were in suspension or in a cake layer,
affected NOM removal, depending on the presence of colloidal particles in feed water.
Chlorine also played a role in reducing the size of particulate matter in raw water, which
could be in close association with a decline in permeate flux after chlorination. Guo et al.
[70] reported that carbon-doped silicon oxide (SiCOH) dielectrics are one of the most
suitable candidates for advanced low dielectric constant (low-k) interlayer material. To
improve water adsorption resistance, the plasma enhanced chemical vapor deposited
SiCOH films have been posttreated by the NH3 plasma for various times, and the resulting
SiCOH films are thus examined by water adsorption experiments. In his study, the results
indicate that the SiCOH films treated by the NH3 plasma exhibit enhanced resistance
against water adsorption. Further, Fourier-transform infrared spectroscopy and X-ray
photoelectron spectroscopy are used to characterize the chemical composition and
bonding states of the pristine and NHj plasma-treated SiCOH films. It is revealed that the
plasma surface treatment leads to the formation of Si-N, C(sp3)-N, C(sp2)-N, (N-)n Si-C
(n=1-3) configurations and loss of carbon atoms. Ippolito et al. [71] studied the
aluminum-based WTRs can adsorb waterborne and soilborne P, As(V), As(III), and
perchlorate and may be able to adsorb excess environmental selenium. WTR, clay
minerals, and amorphous aluminum hydroxide were shaken for 24 h in selenate or
selenite solutions at pH values of 5-9 and then analyzed for selenium content. Selenate
and selenite adsorption edges were unaffected across the pH range studied. Selenate
adsorbed on to WTR, reference mineral phases, and amorphous aluminum hydroxide
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occurred as outer sphere complexes (relatively loosely bound), while selenite adsorption
was identified as inner-sphere complexation (relatively tightly bound). Selenite sorption
to WTR in an anoxic environment reduced Se (IV) to Se(0), and oxidation of Se(0) or Se(IV)
appeared irreversible once sorbed to WTR. Al-based WTR could play a favorable role in
sequestering excess Se in affected water sources. Wibulswas et al. [72] developed
a method for the removal of phenolic compounds from water by surfactant-modified
pillared clays. An organophilic pillared clay-based adsorbent was prepared by incorpo-
rating a cationic surfactant, hex-adecyltrimethyl ammonium (HDTMA) during the
synthesis of conventional aluminum pillared clays. A specific amount of HDTMA was
desired to occupy the cation exchange sites of the precursor clay. The presence of the
HDTMA surfactant enhanced the adsorption ability of the clays toward phenolic
compounds from aqueous systems. Adsorption experiments were carried out using
a batch equilibration technique to investigate the removal of three toxic phenol
compounds—phenol, 3-monochlorophenol, and 3,5-dichlorophenol by the surfactant-
modified pillared clays. Comparative adsorption experiments were also conducted
with montmorillonite, the starting clay, as a reference material. The experimental
results demonstrate the feasibility of utilizing surfactant-modified pillared clays as an
adsorbent for removing phenol and chlorinated phenols from water. The adsorption
affinity decreased in the following sequence: 3,5-dichlorophenol > 3-mono-
chlorophenol > phenol. The Langmuir model was used to analyze the adsorption
equilibria and calculate the adsorption capacity of phenolic compounds on these
surfactant-modified pillared clays, S-PILCs.

1.5.2 Reverse Osmosis

With the rapidly increasing demands on water resources, freshwater shortage has become
an important issue affecting the economic and social development in many countries. As
one of the main technologies for producing freshwater from saline water and other
wastewater sources, reverse osmosis (RO) has been widely used so far. RO is a pressure-
driven process whereby a semipermeable membrane (i.e. RO membrane) rejects dis-
solved constituents in the feeding water but allows water to pass through [73] the RO
technology therein, which has been developed more than half a century of industrial
operation, is considered as a promising way and gaining worldwide acceptance at present
[74-76]. Al-Rifai et al. [77] developed a RO method for the removal of pharmaceuticals
and endocrine disrupting compounds in a water recycling process. The author examined
the concentrations of 11 pharmaceuticals from various therapeutic categories and two
endocrine disrupting chemicals by full-scale microfiltration (MF) and RO membrane
facilities. Salicylic acid was the most abundant analyte with a concentration range of
11-38 ug/L, followed by bisphenol A with concentrations ranging from 6 to 23 ug/L. The
concentration of all analytes decreased on average by one order of magnitude following
primary and secondary treatment. Gemfibrozil, primidone, and carbamazepine were
found to have lower removal efficiencies (74-78%) than other compounds during these
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stages, which could indicate lower biodegradability. The MF and RO systems were found
to further lower the pollutant concentrations by an order of magnitude. The overall
removal efficiencies in the final recycled water were above 97%, resulting in product
water concentrations of lower than 0.1 pg/L for most compounds. An exception to this
finding was observed for bisphenol A, which was detected in concentrations up to 0.5 pg/L
in the final recycled water. Den et al. [78] reported that desalination of seawater and
brackish water by RO has become increasingly important for drinking water supply in
a greater part of the world. The presence of high silica concentrations in some brackish
water, however, limits the application of RO desalination due to the potential formation
of silica scales that irreversibly deteriorate the membrane material and performance. The
author investigates the feasibility of electrocoagulation as a pretreatment process to
remove silica from the source brackish water. The author found that bipolar configura-
tion attained greater extent of silica removal as compared to monopolar configuration.
Increases in charge loading generally improved the silica removal efficiency, but exces-
sive hydraulic retention time (HRT, 60 min) was detrimental to the system performance.
In this study, with no modification of the source water, silica removal efficiency up to 80%
was achieved under a current intensity of 0.5 A and a HRT of 30 min. The subsequent
nanofiltration (NF) studies demonstrated severe flux declines over the first 3 h, yielding
only 70% of its initial flux for brackish water containing 100 mg/L silica and progressively
lower with higher silica concentrations. For the pretreated water by electrocoagulation,
the extent of flux decline was markedly improved, suggesting that the pretreatment was
effective for the attenuation of the flux decline. Oner et al. [79] developed a cross-flow flat
sheet RO method for the removal of both the boron and silica from geothermal water. The
authors were used four different types of RO membranes, AD-SWRO (GE Osmonics), AG-
BWRO (GE Osmonics), BW-30-BWRO (FILMTEC), and AK-BWRO (GE Osmonics) to
compare their performances. In order to examine the effects of pressure and cross-flow
velocity, system was operated at pressures ranging from 15 to 30 bar and cross-flow
velocities of 0.16 and 0.33 m/s. Obtained permeate boron concentrations were evaluated
according to drinking and irrigation water standards. Senthilmurugan et al. [80] separated
the inorganic and organic compounds by using a radial flow hollow-fiber RO module.
Phenol, 2,4-dinitrophenol (DNP), pentachlorophenol (PCP), NaCl, NaBr, and KBr were
separated from aqueous solutions under a variety of operating conditions by using
a Permasep B9 hollow-fiber RO module. The permeate characteristics for all compounds
were analyzed by the combined film Spiegler-Kedem (CFSK) model available in the
literature. The errors between experimental and theoretical predictions were less than
15% for both permeate flow rates as well as permeate concentrations. The model
parameters such as the solute permeability and the reflection coefficient were constant
for all phenolic compounds and KBr at constant temperature and pH. However, in the
case of NaCl and NaBr, the solute permeability increased as the feed concentration
increased to 15,000 ppm, after which the concentration of the solute permeabilities
became independent of the feed concentration. On the other hand, the reflection coef-
ficient for both NaCl and NaBr went through a minimum and then increased to
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a maximum before reaching a constant value as the feed concentration was increased. It
is also shown that for both organic and inorganic compounds. The CFSK model provides
much better theoretical predictions than the combined film solution diffusion model.

1.5.3 Membrane Filtration

The presence of free chlorine content that is used as a disinfectant in conventional
treatment is found to react with residual NOM. This reaction process has been found to
have a tendency to form DBPs such as trihalomethanes, haloacetic acids (HAAs), and
other halogenated organics. DBPs are carcinogens, and direct exposure can lead to
cancers, miscarriages, and nervous system complications. Its small size, easier mainte-
nance, and superior water quality produced by membrane filtration have made this
advanced technology possible to replace conventional treatment processes that consist of
ozonation, precipitation, coagulation, flocculation, chlorination, and gravel filtration [81].
In addition, the membrane filtration process offers the extra advantages over conven-
tional treatment such as a small footprint, compact module, lower energy consumption,
environmental friendliness, and the capability of handling wide fluctuations in feed
quality. Membrane filtration processes involving MF, UF, and NF in potable water
production have increased rapidly over the past decade. MF and UF are employed to
remove microparticles and macromolecules, which generally include inorganic particles,
organic colloids (i.e. microorganisms), and dissolved organic matter. However, the use of
membrane processes does not directly eliminate the problem of DBPs; even though MF,
UF, NF, or RO has excellent performance on the removal of microbial particles, the
disinfection process is still necessary. Recently, Byun et al. [82] developed a Mn oxide-
coated membrane and compared it with the Ti and Fe and found that the performance of
the manganese oxide coated membrane was superior to that of the other membranes
tested, showing the fastest recovery in permeate flux when ozone was applied and the
greatest reduction in the TOC in the permeate. The removal of trihalomethanes (THMs)
and HAAs precursors using the membrane coated 20 times with manganese oxide
nanoparticles was significantly better than that for the membranes coated with 30 or 40
times with manganese oxide nanoparticles or 40 times with iron oxide nanoparticles.
Fuchs et al. [83] developed a membrane filtration method for the treatment of water
which is coupled with stirred tank reactor. By using a cross-flow membrane bioreactor,
high anaerobic conversion rates of three different types of wastewater with varying
organic content were achieved. Loading rates obtained were as follows: 20 g chemical
oxygen demand (COD)/L/day for artificial wastewater, approximately 8 g COD/L/day
from vegetable processing industry (sauerkraut brine), and 6-8 g COD/L/day for waste-
water from an animal slaughterhouse. At stable conditions, COD removal rates in all three
wastewaters were higher than 90%. Methane yields from the treatment of artificial
wastewater, sauerkraut brine, and animal slaughterhouse wastewater were in the range of
0.17-0.30, 0.20-0.34, and 0:1220:32 L/ng/COD fed, respectively. The complete retention
of biomass and suspended solids is a unique feature of this treatment process, which
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combines a high loading capacity and at the same time, high COD removal rates even for
complex wastewater containing high concentrations of particulate matter. Moslemi et al.
[84] described the bromated formation in a hybrid ozonation ceramic membrane filtra-
tion. The effect of pH, ozone mass injection rate, initial bromide concentration, and
membrane molecular weight cut off (MWCO) on bromate formation in a hybrid
membrane filtration ozonation reactor was studied. Decreasing the pH, significantly
reduced bromate formation. Bromate formation increased with increasing gaseous ozone
mass injection rate, due to increase in dissolved ozone concentrations. Greater initial
bromide concentrations resulted in higher bromate concentrations. An increase in the
bromate concentration was observed by reducing MWCO, which resulted in a concomi-
tant increase in the retention time in the system. A model to estimate the rate of bromate
formation was developed. Good correlation between the model simulation and the
experimental data was achieved.

1.5.4 Electrochemical

Over the last 20 years, considerable attention has been focused on the elimination of
pollutants through reactions activated by nontraditional methods. Electrochemical
methods such as direct oxidation, indirect oxidation, and electro-Fenton (EF) have been
demonstrated to be effective on a number of organic pollutants dissolved in water. In
addition, direct reduction and metal deposition have been proved to be viable techniques
for the elimination of nitrates and heavy metals from aqueous solutions. In this area, the
literature mainly focus on fundamental research: considerable results have been achieved
in terms of detailed scientific knowledge of the reaction mechanisms, but very few data
are available on the behavior of laboratory-scale reactors; furthermore, the energetic
balance of the overall process has rarely been analyzed. De Francesco et al. [85] developed
a of electrochemical reactors for the treatment of polluted water and the result of their
study was that there is a striking difference between the various electrochemical
processes in terms of the electrode surface required to purify a certain flow rate of
wastewater with a certain level of pollutant concentration. In this respect, direct oxidation
appears the most promising route in view of future applications. In spite of this, an
evaluation of the energy necessary to run the process shows that all the methods of
electrochemical abatement require costs which appear higher than with non-
electrochemical abatement techniques. Randazzo et al. [86] analyzed the two chlorinated
aliphatic hydrocarbons by the electrochemical treatments. Acidic aqueous solutions of
the chlorinated aliphatic hydrocarbons 1,2dichloroethane (DCA) and 1,1,2,2tetrachloro-
ethane (TCA) have been treated by the EF process. Bulk electrolyses were performed at
constant current using a boron-doped diamond (BDD) anode and an air diffusion
cathode able to generate H,0, in situ, which reacts with added Fe*" to yield *OH from
Fenton’s reaction. At 300 mA, almost total mineralization was achieved at 420 min for
solutions containing 4 mM of either DCA or TCA. Comparative treatments without Fe*"
(anodic oxidation, AO) or with a Pt anode led to a poorer mineralization. The better
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performance of the EF process with BDD is explained by the synergistic action of the
oxidizing radicals, BDD("OH) at the anode surface and *‘OH in the bulk, and the mini-
mization of diffusional limitations. The decay of the initial pollutant accomplished with
pseudo-first-order kinetics. Chloroacetic and dichloroacetic acids were the major by-
products during the degradation of DCA and TCA, respectively. Acetic, oxalic, and formic
acids were also identified. The proposed reaction pathways include oxidative and
reductive (cathodic) dechlorination steps. Chlorine was released as Cl~, being further
oxidized to ClOs and, mostly, to ClOy, due to the action of the largely generated
BDD(*OH). Palma-Goyes et al. [87] explored the applicability of electrochemical oxidation
on a triphenylmethane dye compound model, hexamethylpararosaniline chloride (or
crystal violet, CV), using BDD anodes. The effect of the important electrochemical
parameters: current density (2.5-15 mA/cm?), dye concentration (33-600 mg/L), sodium
sulfate concentration (7.1-50.0 g/L), and initial pH (3-11) on the efficiency of the elec-
trochemical process was evaluated. The results indicated that while the current density
was lower than the limiting current density, no side products (hydrogen peroxide, per-
oxodisulfate, ozone, and chlorinated oxidizing compounds) were generated and the
degradation, through *OH radical attack, occurred with high efficiency. Analysis of
intermediates using GC-MS investigation identified several products: N-methylaniline,
N,N-dimethylaniline, 4-methyl-N,N-dimethylaniline, 4-methyl-N-methylaniline, 4-
dimethylaminophenol, 4-dimethylaminobenzoic acid, etc. The presence of these
aromatic structures showed that the main CV degradation pathway is related to the
reaction of CV with the *OH radical. Under optimal conditions, practically 100% of the
initial substrate and COD were eliminated in approximately 35 min of electrolysis,
indicating that the early CV by-products were completely degraded by the electro-
chemical system. Sirés et al. [88] first time reported the electrochemical degradation of -
blockers, which are pharmaceutical pollutants with a high occurrence in natural waters.
The oxidation ability of two preeminent, eco-friendly electrochemical advanced oxida-
tion processes, namely AO and EF, has been compared at lab-scale by carrying out bulk
electrolyses at pH 3.0 at constant current using a carbon-felt cathode able to electro-
generate H,0, in situ. The studies of single component aqueous solutions were focused
on atenolol as a model B-blocker. The AO process was proven much more effective using
a large surface area BDD anode than a Pt one, which was explained by the great amount
of active hydroxyl radicals BDD(*OH) and the minimization of their parasitic reactions.
The EF process with a Pt anode and 0.2 mmol/L Fe*"showed even higher performance,
with fast destruction of atenolol following pseudo-first-order kinetics and fast minerali-
zation because the oxidation process in the bulk allows overcoming the mass transport
limitations. The time course of the concentration of the aromatic and short-chain
carboxylic acid intermediates demonstrated the progressive detoxification of the solu-
tions. Almost 100% of the initial N content was accumulated as NH*". Multicomponent
solutions containing atenolol, metoprolol, and propranolol, which usually occur together
in the aquatic environment, were treated by EF using the Pt/carbon-felt cell. A high
mineralization rate was observed up to the overall TOC removal, which allowed
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reducing the energy consumption. The absolute rate constant for the reaction of each -
blocker with *OH was determined and the reactivity was found to increase in the order:
atenolol (1.42 x 10° L/mol/s) < metoprolol (2.07 x 10° L/mol/s) < propranolol (3.36 x
10° L/mol/s).

1.5.5 Biological

A method of treating wastewater is described. Firstly, providing specially acclimatized
microbial consortia with relatively low sensitivity to changes in pH and changes in
temperature, such that the microbial consortia is capable of metabolizing contaminants
efficiently within a predetermined broad pH range and broad temperature range.
Secondly, maintaining the microbial consortia in a space limited and a substrate limited
mode within an immobilized bioreactor operating within the predetermined pH range
and the predetermined temperature range. Thirdly, introduce wastewater with liquefied
insoluble organic contaminants into the immobilized bioreactor. The organic contami-
nants are metabolized by the microbial consortia working under space limited and
substrate limited conditions, thereby treating the wastewater with a minimal sludge
production rate. The groundwater treatment containing Mn(II) and Fe(II) has been
investigated by Katsoyiannis et al. [89]. The biological oxidation of Mn(II) and Fe(Il) in
upflow filtration units comprised the applied experimental technique. The oxidation
processes were mediated by specific bacteria, namely the Leptothrix ochracea and
Gallionella ferruginea, which belong to the general category of manganese and iron
oxidizing bacteria. The author focused on the characterization of the products of bio-
logical oxidation and on the examination of the kinetics of Mn(II) removal as compared
with Fe(II) removal from groundwater. The products of biological oxidation were char-
acterized using the spectroscopic techniques XRD, XPS, and SEM-EDS and comprised
a mixture of biogenic hydrous manganese and iron oxides. The oxidation state of
manganese in the precipitates was found to be between 3 and 4. Iron oxides were mainly
in the form of amorphous ferrihydrite. The kinetic results indicated that the rates of
manganese and iron oxidation were several orders of magnitude greater than the
respective for abiotic oxidation. The bacterially mediated oxidation of iron was faster than
manganese oxidation, presenting half-lives of reaction 0.9 and 3.98 min, respectively.
Shawagfeh [90] investigated the biodegradability of wastewater containing priority
pollutant pesticide [Vydine or triadimenol (C;4H;gCLN30,)] in different bioreactor
configurations. The examined two laboratory-scale biological reactors: one reactor under
aerobic condition and the other under anaerobic condition. The aerobic reactor was
operated at an ambient temperature [(22 + 2) °C], while the anaerobic reactor was run in
the lower mesophilic range [(30 & 2) °C]. The effect of pesticide concentration, HRT, and
co-substrate on the treatment process was explored, using glucose as a supplemental
carbon substrate. More than 96% pesticide was removed after an acclimation period of
approximately 172 (aerobic) and 230 days (anaerobic). The aerobic reactor achieved
complete Vydine utilization at feed concentrations up to 25 mg/L. On the other hand, the
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anaerobic reactor was able to degrade 25 mg/L of Vydine. Moreover, glucose was
consumed first throughout the experiment in a sequential utilization pattern. The
combination of anaerobic and aerobic biological processes yielded higher biomass
concentration and lower retention time than individual units. The biomass in the
combined reactors was first acclimated with the corresponding pesticide. Then, the target
pesticide, at a concentration of 25 mg/L, was sequentially treated in a semi batch mode in
the reactors. HRT studies showed that 24 h HRT of aerobic and 12 h HRT of anaerobic
were the optimum combination for the treatment of simulated wastewater containing
Vydine, which produced Vydine effluent. Abou-Elela et al. [91] developed a method for
saline wastewater treatment using a salt-tolerant microorganism. A salt-tolerant micro-
organism (Staphylococcus xylosus) was isolated from a vegetable pickled plant containing
about 7.2% salt. The isolated microorganism was used as inoculum for biodegradation.
An activated sludge reactor operated in a fed-batch mode was used for the treatment of
synthetic saline wastewater using three different microbial cultures namely activated
sludge (100%), a mixture of Staphylococcus supplement by activated sludge (1:1), and
pure S. xylosus (100%) at different salt concentrations ranging from 0.5% to 3% NaCl. The
results obtained showed that at low NaCl concentration (1%), the removal efficiency of
COD using different microbial cultures were almost the same (80-90%). However,
increasing the NaCl concentration to 2% and using Staphylococcus-supplemented
mixture by activated sludge and S. xylosus alone improved the treatment performance as
indicated by COD removal rates which reached 91% and 93.4%, respectively, while the
system performance started to deteriorate when activated bacterial culture was used
alone (74%). Furthermore, the increase in NaCl concentration up to 3% and with the
inclusion of Staphylococcus-supplemented mixture by activated sludge increased the
COD removal to 93%, while the use of S. xylosus alone further improved the COD removal
rate up to 94%. Also, the use of S. xylosus alone proved to be capable for biological
treatment of a real case study of a vegetable pickled wastewater containing 7.2% salinity;
the removal efficiency of COD reached 88% at this very high concentration of NaCL

1.5.6 Water Treatment In Situ

The increasing need for properly treated water aimed for human consumption and for
recycling purposes has motivated a substantial research effort in the last decade. In this
context, the so called advanced oxidation processes (AOPs) have been identified as an
attractive option for water treatment, particularly in cases where the contaminant species
are difficult to remove using the usual biological or physicochemical technologies [92].
Specific examples of potentially important technologies of this type include seminal
works that report the successful use of AOPs to treat aqueous solutions containing
pesticides, dichloroactetic acid, phenol, and other organo-halogenated compounds [93-
95]. Among the most promising AOPs for water contaminated by organic molecules,
application of the Fenton reagent (an aqueous mixture of Fe*" and H,0, that produces
hydroxyl radicals) stands out due to its high oxidation power and rapid oxidation kinetics



22 ENVIRONMENTAL WATER

[96]. The main problems associated with its widespread use, however, involve the high
cost of commercial H,O, and the operational costs associated with handling and main-
taining the proper concentration of this compound during the water-purification process.
In recent years, however, the in situ electrochemical generation of the Fenton reagent,
also known as the EF approach, has been studied in order to exploit the fact that the
reduction of dissolved oxygen to peroxide can be carried out selectively in acidic medium
on the surface of a carbonaceous cathode [97-103]. Silyn-Roberts and Lewis [104] studied
the presence of the ammonia-oxidizing group Nitrosomonas in developing biofilms from
a subsurface flow dairy effluent treatment wetland was investigated using in situ
hybridization and a crude semiquantitative PCR. Fluorescently labeled oligonucleotide
probes, specific for the Nitrosomonas europaea and Nitrosomonas eutropha species,
showed that nitrifying bacteria were present from the onset of biofilm development but
that over a 5-month period, the proportions remained low (averaging less than 1% of the
total bacterial population). The greatest presence of these nitrifiers was found in the
second trench of the subsurface flow wetland. Nitrosomonas were also found to be
susceptible to environmental change: adverse environmental conditions, such as low
temperatures, coincided with negligible Nitrosomonas presence throughout the wetland.
However, during one period of elevated ammonium concentrations, Nitrosomonas
presence rapidly increased as high as 7% of the total bacterial population. Investigations
of relative occurrence of effluent bacterial population of N. europaea and the biofilm
populations showed that Nitrosomonas presence in the effluent coincided with signifi-
cant presence in adjacent biofilms. This suggests seeding between both sessile and
planktonic populations of this species. Nitrosomonas occurred as single cells in biofilms
throughout the study and were never observed as dense clusters. Li et al. [105] developed
fully automated analytical method for the online in situ analysis of selected semi-VOCs in
water. The method used a large-volume injection/gas chromatography/mass spec-
trometry coupled with a fully automated microscale solid-phase extraction technique,
which was based on x—y-z robotic techniques. Water samples were extracted by using
a 96-well solid-phase extraction plate. For most analytes included in this study, the
obtained linear calibrations ranged from 0.05 to 5.0 pg/L with correlation coefficients of
0.996-1.000, the method detection limits were less than 0.1 pg/L, and the relative
recoveries were in the range of 70-120% with a relative standard deviation of less than
15% for fortified reagent water samples. The applications to chlorinated tap water, well
water, and river water have been validated. The obtained results were similar to those
resulting from fortified reagent water samples for all analytes except metribuzin, bro-
macil, aldrin, and methoxychlor. Matrix effects were observed for these analytes. In
general, this fully automated analytical method was rugged, reliable, and easy to operate
and was capable of providing real-time data to water treatment and distribution systems
as well as water reservation and protection systems. In addition, the method could reduce
the analytical costs associated with sample collection, transportation, storage, and
preparation.
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2.1 Introduction

Water is an essential component of this universe and plays a vital role in the proper
functioning of the Earth’s ecosystems. In spite of this, drinking water is also an alarming
problem for some parts of the world. The quality of water resources is deteriorating
exponentially due to contamination. Due to the geometrical growth of world population,
domestic and agricultural activities, modern industrialization and civilization, and other
geological, environmental and global changes, water pollution is continuously increasing
day by day. Nowadays, water pollution is a very serious issue as it is very harmful for all
living creatures, recreation, household, transportation fishing, and other commercial
activities [1,2]. The importance of water quality preservation and improvement is
necessary in life and increasing continuously. In view of these facts, all water regulatory
authorities and agencies are very conscious on the pollution of water resources. More
than 600 organic and inorganic pollutants have been reported in water along with
microbial populations. Among these pollutants, heavy metal ions are very dangerous due
to their toxic and carcinogenic nature. Moreover, some metal ions are not biodegradable
or bio-transformable and, hence, exist in the environment for long time. Elements from
fourth period of the periodic table namely cadmium, platinum, mercury, arsenic, anti-
mony etc are very toxic [3,4]. In view of these points, attempts have been made to review
the removal of these toxic metal ions from wastewater.

Various methods for water purification and recycling have been developed and used
from time to time [5,6]. These methods have been classified on the basis of physical,
chemical, electrical, thermal and biological principles. These methods include screening,
centrifugation and filtration, micro- and ultra filtration, sedimentation, crystallization,
and gravity separation, precipitation, flotation, oxidation, evaporation, coagulation,
solvent extraction, distillation, ion exchange, reverse osmosis, electrolysis, adsorption,
electrodialysis, etc. Among these methods, ion exchange, reverse osmosis, electrolysis,
electrodialysis, and desorption are very efficient technologies. The cost of water purifi-
cation by these technologies, ranges from 10 to 450 US$ per cubic meter of treated water
but the cost of water treatment using by adsorption techniques ranges 5 to 200 US$ per
cubic meter of water. Therefore, adsorption technique for the treatment of water is the
best method due to its wide range of applications, efficient and ease of operation. This
technique is also considered as universal water treatment and reclamation technique as it
can be applicable for the removal of organics, inorganic and biological pollutants which
are soluble and insoluble in water, and have a potential of 99% removal efficiency. On the
other hand, pollutants at industrial level are removed from wastewater by using suitable
adsorbents. Adsorption technique can also be studied for reclamation for potable, source
reduction, industrial and other water purposes. Due to wide range of applications of this
technique, a lot of work has been carried out on the removal of different pollutants and,
hence, many authors have published articles on this issue [7,8]. In this article, author
reviewed the applications of adsorption for the removal of metal ions from wastewater
using adsorption technique.
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2.2 Adsorption Essentials

The deposition of a particular component at the surface or interface between two phases
is known as adsorption. Basically adsorption is a surface phenomenon. In this process,
there are two components one is adsorbent, i.e. the compound (pollutant) that sticks or
gets attached to the solid surface is called as adsorbate and the compound on which
adsorption occurs is called as adsorbent. The adsorption capacity of the adsorbent may
be change with the change of temperature, nature of adsorbates and adsorbents, pres-
ence of other pollutants and other atmospheric and experimental condition such as pH,
temperature, concentration of pollutants, and contact time and particle size of the
adsorbent. The presence of suspended particles, oils and greases also affect the efficiency
of the process and, therefore, sometimes prefiltration is required. When an adsorbent is
shaken with the contaminated/polluted water, the pollutants adhere to the surface of the
adsorbent and an equilibrium is established. At this stage, the amount of pollutants
adsorbed and in wastewater becomes constant. The relationship, at given temperature,
between the equilibrium amount of the pollutants adsorbed and in wastewater is called
the Langmuir, Freundlich adsorption isotherm, and other models are well-known
adsorption models by which the adsorption efficiency of the pollutants can be explained
in a systematic and scientific way [9]. These models are not described here and the
interested readers should consult various textbooks on this subject.

2.3 Design of Batch and Column Adsorption
Experiments

The design of a batch adsorption process starts with plotting the isotherm (Figure 2-1).
The loading (mg) amount of material adsorbed per gram of adsorbent is plotted
versus the concentration of the solution at equilibrium. The designing of a column for the
adsorption starts with laboratory testing to determine the breakthrough capacity and
mass transfer zone is also formed in the column bed by passing the contaminated water.

Amount Adsorbed (ngg” 1 )

Equilibrimmn Concentration (C, ) I\IgL'l —

FIGURE 2-1 Typical batch adsorption isotherm.
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The depth of this zone is maintained by the characteristics of the adsorbent and metal
ions and hydraulic factors. The depth of mass transfer zone is a measure of physical and
chemical resistance to mass transfer. This zone reaches up to the bottom of the column
where metal ion concentration in effluent and becomes equal to the influent concen-
tration and a breakthrough point of the column occurs. This condition is shown in
Figure 2-2 and the breakthrough curve is idealized by the assumption that the removal of
the solute is completed over the initial stages of operation. The break point is chosen
arbitrarily at some low value, G, for the effluent concentration. At an arbitrarily selected
effluent concentration, Cx closely approaching to Cp, the sorbent is considered to be
essentially exhausted. The total mass quantity of effluent V4, passing per unit cross-
section at the break point and the nature of the breakthrough curve between the values of
W and V4 are used for design purpose. The primary adsorption zone in the fixed bed
adsorbent is that part of the bed where there is a concentration reduction from Cx to Gy,. It
is assumed to be of constant length (Lm).

The fractional capacity (f) of the adsorbent at break point may be calculated as follows:

where C, Cy and V, are equilibrium concentration, initial concentration and volume of
effluent at exhaustion.

O] i i s s e

c
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FIGURE 2-2 A typical column breakthrough curve. (C, = initial concentration of influent, C; = concentration of
effluent at exhaustion, C, = concentration of effluent at breakpoint, C. = equilibrium concentration effluent,
V,, = volume of effluent at breakpoint, V, = volume of effluent at exhaustion, V, = volume of total effluent).
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The percent column saturation at break point is given by the following equation.
%Saturation = [D + Lm(f — 1)]/D (2.2)
where D is the adsorbent bed depth.

2.4 Activated Carbon Adsorbents

In 1940’s, activated carbon was introduced for the first time as the main water industry’s
standard adsorbent for the reclamation of municipal and industrial wastewater to
a potable water quality [10,11]. The use of carbon adsorption for the direct treatment of
liquid industrial waste streams is a relatively recent practice but has been successfully
utilized for the reclamation of metals from electroplating wastewater [12]. It has been
found as a good adsorbent due to its high capacity of adsorption because of small particle
sizes and active free valences. In spite of this, activated carbon could not be used as the
adsorbent for water treatment at large scale due to its high cost of production. Moreover,
the regeneration of activated carbon is difficult due to the use of costly chemicals and,
hence, its regeneration is not easily possible at commercial scale.

2.5 Development of Low-Cost Adsorbents

These drawbacks associated with activated carbon have generated the interest for the
development of its low-cost alternatives using a range of carbonaceous and other
precursors [7,13]. There are so many starting materials for these replacements are from
agricultural or industrial by-products and, hence, their use as secondary adsorbents
contributes to waste minimization with recovery and reuse. Many types of low-cost
adsorbents have been developed and used for wastewater treatment. We have categorized
them into two group’s, i.e. prepared from i) organic and ii) inorganic precursors; used for
water purification (removal of metal ions).

2.5.1 Preparation of Adsorbents from Organic Precursors

The generally used organic precursors are bark, scrap tyres, tannin-rich materials,
petroleum wastes, sawdust, rice hulls, coconut shell, fruit stones, peat moss, fertilizer
wastes, algae, chitosan, seafood processing wastes, sea weeds, resins, wastes of some
industries and fly ash. Some, inorganic precursors include hydroxides, metal oxides, red
mud, clays, blast furnace slag, zeolites, soil, sediment, ore minerals etc.

2.5.1.1 Low-Cost Sources to Obtain Activated Carbon

Some wastes are also converted into activated carbons by some physico-chemical
processes. Activated carbon includes a very high range of carbonaceous materials, which
show a high degree of porosity and extended inter particle surface area [14]. The activated
carbons contain high surface area of 600-2000 m*/g and well-defined micro-porous
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structure of average pore opening of 1.5 nm [15]. Activated carbon is prepared by
following two stage of operation and involves carbonization of the raw material below
800 °C in the absence of oxygen followed by the activation at elevated temperatures using
an activate (steam, carbon dioxide or air) or sometimes chemical catalysts. The time for
carbonization, heating rate, and activation are the most important factors, which control
the final pore structure, surface area and the chemistry of the carbon prepared [16,17].

Different varieties of carbon-containing feedstocks have been used for the formation
of activated carbon of various grades preferably by the catalytic activation of an initially
pyrolyzed char. Generally (pine, 130,000 tones per year), anthracite and bituminous coal
(100,000 tone per year) lignite (50,000 tone per year), peat (50,000 tone per year) and
coconut shell (35,000 tone per year) are used as a feedstocks for the production of acti-
vated carbon at commercial scale. Some other alternative feedstocks such as olive stones
and almond shells account for ~10,000 tone per year [8,14]. The carbon contents of these
varieties have ranged from 50 to 90% (w/w) with a bulk density range of 0.40-1.45 g cm .
Basically, commercial carbon is prepared from pinewood and coal but still there is
a continuous search for more inexpensive alternatives [7].

2.5.1.2 Carbonization and Activation

Carbonization and activation are the most important processes in the development of
low-cost activated carbon. At the time of carbonization, pyrolytic decomposition of
precursor occurs together with the concurrent elimination of many noncarbon species
(H, N, O and S) [18]. In the process of carbonization, low molecular weight volatiles are
first released followed by light aromatics and, finally, hydrogen gas [19], thus resulting in
a fixed carbonaceous char [20]. In the process of carbonization, the pores are filled with
tarry pyrolysis residues and, hence, activation is required in order to increase the internal
surface of the material. Activation may be performed via a chemical or physical process.
In the process of chemical activation, a catalyst is impregnated into the feedstock. The
most commonly used chemicals are ZnCl,, H3PO,4, H2SO4, KOH, K5>S and KCNS for the
activation [18]. A saturated solution of catalyst-impregnated feedstock is dried to influ-
ence pyrolysis in such a way that tar formation and volatilization can be kept at
minimum. Two different temperatures are used for the activation of carbonized product
[21], these temperatures are 400 °C followed by activation raising the temperature up to
800 °C as used for the industrially wood-based carbons.

The pore size distribution of the final product totally depends upon the degree of
initial impregnation [15]. Kadlec et al. [22] studied the chemically and physically activated
carbons and observed that the different mechanisms of activation are responsible for
different shapes and sizes. The porosity in the activated carbon develops due to the
increased burn-off of disorganized carbon [17]. Most common activants are steam, CO»
and air for the mechanisms of these reactions [23,24]. A large number of agricultural and
industrial wastes have high concentration of carbon content and, hence, shows a signif-
icant potential for the preparation of carbonaceous charcoals, which may be further
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activated to obtain porous adsorbents. The different waste products used for generating
low-cost adsorbents are given in Table 2-1. The different types of waste precursors are
discussed below.

2.5.1.3 Scrap Tyres

The management of waste tyres and their disposal are very important as they have serious
fire risk. The combustion of this waste may lead to the release of large volumes of oil,
phenols, polynuclear aromatic hydrocarbons and heavy metals into the atmosphere [25].
Contrarily, tyres contain high carbon content and, therefore, controlled pyrolysis was
employed to convert waste tyres to semiactive carbon. The carbon content has been
recovered by stripped tyres by moving bed reactor, at 400-700 °C, and a variety of
atmospheres and the surface area of the activated carbon was in the range of 300 to 350
m?/g [26]. A wet thermal process (water/steam 700-900 °C) was employed for vapor

Table 2-1 Waste Products used for Generating
Low-Cost Adsorbents

Sl. No Waste Materials

1 House hold wastes
a. Fruit waste.
b. Coconut shell.
C. Scrap tyres.
2 Industrial waste
a. Petroleum wastes.
b. Fertilizer wastes.
C. Fly ash.
d. Sugar industry wastes.
e. Blast furnace slag.
3 Agricultural waste
a. Bark and other tannin-rich materials.
b. Sawdust and other wood type materials.
C. Rice husk.
d. Other agricultural waste.
4 Soil and ore materials
a. Clays.
b. Red mud.
c. Zeolites.
d. Sediment and soil.
e. Ore minerals.
5 Sea materials
a. Chitosan and seafood processing wastes.
b. Sea weed and algae.
C. Peat moss.
d. Miscellaneous waste.
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phase applications with a highly active carbon of surface area 1260 m?/g. Waste tyres
were used for another powdered activated carbon with a lower surface area of 193 m*/g. It
exhibited a considerable affinity for many pollutants [27]. Due to costly operations
involved in their production, these precursors could not achieve a good reputation in the
development of low-cost charcoal alternative.

2.5.1.4 Sawdust and Lignin

Sawdust and other wood materials have been used as the alternatives of activated carbon.
The adsorption capacities of these adsorbents are mainly due to the presence of lignin or
tannin components rather than the cellulose content [28]. Sabadell and Krack [29] also
found several wood types for the adsorption of Pb(II), Cd(II), Cu(Il) and Ni(II) metal ions.
These wood materials were converted by heat into low-cost activated carbons. The
average capacities for the woods used in these studies are 0.0721 meq/g for ash shavings,
0.0982 meq/g for oak sawdust, and 0.0683 meq/g for cedar sawdust. Vaishya and Prasad
[30] evaluated that the rate of adsorption of cupric ions on sawdust was very high initially
and maximum adsorption occurs within 1h. Zarraa has investigated the ability of
sawdust to adsorb Cr (VI) from waste solutions in a batch reactor under forced convection
conditions [31].

It was confirmed that the removal of Cr (VI) depend on the weight of sawdust. Ajmal
et al. treated sawdust of mango tree (Mangifera indica) in 0.1 M disodium hydrogen
phosphate for a period of 24 h followed by washing with distilled water and then dying
at 40 °C [32]. A comparative study was performed by the same group, on the sorption
capabilities of this phosphate treated and untreated sawdust, for the adsorption of
Cr(VI). It was found that nearly 100% adsorption occurred below pH 2.0 for the initial
Cr(VI) concentration of 8-50 mg/L. The experiments, carried out with synthetic as well
as actual electroplating industry wastewaters containing 50 mg/L Cr(VI) showed 100%
adsorption. For regeneration purpose, 87% desorption of Cr(VI) from phosphate-
treated sawdust was achieved using 0.01 M NaOH. Raji and co-workers [33] studied the
factors which influenced the uptake of Hg(II), Pb(Ill) and Cd(I) onto the activated
carbon prepared from bicarbonate-treated wood sawdust and found that the
percentage of adsorption increases with decrease in initial adsorbate concentration
and increase in adsorbent concentration and temperature. It was also found that the
maximum adsorption was in the range of pH 4-8 for Pb(Ill) and Hg(Il) and 5-9 for
Cd(ID). These adsorbent can be reactivated by treating with 0.2 M HCI. A waste product
of paper industry (black liquor) was used for the extraction of lignin and converted into
a low-cost adsorbent for the removal of lead and zinc [34]. As it was found that the
adsorption capacity at 30 °C is 1587.0 and 73.0 mg/g for Pb and Zn respectively, which
increased to 1865 and 95 mg/g, respectively at 40 °C. Masri et al. [35] studied the
adsorption capacity of Hg (II) and reported that the adsorption capacity is 150 mg/g. It
is confirmed that the adsorption capacities of sawdust, lignin and other wood-type
materials were high with short equilibrium time. The cost of the process development
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and regeneration of these adsorbents were very high. Moreover, the raw materials were
not easily available at commercial level therefore this material cannot be used
frequently.

The presence of sulfur-containing groups on the adsorbents increase the affinity for
the adsorption of heavy metals but shows a low affinity for lighter metals. Some sulfur-
containing compounds contain thiols, dithiocarbamates, sulfides, xanthates and
dithiophosphates. Among these compounds, xanthates are highly insoluble and impor-
tant precursors because they are easy to prepare with relatively inexpensive reagents [36].
The removal of heavy metal from xanthates is done by ion exchange reaction method. To
make these effective as adsorbents, some xanthate sludge was made by solidification [37].
It was also observed that the adsorption capacity varied randomly due to variation in
particle porosity and size. The decomposition and air oxidation of sulfur atoms decrease
the sorption capacity of xanthates with time (18% in 47 days). The different adsorption
capacity metals such as Cd(II) ranged from 0.28 to 0.38 meq/g [15.7-21.4 mg/g of Cd(II)]
and for Mn(II), Co(II), Ni(Il), Ag(Il), Zn(II), Hg(Il) and Pb(II) ranged 0.3 to 0.4 meq/g.
Different types of starch xanthate, soluble (§SX) and insoluble (ISX) were compared for
their adsorption capacities [38,39]. ISX starch xanthate were produced by cornstarch
through an extra cross-linking step. It was also confirmed that ISX exhibited better
properties than SSX in terms of metal removal capacities, reliabilities and ease of oper-
ation, while, SSX is more economical than ISX. The cost of ISX is US$ about $60 for 100 g
and requires 90-110 h for preparation while the cost for SSX is only $10/100 g taking only
3-4 h for preparation. A preliminary estimated cost for ISX production was only $0.60/kg
[40]. Wing [41] reviewed several case studies for demonstrating ISX effectiveness and
found ISX was used to remove heavy metals from plating rinse waters. The adsorption
principle is ion exchange, which limits ease of their regeneration due to high cost. It is
also noted that the probabilities of decomposition and air oxidation of these adsorbents
are serious drawbacks. The adsorption capacities of xanthates are not quite good; espe-
cially for light metal ions and, hence, they could not be used at pilot scale for wastewater
treatment.

2.5.1.5 Bark and Tannin

Solid waste of bark timber can be used directly as a possible adsorbent due to its high
percentage of tannin content. The active species of the tannin content are found to be
polyhydroxy polyphenol groups in adsorption process. The uptake of cations takes place
through ion exchange by displacing the adjacent phenolic hydroxyl groups forming
a chelate [42,43]. The development of coloration and toxicity in water is the main problem
due to soluble phenols associated with tannin-containing materials. To overcome this
problem, chemical pretreatment of bark has been tried by a number of workers. Alves
et al. [44] performed the formaldehyde pretreatment to diminish the bleeding of colored
compounds without appreciably affecting capacity. Randall et al. [42,45] compared of the
bark adsorption to that of peanut skins, walnut expeller meal and coconut husks and
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found their adsorption capacities to be comparable. Furthermore, Randall et al. [46] also
tried formaldehyde pretreatment of peanut skins to prevent leaching of color and
disintegration upon prolonged contact with water. The resulting product by this process
was quite stable in water and was efficient for uptake of Cu(Il), Hg(II), Cd(Il), and Pb(II).
Orhan and Buyukgungor [47] studied the adsorption power of tannin-containing prod-
ucts obtained from nut and walnut shell, waste tea and coffee and compared it with that
of activated carbon. They concluded that the capacities of the tannin-containing prod-
ucts are only slightly less than that of activated carbon.

Edgehill and Lu [48] demonstrated that the potential of carbonized slash pine bark
as a suitable substitute for activated carbon. The carbonization of bark was performed
by slow heating in nitrogen for 6.5 h at 670 °C and surface area, average micropore
and mesopore diameter, and micropore volume of the prepared adsorbent was
332 m?/ g, 2.17 A° and 0.125 cm?/ g, respectively. Al-Asheh and Duvanjak [49] studied
the cadmium ions adsorption onto carbonized pine bark and concluded that the
maximum cadmium uptake was obtained using very fine particles of pine bark.
Guedes de Carvalho et al. found that Portuguese pine bark is a suitable precursor for
activated carbon production [50]. The carbonization of ground bark was carried out at
600 °C for 1h under nitrogen atmosphere and then activated between 800 and
1000 °C by partial CO, gasification. Aoyama et al. [51] evaluated the adsorption
capacities of 34 conifer leaves with good adsorption capacities of Ginkgo biloba, Taxus
cuspidata, Cephalotaxus harringtonia, Taxodiaceae and Cupressaceae species for
Cr(III) metal ion.

The adsorption capacities of conifer leaves were compared with different commercial
activated carbons and found that 3.12-5.09 mg/g Cr (III) was adsorbed on different
conifer leaves while the adsorption capacities of activated carbons were 1.23-2.75 mg/g
for Cr(Il). The larch (Larix leptolepis) bark was able to remove Cr(VI) from dilute aqueous
solutions at pH 3. Preparation of activated carbon is costly but bark and tannin-rich
materials are having high adsorption capacities. Moreover, coloration and toxicity are
developed in water. Therefore, they could not be used extensively for the removal of toxic
metal ions from wastewater.

Patil et al. [52] carried out the experiment for the removal of nickel metal ions by using
powder-activated charcoal and nonconventional adsorbents. Kalmykova et al. [53] used,
sawdust, fiber sludge ash, pine bark and some other biological materials (peat, seaweed
and shrimp shells) for adsorption of some metal ions from laboratory synthesized water
and industrial landfill by using batch and column operations; with maximum adsorption
occurring on peat. The addition of 10% by weight of fiber ash to the peat resulted into
higher adsorption capacities of Cd(II), Ni(Il) and Pb(II) but lower for Cu(Il) and Zn(II),
respectively. Subbaiah et al. [54] found biosorption of Ni(II) ions from aqueous solution
by Acacia leucocephala bark by different pH, adsorbent dosage, metal ion concentration,
temperature parameters and contact time. Khokhotva and Waara [55] performed the
comparison of adsorption of Cu(Il), Ni(II), Zn(II) and Pb(II) metal ions on plain and urea-
treated pine bark of Pinus sylvestris.
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2.5.1.6 Rice Hulls

Some other species like rice hulls or husks; agricultural wastes products; have been used
for the production of low-cost adsorbents [rice husk carbon (RHC)], it is confirmed that
adsorption efficiencies of these adsorbents are quite encouraging, i.e. RHC has shown
94.4% w/w Cd(II) adsorption capacity [56]. This efficiency was also compared with
a commercial-activated carbon (filtrasorb 400) with 25.4% w/w removal capacity of
Cd(II). However, the high cost of steam activation at 700 °C remains a major problem
with RHC. Srinivasan et al. [57] performed the experiment with RHC for Cr(VI) removal
from industrial wastewater and concluded that RHC was comparable to commercially
available activated carbon. The column capacities for Cr(VI) uptake were found to be 8.9
and 6.3mg/g of RHC and commercial carbon, respectively. The adsorbent was
successfully used for the treatment of an actual wastewater from a real plating shop
bearing Cr(VI) up to 300 mg/L. Roy et al. [58] carried out the study for the investigation of
heavy metal uptake by rice hulls and observed that adsorption capacities of rice hulls
were quite good for Cr(VI) and Pb(II). Mostafa [59] developed steam activated and zinc
chloride activated carbons from rice husks and these activated carbon were used for the
removal of Hg (II), Pb(II) and Cd(II) ions from aqueous solution at 298 °K. The uptake
capacities of rice hulls were greater than commercially available activated carbons in
both batch and column experiments.

2.5.1.7 Paper Industry

Guo et al. [60] carried out the adsorption of Cu(II), Cd(II), Zn(II), Pb(II), and Ni(I) on
a lignin isolated from black liquor; a waste product of the paper industry. It was
observed that adsorption was dependent on strong pH and ionic strength. The workers
studied surface complexation modeling, which showed two main types of acid sites
attributed to carboxylic- and phenolic surface groups responsible for adsorption; with
maximum adsorption occurring by phenolic group. Similarly, removal of Cr(III) from
waters through lignin was also done by Wu and co-workers [61], the effect of different
pH, contact time, ionic strength, dosage and Cr(III) concentration were studied. It was
confirmed by these studies that it followed pseudo-second-order and Langmuir models
with a maximum of 17.97 mg/g. The authors reported ion-exchange mechanism for
adsorption. They applied the developed method for removal of Cr(IIl) from real
wastewater sample. Pejic et al. [62] studied waste short hemp fibers; after chemical
removal of lignin and hemicelluloses; for adsorption of Zn(II), Cd(II) and Pb(II) metal
ions from aqueous solutions. The effects of initial ion concentration, contact time and
cosorption were studied in batch sorption experiments. The obtained results showed
when the content of either lignin or hemicelluloses was progressively reduced by
chemical treatment; the sorption properties of hemp fibers were improved. Short hemp
fibers were capable of sorbing metal ions with maximum total uptake capacities for
Pb(I), Cd(I) and Zn(II) 0.078 mM/g, and from ternary mixture 0.074, 0.035 and
0.035 mMl/g, respectively. Of course, the cost of processing was low in comparison to
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the ready-made-activated carbon and, definitely, these raw materials have quite good
scope in wastewater treatment process.

2.5.1.8 Peat Moss

Peat moss is an inexpensive and easily available adsorbent material, with good adsorption
capacities for a variety of pollutants. Peat is highly in demand as a fuel in Ireland and
Northern Europe and as a soil conditioner in the United States [63]. Peat contains lignin
and cellulose as the major constituents. Lignin has a large number of polar functional
groups that can be employed for the chemical adsorption. Because of these properties,
this variety tend to have a high cation adsorption capacity and can be useful for the
removal of metal ions [64]. It is also well known that peat is highly porous (95%) and
possess a large specific surface area (>200 m?/ g) [65]. Different types of peats are avail-
able with varying chemical and physical properties. Chen et al. [66] evaluated the
complexation and ion-exchange facilitating adsorption of Cu(ll) onto eutrophic and
oligotrophic peat. It was determined that the efficiency of these adsorbents had been
reported up to six times for Cr(VI) in comparison to activated carbon [67].

Kertman et al. [68] reported the efficacy of prepared peat to adsorb different heavy
metals with the adsorption capacity of 90-230 mg/g for lead. It had been concluded that
acid-treated peats have higher adsorption capacities than the normal ones for uptake of
Cr (I) and SCd (II) [69]. Sharma and Forster reported the process for the regeneration of
peat. Ho and Mckay [70] revaluated the kinetics of lead sorption on to peat. It was
assumed that the batch sorption model, is based on pseudo-second-order mechanism,
has been developed to predict the rate constant of sorption. Kalmykova et al. [71] studied
the adsorption of Cu(Il), Ni(II), Pb(II), Zn(II) and Cd(II) on Sphagnum peat. The rate
constant were calculated for the second-order model and the order of removal capacity
was Pb(II) > Cu(Il) > Ni(II) > Cd(II) > Zn(II) with optimization by pH and ionic strength.

2.5.1.9 Fruit Stones

For the preparation of activated carbons, the outside or inner side hard parts of certain
fruits such as olive stones, almond shells, apricot and peach stones, palm fruit bunch,
coconut etc. are also reviewed as the prevailing raw materials for the preparation of
activated carbons. The process for the formation of activated carbons follows the removal
of the oily part of these raw materials by treatment under anaerobic conditions and
subsequent drying and washing with organic solvents. The solid part is roasted in
a rotating metal cylinder until its color changes from brown to black [72]. The cost of this
developed material is less $50/ton in comparison to granulated-activated carbon having
a $4500/ton cost. Rodriguez-Reinso and coworkers [73] carried out the optimization by
using a variety of chemical and physical methods for the activation procedures for acti-
vated carbon production. Consequently, high-quality microporous carbons have been
prepared and characterized having 90-1550 m?/g surface area. Ferro-Garcia et al. [74]
studied a series of fruit pit carbons for the removal of Cd(II), Zn(II) and Cu(Il) from metal
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finishing plant wastewaters. Adsorption capacities for three metal ions ranged 18-
150 uM/g. The prepared adsorbents were subsequently recommended by the authors for
the treatment of metal finishing plant wastewaters.

Namasivayam and Periasamy [75] developed the procedure for the formation of
activated carbon from bicarbonate-treated peanut hulls (BPHC) with 208 m?/ g surface
area and investigated the adsorption of Hg(II). It was observed that quantitative removal
of 20 mgd/m?® Hg(II) in 100 mL by 70-mg adsorbent over a pH range of 3.5-10.0. it was
found that that BPHC was 7.0 times more effective in comparison to that of GAC.
Furthermore, Periasamy and Namasivayam [76] also studied the removal of lead from
aqueous solutions using peanut hull carbon (PHC) and coal-based commercial granular
activated carbon (GAC). Same research group used PHC adsorbent for the removal and
recovery of cadmium from wastewater [77]. The adsorption capacity (Kf) of PHC was 31.0
times greater than that of GAC, as a result of a comparative study with a commercial GAC.
Almost quantitative removal of 20 mg/L Cd(II) by 0.7 g of PHC/L of aqueous solution
was observed in the pH range of 3.0-9.5. A range of chemically activated tamarind nut
carbons was prepared by using a variety of treatments adapted from the carbon literature
[78,79].

High-quality GACs were obtained by a well-known precursor, coconut shell and it is
responsible for ~9% w/w global production of commercially activated carbon. It is also an
inexpensive raw material due to its widespread distribution in the developing countries.
Banerjee et al. [80] developed coconut shells-activated carbon by heating ZnCl, at 700 °C
and resulting intermediate was activated in steam or air at 900 °C. In this process, the
black-activated carbon had a surface area of 800 m*/g with high adsorbing properties.
Alaerts et al. [81] studied the removal efficiencies of commercial carbons having surface
area similar to activated coconut-based carbon for the removal of aqueous Cr(VI) and
found that coconut-based carbon was highly effective as 94% (w/w) of a 20 mg/L Cr(VI)
solution in 4-h contact time during equilibrium batch studies. Mortley et al. [82]
compared the characterized-activated carbon from materials of varying morphology
including coconut husks and shells with commercially available carbons. The precursors
with higher activation energies yielded higher surface areas and developed micro
porosities on account of the lesser degree of lignocellulosic breakdown. Venezuelan
coconut carbons were prepared by Laine and co-workers [83] prepared through chemical
activation. The shells were impregnated with H3PO, followed by a one-step carboniza-
tion/activation at 450 °C. The surface area of the product was 1200 m?/g. The evaluation
of the efficiency of copper impregnated coconut husk carbon (CuCHC) for the removal of
arsenic from water and wastewater was done by Manju and coworkers [84].

The activated carbon of coconut husk carbon (CHC) was prepared by treating one part
of coconut husk with 1.8 parts by weight of concentrated sulfuric acid (18 M) and heated
with 150 °C for 24 h and then washed with distilled water to remove free acid and dried at
105 °C. It was also confirmed that CuCHC is 5 times more effective than CHC for the
removal of As(IIT) and the maximum adsorption capacity of the developed adsorbent was
158 mg/g at 60 °C. The batch operation was also carried out for the removal of As(III)
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from actual industrial waste collected from one fertilizer industry in Cochin city (Kerala,
India) using CuCHC. The results showed that the CuCHC can be used as an adsorbent for
the effective removal of As(III) from water and wastewaters. Rao [85] studied the kinetics
of Cr(VI) removal on prepared activated coconut shells. Different impregnation ratios of
H,S0,4, H3PO4 and ZnCl, activating agents were used for the preparation of activated
carbons. It was found that the adsorption was maximum at pH 1.0 and increased with
increase in impregnation ratio due to increase in surface area of coconut shell carbon and
also concluded that the developed activated carbons from these raw materials were quite
good having high activation energies, surface area and adsorbing properties. These
adsorbents have been used under a wide range of experimental conditions with up to 31
times higher efficiencies than the commercially available activated carbon. But low
abundance restricts their use at pilot scale.

2.5.1.10 Chitin and Chitosans

Chitin and chitosans are one of the most important materials for the removal of toxic
metal ions due to their inexpensive and effective in nature. It is found in high concen-
tration in the exoskeletons of crabs and other arthropods and also in the cell wall of some
fungi [86,87]. The main source for chitin is crabmeat canning industry. More than 50,000
tons/annum of chitin is available from the fisheries of crustacean [88]. Chitosan or
glucosamine is a derivative of chitin and can be prepared from chitin through deacyla-
tion. Chitosan is found in the cell wall of some fungi like Mucorales stains. About 2000
tons of chitosan could be produced at a cost of about $2.00 per kg [86]. With the help of
deacetylation chitin generate free amino groups, which enhance the chelating capacity of
chitosan to 5 to 6 times higher than that of chitin itself.

Chitosan showed greater adsorption capacities than that of poly-(p-aminostyrene)
which are constituents of expensive ion-exchange resin. Tseng et al. [89] prepared the
chitosan by using fishery wastes including shrimp shell, lobster shell, crab shell and cattle
bone. Chitosan is successfully used for the removal of Cd(II), Cu(Il) and Ni(II). Chui et al.
[90] performed the procedure for the removal and recovery of Cu(II), Cr(IlI) and Ni(II)
from solutions using crude shrimp chitin packed in small columns. With the help of dilute
HCl, Penaeus marginatus were dematerialized in the form of shrimp shell wastes in small
columns to yield shrimp chitin. It is reported that 96% calcium was efficiently removed by
this method without removal of proteins. Wastewater of electroplating baths rinsing
having Cu(Il) gave encouraging results. The shrimp chitin removed 92-96% Cu(Il) from
copper pyrophosphate and acid copper bath rinsing water. Kim et al. [91] carried out the
effect of deacetylation on sorption of chromium on chitin. Deacetylated chitins (10.7-
67.2%) were prepared by alkaline hydrolysis on optimal degree of deacetylation, which
could effectively removed chromium from textile effluent. Baran et al. [92] described
adsorption of Cr(VI) ions onto various sorbents (chitin, chitosan, ion exchangers; Purolite
CT-275 (Purolite I), Purolite MN-500 (Purolite IT) and Amberlite XAD-7) in batch process.
The optimizing parameters for the maximum efficiency were pH, agitation period and
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concentration of Cr(VI) ions. The optimum pH for Cr(VI) adsorption was found 3.0 for
chitin and chitosan, whereas it did not affect adsorption on ion exchangers. The
maximum chromium sorption occurred at 50, 40, 30 min, for chitin, Purolite II and
Chitosan, Purolite I and Amberlite XAD-7, respectively. The workers demonstrated that
adsorption could be increased by impregnating the reported adsorbents by ethyl-
enediaminetetraacetic acid (EDTA). Over all, chitosan is a readily available, inexpensive
adsorbent found suitable for removing maximum chromium from aqueous solution.

Jayakumar et al. [93] removed Ni(II), Zn(II) and Cu(II) metal ions by using alginate/
phosphorylated chitin (p-chitin) blend films; prepared by mixing of 2% of alginate and p-
chitin in water and then cross-linked with 4% CaCl, solution. With the result of these
findings, it was confirmed that alginate/p-chitin blend films were bioactive. The opti-
mizing parameters were pH, contact time and initial metal ion concentrations. The
maximum adsorption capacities of alginate/p-chitin blend films for Ni(II), Zn(II) and
Cu(II) at pH 5.0 were found to be 5.67, 2.85 and 11.7 mg/g, respectively. Briefly, abun-
dance of these raw materials is quite high, i.e. available at large amount next to cellulose.
Nevertheless, they could not achieve a good reputation of effective adsorbents in the
removal of metal ions from wastewater because the regeneration of these adsorbent is
required costly chemicals due to the strong chelation with metals.

2.5.1.11 Sea Weed

Seaweed can also be used for the removal of various pollutants from water. Vijayar-
aghavan and Yun [94] studied the adsorption of metal ions on various bioadsorbents such
as fungi, bacteria, algae, and industrial and agricultural wastes. The properties of the cell
wall constituents, such as peptidoglycan, and the role of functional groups, such as
carboxyl, amine and phosphonate, were discussed on the basis of their biosorption
properties.

One of the species of seaweed-like brown algae has significant ion-exchange prop-
erties associated with their polysaccharide contents. Brown marine algae, Ascophyllum
nodosum, was used in sorption columns to remove Cd(II) with good adsorption capacity
of approximately 67 mg/g [95]. Some single cell green algae such as Fucus serratus and
Laminaria digitata showed better uptake of Cd(II) and Hg(II) [96]. It is found that the
green seaweed Ulva lactuca is less effective than two brown seaweeds. The stability and
mechanical properties were enhanced by the modifications of seaweeds by cross-linking.
By cross-linking, the swelling of the material was reduced so that the material would be
easily used for column adsorption. One of the algae, i.e. A. nodosum was found to adsorb
Cd(II) (2.15 mg/g) while 149 mg/g was absorbed by formaldehyde cross-linked treated A.
nodosum. It has demonstrated pronounced adsorption in comparison to other seaweeds
experimented, i.e. Sargassum natans (135 mg/g) and Fucus vesiculosus (Cd(II) = 73 mg/g).
Leusch et al. [97] performed the adsorption capacities of A. nodosum and Sargassum
fluitans after formaldehyde cross-linking, glutaraldehyde crosslinking and poly-
ethylenimine embedding for the removal of Cu(Il), Ni(Il), Cd(II), Pb(II) and Zn(II) metal
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ions. A high molecular weight polymer, algin was prepared by brown seaweed. It is
a polysaccharide-based biosorbent and it can be prepared from algin by replacing
protons in the carboxylic groups with metal ions. In the sorption process, the formation of
alginate took place with the exchange of heavy metal ions with calcium ions. It is also
demonstrated that the theoretical maximum binding capacity of sodium alginate is
138 mg/g for Cu(ll) while a capacity of 107 mg/g was experimentally determined [98].
Araujo and Teixeira [99] developed the applicability of calcium alginate beads for the
removal of Cr(III) from aqueous solutions.

The biomass of the marine alga Sargassum baccularia has been estimated for its
adsorption and desorption of Cd(II) ions [100]. Desorption of Cd(II) was attained by
desorbing agents such as HCl and EDTA using a batch reactor system. Both these
desorbents were appropriate to remove the adsorbed Cd(Il) from the biomass. It was
found that HCI at pH 2.0 could desorb 80% of Cd(Il) initially loaded on to the biomass.
Almost complete recovery of Cd(Il) was achieved by a 3.24 mM EDTA solution. Marine
algal-based biosorbents for the removal of Pb(II) and Cu(II) was used by Malik et al. [101].
The weakly acidic carboxyl groups of polysaccharides present within the algal matrix
showed high sorption capacity for both metals. Adsorption kinetics of Al(III), Zn(II),
Hg(Il), Pb(I), Cu(ll), and Cd(I) onto living microalgae (Scenedesmus subspicatus,
Cyclotella cryptica and Phaeodactylum tricornutum) has been examined [102]. The
highest values for the rate constants obtained for Porphyridium purpureum followed by
P. tricornutum. High values for the maximum content were attained for C. cryptica and S.
subspicatus. The maximum rate constant was 24/h for the adsorption of Hg(Il) on to P.
purpureum whereas maximum metal content (0.243 g/g) was acquired for Zn on C.
cryptica. Two strains of Pseudomonas syringae (Blue and Brown) to remove copper from
aqueous solutions and compared with the synthetic Linde LZ-52Y aluminosilicate zeolite
was used by Hall et al. [103]. The two bacterial strains were tolerant to copper and were
able to grow in media with Cu(II) concentrations up to 1000 ppm. As in case of chitin and
chitosan the basic process of metal ion adsorption was through ion-exchange mecha-
nisms, which made the regeneration process complex and expensive. That is why costly
HCl and EDTA chemicals were used to recover metal ions from these adsorbents.
Moreover, disintegration and swelling tendencies of these biomasses constrained their
use at large scale; especially in columns.

Equilibrium, thermodynamic and kinetic studies of AI(IIT) biosorption on brown algae
(Padina pavonica) biomass with optimum conditions of pH, biomass dosage, contact
time and temperature were described by Sari and Tuzen [104]. The biosorption capacity
of P. pavonica biomass was found to be 77.3 mg/g. The metal ions were desorbed from
P. pavonica using 1.0 M HCI. The high stability of P. pavonica allowed a slight decrease of
about 20% in the recovery of Al(III) ions after 10 times of adsorption-elution process. The
adsorption mechanism explained was chemical ion exchange with spontaneous and
endothermic nature. Cd(II) metal ions on red macro alga (Hypnea valentiae) was
removed by Rathinam et al. [105]. The optimized variables were cadmium concentra-
tions, pHs and temperatures; with maximum adsorption at pH 6.0 (250 mg/L) were found
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to be optimized variable. The authors explained that the presence of neutral salts and
other metal ions affected the cadmium uptake behavior of the biomass considerably. The
biosorption characteristics of Ni(Il) ions using brown algae (Cystoseira indica, Nizmud-
dinia zanardini, Sargassum glaucescens and Padina australis) by varying pH, contact
time, initial metal concentration and temperature as experimental parameters was
reported by Pahlavanzadeh et al. [106]. Esmaeili et al. [107] stated the removal of Cu(Il)
metal ions aqueous solution and wastewater on marine brown alga Sargassum species as
adsorbent. The effect of pH, biosorption time, adsorbent dose and metal ion concen-
tration were studied. The optimum pH was 4.0 with maximum removal of 94.83% within
2 h. The uptake of heavy metals by these adsorbents was reversible and the mechanisms
of uptake were not well known. Therefore, the research on this issue is not entirely
developed. Briefly, despite of reasonably good abundance, these materials could not be
used at huge scale for the removal of metal ions. Therefore, the need of more extensive
studies in terms of cost, performance, preparation methodologies, energy, efficiency,
kinetics, regeneration and management is evident.

2.5.1.12 Biomass

The elimination of metal ions from wastewater can be performed utilizing the dead
biomass of bacterial cell as appropriate adsorbents. The dead biomasses are effective due
to the fact that the dead cells have better accumulation capacity for heavy metals than
living cells. The presence of ionized groups in the cell wall, forcing the cell to attract metal
cations makes the bacterial cell to have anionic surface. Huge amount of waste microbial
biomass are formed in industries such as citric acid biosynthesis and penicillin
production. About 790,000 tons of microbial waste are produced each year by fermen-
tation industries, with 41,000 tons resulting from citric acid production by Aspergillus
niger [86]. The problems of waste toxicity and nutrient requirements are removed using
the dead rather than live biomass. Biomass are used for the elimination of Cd(II), [108]
Pb(II), [109] etc. by many workers. The optimum pH range for biosorption of Pb(Il) ion,
on Penicillium chrysogenum, was 4 to 5. The saturated sorption of Pb(II) was 116 mg/g by
dry biomass, which was higher than that of activated charcoal and some other micro-
organisms [108]. At pH 4.5 P. chrysogenum biomass exhibited a significant selectivity for
Pb(II) compared to other metal ions such as Cd(II), Cu(Il), Zn(II) and As(III). Sorption
preference for metals increased in the order of As(III) > Zn(II) > Cu(Il) > Cd(II) > Pb(II).

The removal of Pb(Il) by live, resting and dead cells of a lignolytic white rot fungus,
Phanerochaete chrysosporium is studied by Yetis et al. [110]. The fact that adsorption is two
stage process, i.e. very rapid surface adsorption within the first hour and a slow intracellular
diffusion after 2 h of metal exposure was revealed by kinetic studies. The results explained
that the resting cells were able to uptake up to 80 mg/g Pb(II). The biomass originated from
different growth phases exhibited different adsorption capacities for Pb(II). It showed that
the older resting cells held lower Pb(II) adsorption capacities than the young ones. Bai and
Abraham [111] studied the biosorption of Cr(VI) by chemically modified biomass of
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Rhizopus nigricans and the possible mechanisms of Cr(III) complexation to the adsorbent.
The cetyl trimethyl ammonium bromide (CTAB), polyethylenimine (PEI) and amino
propyl trimethoxy silane (APTS) were utilized for conducting biomass modification
experiments to enhance the biosorption efficiency up to exceptionally high levels. They
were used for metal ions removal at laboratory scale regardless of anionic surface on the
dead bacterial cells. Due to the selective nature of these cells with fair adsorption capac-
ities, this material has limited use at pilot scale. The main drawback associated with
regeneration process was the intracellular diffusion process in the dead bacterial cell.
Sometimes, living bacterial cells may present along with dead cell, which contaminant
wastewater with bacteria and this may be hazardous to health. In a nutshell, the dead
bacterial biomass could not be used for the treatment of wastewater at large scale.

2.5.1.13 Fly Ash

Fly ash is an aggressive waste product discharged from thermal power plants, sugar
industries, brick kilns and various other industries Fly ash has been tried as the suitable
adsorbent for the removal of metal ions from water by several researchers. There is no set
methodology to use fly ash and a large amount is dumped as land filler. The estimated
global production of fly ash is 290 metric tons per annum [112] Fly ash is an inorganic
residue and its chemical constituents comprise 40-50% (w/w) silica (SiO,), 20-35% (w/w)
alumina (Al,O3) and 5-12% (w/w) iron oxide (Fe,Os3). Fly ash also contains 12-30% (w/w)
carbon and unburnt residue. Many metal ions such as Cr(VI), Cu(Il), Ni(Il), Zn(II), Hg(II)
etc. were removed from wastewaters [113,114]. Grover and Narayanaswamy [114] studied
that fly ash can be exercised for the removal of Cr(VI). The adsorption capacity for Cr(VI)
was pH depending and a maximum adsorption (4.25 mg/g) was achieved at pH 2.0 [115].
The adsorption capacity for copper, determined at pH 6.5, was 73-95% (w/w) [116].
Uptake was explained in terms of a chemisorptive surface complex between the nega-
tively charged silica surface and the hydroxylated copper species in solution. These
investigations revealed that fly ash wollastonite blend was most effective and reported
40-60 times cheaper than the activated carbon. Kapoor and Viraraghavan [117] explained
that the properties of fly ash were extremely changeable and the adsorption capacity
varied with the lime content. Furthermore, the same workers [118] studied the usefulness
of fly ash in adsorbing mercury from wastewater. They found that a contact time of 2 h
was necessary for the adsorption to reach equilibrium at pH between 5.0 and 5.5.
Viraraghavan and Dronamraju [119] evaluated the effectiveness of fly ash in adsorbing
copper, nickel and zinc by conducting batch kinetic and isotherm studies. Daniels et al.
[115] estimated the achievability of utilizing alkaline fly ash to control acid mine drainage.
The results discovered that this technique had potential for industrial scale use.

The chemical composition of bagasse fly ash acquired from sugar industries comprises
silica 60.5%, alumina 15.4%, calcium oxide 2.9%, iron oxide 4.9% and magnesium oxide
0.81%. The density, porosity and surface area of this material were 1.01 g/cm?, 0.36 fractions
and 450 m?/g, respectively. X-ray spectra of bagasse fly ash illustrated the presence of
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various minerals such as kaolinite, mullite, goethite, a-quartz, y-alumina and haematite.
Scanning electron microscope (SEM) studies indicated flocs and porous nature of the
material. An adsorbent dose of 10 g/L was found satisfactory for 100% removal of lead (at
4.8 x 10~*-4.83 x 10> M concentrations of lead) indicating high efficiency of bagasse fly
ash [120]. Experiments with actual wastewater from metal finishing plant bearing 17 mg/L
Pb(II) provided some successful results. It was found that almost complete removal of Pb(II)
from 50 mL of wastewater at pH 3.2 was possible with 4.0 g/L of the adsorbent.

Coal fly ash for the removal of Cu(ll) and Cd(Il) from wastewaters was used by
Papandreou et al. [121]. The data followed Langmuir model with maximum removal after
72 h. Rios and co-workers [122] used coal fly ash, natural clinker and synthetic zeolites to
remove Fe(I), As(II), PbdI), Zn(II), Cu(Il), Ni and Cr(III) metal ions from acid mine
drainage of mining industry. According to the authors maximum removals were obtained
at pH 7.70-9.43. The order of removal found was Fe(II) > As(III) > Pb(II) > Zn(II) >
Cu(Il) > Ni(II) > Cr(III). Mohan and Gandhimathi [123] used coal fly ash for the removal
of Zn(II), Pb(II), Cd(II), Mn(II) and Cu(II) metal ions from municipal solid waste leachate.
The fly ash concentration to achieve maximum removal was found to be 2.0 g/L with the
removal efficiencies of 39, 28, 74, 42 and 71% for Cu(II), Mn(II), Pb(II), Zn(II) and Cd(II),
respectively. Mishra and Tiwari [124] reported the removal of Cu(Il), Co(II) and Ni(I) on
sodium hydroxide treated fly ash. The data followed Langmuir equation with the order of
removal Cu(Il) > Co(II) > Ni(ID).

A sewage sludge with a chemical composition similar to that of fly ash to remove NI(II)
and Cd(II) from wastewater has been used by Elouear et al. [125]. Composite materials of
activated carbon and zeolite from coal fly ash and used them for the removal of Ni(Il),
Cu(II), Cd{I) and Pb(II) was prepared by Jha et al. [126]. The relative selectivity of metal
ions were in the order of Pb(II) > Cu(Il) > Cd(II) > Ni(II), with equilibrium uptake
capacities of 2.65, 1.72, 1.44 and 1.20 mM/g, respectively. As per authors, Langmuir
isotherm fitted well and sorption was thought by ion exchange with Na+. The process was
found to be pseudo-second order with rate constants of 0.14, 0.17, 0.21 and 0.20 Lg/mM
for the uptake of Pb(II), Cu(Il), Cd(IT) and Ni(II). The cost of the prepared adsorbent was
anticipated to be about US$ 12/ton 20 time lower than the cheapest commercially
available carbon costs ~US$ 285/ton. Bagasse fly ash had been redeveloped successfully
using acid solutions but this was not an economically worth method. Fly ash achieved
from sugar industries is more economic having higher adsorption capacities than the fly
ash obtained from thermal power plants. Briefly, sugar industry fly ash has a good
potential in the adsorption of metal ions in wastewater. However, the capabilities of this
fly ash have not been fully investigated till today and need further extensive research.

2.5.1.14 Fertilizer Industries Wastes

The waste slurry generated during the liquid fuel combustion in fertilizer plants can be
converted into an inexpensive carbonaceous adsorbent material [127]. Generally,
hydrogen peroxide is used for the treatment of these wastes and then heated to 200 °C till
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the evolution of black soot stopped. The heated product is cooled before activating in
presence of air at 450 °C for 1 h yielding an adsorbent of 630 m?/g surface area. The
developed adsorbent has good adsorption capacities for the removal of Cr(VI), Hg(Il),
Pb(II), Cu(l) and Mo(II) metal ions from metallurgical and electroplating wastewaters.
The carbon, alumina and iron oxide 92, 0.4 and 0.6 %, respectively [128] are used to
determine the compositions of these adsorbent. X-ray diffraction analysis was used to
find out the amorphous nature of the activated carbon. The surface structure of the
activated product is observed using a SEM. SEM pictures of the material indicated texture
and large porosity of the sample activated in air. The produced activated carbon was
found to be quite stable in water, salt solutions, acids and bases. Despite of good future of
this waste in the production of low-cost adsorbent, much work has not been carried out
and its an extensive field of research under progress.

2.5.2 Preparation of Adsorbents from Inorganic Precursors

The better adsorption capacity, free availability and wide range of applications of some
inorganic materials have made them a good low-cost alternative of adsorbents. The
selection criteria are similar to that of organic precursors. The study of metal oxides and
hydroxides, clays, red mud, zeolites, blast furnace slag, sediment and soil, ore minerals
and various other substances is essential in case of inorganic precursors. Therefore, the
attempts have been made to describe their cost, performance, adsorption capacities and
adsorption kinetics in order to remove the toxic metal ions.

2.5.2.1 Metal Oxides and Hydroxides

The oxides and hydroxides of certain metal ions are consisted of free valences and can
appropriately be used as adsorbents to remove the toxic metal ions from water. Therefore,
titanium oxide was tested for the removal of Cr(VI) [129] whereas electrolytic manganese
dioxide (MnO;) was found appropriate for the adsorption of Th(I), Pb(II), Cu(Il), Bi(III)
and Cr(IIT) at pH 2-5 [130]. The amount of metal ions adsorbed was found to increase with
increase in pH for the cases of lead and copper ions. A significant drop in the adsorption
of thallium and chromium was also observed between pH 3 and 4. The investigation of
silica and alumina to study the adsorption behavior of cadmium and zinc had also been
carried out at 25 °C for pH 6-6.5 [131]. To investigate the effect of complexing organic
ligands such as citrate, acetate and EDTA on the adsorption of Pb(II), Ni(Il) and Cd(II)
onto the adsorbent [132], a mixture of dry waste Fe(III)/Cr(IlI) hydroxide obtained from
Southern Petrochemical Industries Corporation Limited (SPIC), Tuticorin, Tamilnadu,
India was used as an adsorbent.

Similarly, in another study, the waste of Fe(IlI)/Cr(IIl) hydroxide was tested as an
adsorbent for the removal of As(IlI), Hg(II), Cr(III) metal ions by Namasivayam and
Senthilkumar [133]. The authors [134] utilized the same industrial waste (Fe(III)/Cr(III)
hydroxide) as an adsorbent for the removal of toxic ions and dyes from wastewater and
they also studied the same for the adsorption of Ni(II) [135]. It was found that the process
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was significantly affected by the temperature, pH and initial concentration. The per-
formed desorption studies confirmed that 70% of Ni(Il) can be removed from the
adsorbent at a pH of 4.0. The different conditions were optimized by Srivastava et al. [136]
for the removal of Hg(I) from aqueous solution using the same waste of Fe(III)/Cr(III)
hydroxide. The desorption of Hg(II) suggested that it is solubilized in 2% KI to the extent
of 65%. The adsorption of two metal ions, i.e. Pb(II) and Cd(II) on hydrous aluminum
oxide and hydrous iron oxide indicated that the removal of lead and cadmium is greater
on hydrous ferric oxide [Pb =230 and Cd =72 mg/g of oxide at pH 4.0] than on hydrous
aluminum oxide (Pb =33 mg and Cd(I) =31 mg/g of oxide). The investigation of the
adsorption of Cd(II) on aluminum oxide in the presence of polyacrylic acid by Floroiu
et al. [137] found that the metal oxides and hydroxides are suitable adsorbents in batch
process but cannot be used as column materials due to their high cost of production.
Moreover, the requirement of the costly and specific operations for the management of
the used adsorbent is a serious problem and hence these synthetic wastes cannot be an
alternative to commercially activated carbon.

2.5.2.2 Red Mud

Red mud is a waste material produced during the production of alumina when the
bauxite ore is subjected to caustic leaching. A large quantity of red mud (1-2 tons red mud
per ton of alumina produced) is produced in a typical Bayer process plant and the toxicity
and colloidal nature of red mud particles create a severe pollution hazard. There have
been many proposals in which red mud is utilized in the manufacture of red mud bricks,
as filler in asphalt road construction, as iron ore, and as a source of various minerals. The
physical, chemical and mineralogical properties of a red mud have been fully explained
with the composition of iron oxide (38.80%), titanium oxide (18.80%), alumina (17.28%),
silica (9.64%), and sodium oxide (6.86%) [138]. The density, porosity and surface area
were 2.0 g/ cm?, 0.45% fraction, and 108 m?/ g, respectively. The presence of hematite,
cancrinite, goethite, rutile, anatase and quartz was confirmed by ‘d’ spacing values from
X-ray diffraction studies. The surface texture and porosity of the material with a texture
like aluminum silicates distributed with heavy constituents such as iron [138] was
revealed through scanning electron (SE) micrographs of activated red mud.

The feasibility of red mud for wastewater treatment was evaluated by Lopez et al. [139].
Red mud was obtained from Alumina-Aluminio of San Ciprian (Lugo, Spain). A salt-free
preparation of red mud had specific surface area of 58 m?/g. Red mud aggregates were
utilized in batch and continuous adsorption experiments for the adsorption of heavy
metals viz. Ni(Il), Cu(Il), Cd(I) and Zn(II). These experiments pointed out that, after
pretreatment red mud is suitable for the treatment of wastewaters. The removal of toxic
metal ions, i.e. copper(Il), lead(Il) and cadmium(Il) from wastewater using red mud as
adsorbent was studied by Apak and coworkers [140]. The sorption sequence of metals
under consideration was Cu > Pb > Cd. Altundoan et al. [141] used heat treatment and acid
treatment methods for red mud to increase its arsenic adsorption capability. Sodalite
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compounds were leached out due to this treatment. As(III) and As(V) adsorption charac-
teristics of activated red mud were similar to that with raw red mud. Batch adsorption
studies had proved that activated red mud in dosages ranging from 20 to 100 g/L could be
used successfully to remove arsenic from aqueous solutions. Only few reports are available
on the water purification by using red mud due to its recent introduction as a low-cost
alternative to activated carbon despite quite good adsorption capacities of red mud.

2.5.2.3 Clays

For many years, fuller’s earth has been successfully utilized in many industrial applica-
tions all over the world because of its decolorizing properties, low cost and high avail-
ability. The negative charge on the surface of the fine grain silicate minerals is responsible
for the adsorption capabilities of clay and this negative charge get neutralized by the
adsorption of positively charged cations such as heavy metals. Also, the large surface area
up to 800 m?/g has resulted into high adsorption capacity [142] of clay. There are many
types of clays but montmorillonite clays are known to have possessed the highest
adsorptive capacities as compared to the others. The adsorption process have been tested
for many clays and it was observed that the uptake of Hg(II) by montmorillonite is five
times greater than kaolinite, [143] wollastonite for nickel, [144] fly ash and wollastonite
(1:1 mixture) for Cr(VI) [145]. The effect of a range of commercially available water soluble
surfactants on the uptake of Cu(Il), Zn(II), Cd(II) and Pb(II) ions by three types of clays
viz. kaolinite, illite and a montmorillonite was thoroughly examined by Beveridge and
Pickering [146]. From the study, it was revealed that the charged surfactants greatly
influence the phase distribution process if present at low concentration (<0.005% w/v)
but they were required at much higher levels of nonionic species (>0.1% w/v) to produce
the observable effects. The adsorption of lead and cadmium on clay samples (mont-
morillonite and kaolinite) by Srivastava et al. [147] found that the adsorption of metal ions
is greater on montmorillonite and the adsorption capacity increases with increase in pH.
The wastewater from a metal finishing plant was treated on clay (montmorillonite) and all
the metal ions except Ni(II) were removed with 100% efficiency.

China clay can also be utilized for the removal of As(III) [148] and Zn(II) [149] from
aqueous solutions. The adsorption of nickel onto natural clay was studied by the Hawashs
and co-workers [150]. Viraraghavan and Kapoor [151] reported the abundance of low-cost
bentonite and strongly recommended it as an adsorbent for the removal of heavy metals
from wastewaters. Singh et al. [152] investigated the ability of hematite to remove Cr(VI)
from aqueous solutions whereas Khan and co-workers [153] studied the adsorption of
Cr(III), Cr(VI) and Ag(D) from the aqueous solutions using bentonite. The results of zinc
adsorption onto natural bentonite indicated that the adsorption is physical in nature and
the operational parameters such agitation speed, solid liquid ratio, temperature, particle
size and initial zinc concentration influences the rate of adsorption [154]. In an attempt,
to enhance the efficiency of clay for the removal of pollutants from wastewaters, Cadena
et al. [142] modified bentonite by replacing the natural exchangeable cations by the
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organophilic cations, tetramethyl ammonium ion (TMA™). The prepared adsorbent was
examined to adsorb Pb(II) and Cr(VI) from aqueous solutions and the adsorption
capacities for the removal of Pb(II) and Cr(VI) by natural bentonite were found to be 6.0
and 5.5 mg/g whereas the one obtained using tailored bentonite were approximately 58
and 57 mg/g for lead and chromium, respectively. The results of the heat and acid
treatments on natural bentonite revealed that the adsorption capacity can be improved
by heat treatment but the acid treatment decreases the same [155]. The study of the
adsorption of Cr(Ill) from a tanning wastewater on a kaolinite by Tavani and Volzone
[156] found that the adsorption of Cr(IIl) rises steeply at low equilibrium concentrations
but results in negligible changes at high equilibrium concentrations. The Cd(II) metal ion
was observed to be adsorbed on kaolinite through ion exchange at permanently charged
sites on the silanol faces and complexation to aluminol and silanol groups at the crystal
edges [157].

2-Mercaptobenzimidazole loaded natural clay can be utilized for the removal of Hg(II)
[158]. The adsorption of Hg(II) increased with increasing pH and reached a plateau in pH
range 4.0-8.0. The removal of Hg(II) was found to be >99% at an initial concentration of
50 mg/L. Lin and Puls [159] studied the adsorption/desorption and oxidation/reduction
of arsenic at clay surfaces. Three types of clay mineral 1:1 layer clays [halloysite (IN),
sedimentary M-kaolinite, and weathered EPK-kaolinite]; 2:1 layer clays [illite (MT) and
illite/montmorillonite (MT)]; 2>1 layer clay [chlorite (CA)] were studied in this study. The
halloysite and the chlorite had much greater As(V) adsorption (25-35 folds) than the other
clay minerals.

The removal of Ni(II) industrial effluents on silylated clays by optimizing pH and the
desorption process has been studied by Carvalho et al. [160]. The adsorption and
desorption of Cd(II) on soils and clay has been compared by Asci et al. [161]. Authors
study reveals that the sorption process is affected by soil pH, initial metal concentration
and clay mineralogy. Freundlich model estimated that soils with higher clay content;
characterized with smectite as a dominant component; had the greatest sorption
capacities and intensities. Cd(II) recovery from the soils was investigated as a function of
pH, amount of Cd(II) and rhamnolipid concentration. Tunisian smectite clay was used by
Chaari and co-workers [162] for the removal of Pb(II) metal ions. The authors concluded
that the adsorption of lead increased with an increase in solution pH from 1.0 to 4.5 and
then decreased, slightly between pH 4.5 and 6, and rapidly at pH 6.5 due to the precip-
itation of Pb(II) ions. The maximum adsorption (25 to 25.44 mg/g) was within 20 min
from 25 to 40 °C.

A kaolinite clay modified with 25% (w/w) aluminum sulfate and unmodified kaolin for
adsorption of Pb(II) from aqueous solution was used by Jiang et al. [163]. According to the
authors, the amount of Pb(II) adsorbed onto modified kaolin (20 mg/g) was more than 4.5
times than that adsorbed onto unmodified kaolin (4.2 mg/g) under the optimized
condition. Guerra et al. [164] treated a natural montmorillonite and a synthetic kanemite
with 1,4-bis(3-aminopropyl)piperazine reacted with methylacrylate and used them for
the removal of Th(IV), Ur(VI) and Eu(Ill) from aqueous solution. The pH and metal



52 ENVIRONMENTAL WATER

concentration were optimized. The data followed nonlinear adsorption isotherm model.
Calcined Bofe bentonite clay for the removal of Ni(II) metal ions was utilized by Vieira
et al. [165]. The clay removed nickel with maximum adsorption capacity of 1.91 mg
metal/g of clay (20°C; pH 5.3). U(VID) from aqueous solution using humic acid-
immobilized zirconium-pillared clay was removed by Anirudhan et al. [166]. A maximum
removal of 97.6% and 94.7% was observed for initial concentrations of 50 and 100 mg/L,
respectively at pH 6.0, adsorbent dose of 2.0 g/L and 180 min equilibrium time. The
authors accomplished complete removal of U(VI) from 1.0 L of a simulated nuclear
industry effluent sample containing 10 mg U(VI) ions using only 1.5 g of adsorbent. From
this conversation, it was evident that clays have not been used at large scale due to their
limited adsorption capacities. Moreover, it is not easy to prepare clay in granular form
which is required in column fillings.

2.5.2.4 Blast Furnace Slag

Steel plants manufacture a hefty volume of granular blast furnace slag as a waste product
which causes a disposal problem. It is being used as filler or in the production of slag
cement. Recently, it has been transformed into an useful and inexpensive adsorbent for
the removal of some toxic pollutants from wastewater. The produced adsorbent
demonstrated good adsorption capacities for Cu(Il), Ni(II) and Zn(II) ions. The removal of
Cu(II), Ni(IT), Zn(II), Pb(II) and Cr(III) metal ions using blast furnace slag as adsorbent has
been reported by Nehrenheim et al. [167]. Contact time was found most crucial in
controlling adsorption among various variables studied. The data followed a pseudo-
second-order kinetic model. Blast furnace slag could not be used much for removal of
metal ions despite having a great because of its costly pretreatment and poor availability.

2.5.2.5 Zeolites

Zeolites are naturally occurring silicate minerals, which can also be produced at
commercial level. Clinoptilolite is probably the most abundant of more than 40 natural
zeolite species [168]. This mineral is readily available and inexpensive due to the fact that
it occurs in abundance throughout the western United States. Zeolites ion-exchange
capabilities are the main cause of their adsorption properties. The three dimensional
structure of zeolite possesses large channels containing negatively charged sites. Sodium,
calcium, potassium and other positively charged exchangeable ions occupy the channels
within the structure and can be replaced by heavy metals. According to Leppert [169],
zeolites particularly clinoptilolite exhibits strong affinity for Pb(II) and other heavy
metals. The authors revealed that the overall adsorption capacities for zeolites varies for
different species but tends to be around 1.5 meq/g (155.4 mg Pb/g zeolite). Clinoptilolite-
rich rocks have preferential affinity for Pb(I) over other metal ions. However, zeolites
ineffectiveness for Cr(VI) removal has been reported [170].

The different parameters namely zeolite particle size, pH, initial metal ion concen-
trations, slurry concentration and solution temperature were researched for the sorption
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of lead and nickel ions from aqueous solution [171]. This study explained that zeolite
(phillipsite) tuff is hugely efficient for removing both lead and nickel under all conditions
tested. The removal capabilities are higher for lead than for nickel. Natural Bulgarian
zeolite was tested for its ability to remove Cu(Il) from model wastewater [172]. It was
showed that the optimum wastewater to zeolite ratio is 100:1 and the optimum pH value
of water to be treated is 5.5 to 7.5. Zeolite modification by treating with NaCl, CH3COONa
and NaOH increased its uptake ability. Copper ions are powerfully unmoved by modified
zeolite. The secondary pollution of water caused by its contact with preloaded zeolite is
very low [(1.5-2.5% of Cu(Il)]. Uptake of Cu(II) by zeolite from wastewater has found to be
as effective as Cu(II) by precipitation in its hydroxide form. This fact, together with the
correlation found between Cu(Il) uptake and the amount of sodium, potassium and
calcium released into solution by zeolite showed that the ion exchange sorption played
a basic role in Cu(Il) uptake by natural zeolite. Langmuir equilibrium constant shows
reasonable affinity of zeolite for Cu(Il). Values of AG® and AH® showed the spontaneous
and endothermic nature of Cu(ll) uptake process by natural zeolite. The iron from
aqueous solutions by batch ion exchange with a solid Na-Y zeolite has been removed by
Kim et al. [173].

The pH of the iron solutions was low enough to prevent the oxidation of Fe(II) and
subsequent hydroxide deposition in the case of Fe(II)/Na-Y exchange system. An increase
in the initial Fe(II) concentration, in the range 0.005-0.05 M, lowered the removal effi-
ciency, but the external Fe(II) was favored to the indigenous sodium over the entire
concentration range. A maximum Fe(II) recovery of 84% from the maximally exchanged
zeolite was achieved using 2.0 M solutions of NaCl while the regenerated Na-Y delivered
68% of the original Fe(Il) exchange capacity. Fe(II) recovery was lower from samples
exchanged under reflux conditions, while drying the loaded zeolite at 110 °C also sup-
pressed the degree of recovery. Due to the acidity associated with the zeolite/salt slurries,
the treatment of Fe(III) solutions with Na-Y was not feasible, which promotes excessive
hydroxide deposition and structural disintegration of the zeolite. The natural chabazite
zeolite for the removal of the fission products, *°Sr and '*’Cs from wastewater and
groundwater was utilized by Bostick et al. [174]. The sorbent Ionsiv" IE-911, a crystalline
silicotitanate, is commercially developed and produced by Universal Oil Products (UOP,
Des Plaines, Illinois, USA). It was recently tested for fission product removal and found to
compare tremendously well against the baseline material.

The removal of Cd(I), Cu(Il), Pb(II) and Zn(II) metal ions on Jordanian zeolites from
drinking and wastewater samples by optimizing zeolite particle size, ionic strength and
initial metal ion concentrations, respectively was performed by Baker et al. [175].
Composite materials of activated carbon and zeolite by activating coal fly ash for removal
of Ni(II), Cu(Il), Cd(II) and Pb(II) metal ions was prepared by Jha et al. [126]. The relative
selectivity of adsorbent was Pb(II) > Cu(Il) > Cd(II) > Ni(Il), with equilibrium uptake
capacities of 2.65, 1.72, 1.44 and 1.20 mM/g, respectively. The overall reaction was
pseudo-second order with rate constants of 0.14, 0.17, 0.21 and 0.20 L g/mM for removal
of Pb(Il), Cu(ll), Cd(II) and Ni(I) metal ions, respectively. Zeolite may be good
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alternatives for activated carbon but these are in equilibrium with metal ions in the
nature and, hence, needs pretreatments, which may be costly. Moreover, the adsorption
occurs through ion exchangeable channels. Hence, the regeneration is likely by specific
chemicals, which may be costly. Small particle size makes clays bad adsorbents for
column operations as they may clog them.

2.5.2.6 Sediment and Soil

Sand, sediment and soil also have high free valences, which are accountable for their
good adsorption properties for various pollutants. Therefore, many researchers tried to
use these adsorbents for the removal of metal ions from aqueous solutions. Bailey et al.
used iron-oxide-coated sand for the removal of Cr(VI) in this direction. Different
parameters for the adsorption process are optimized by the author. The adsorption of
copper, chromate and arsenate onto iron-oxide-coated sand (IOCS) in single-metal and
mixed-metal systems are studied by Khaodhiar and coworkers [176]. Copper and arse-
nate were powerfully adsorbed or formed inner sphere surface complexes with the IOCS
surface while chromate was weakly adsorbed or formed an outer sphere surface complex
with the IOCS surface. The triple-layer model (TLM) was used and the model shown that
each metal used a different number of adsorption sites. For Cu(Il), Cr(VI) and As(IV)
metals IOCS systems, the equilibrium constants found from single solute systems were
not able to forecast adsorption from multisolute systems. The TLM had not presently
accounted for the heterogeneity of oxide surface sites and the formation of ternary
complexes and/or solid phases that did not exist in single solute systems. Huang [177]
studied the mechanism of sediment motion that affected cadmium adsorption on
sediment particles was studied in a turbulence tank in the presence and absence of bed
mud. The verification of experimental results was carried out by a mathematical model
for heavy metal transport developed for the turbulence tank. The transport trans-
formation of heavy metal pollutants in surface waters following the law of convective
diffusive of common tracers and the characteristics of fate and transport of sediment
motion was confirmed by the model. Variations of dissolved Cd(II) concentrations and
suspended particulate Cd(II) concentrations with time and in the water column were
measured and computed. Both the experimental measurements and computed results
found that it took about 6 h to reach equilibrium condition for cadmium adsorption by
sediment particles.

Sediment of Tafna River in northwest of Algeria for the removal of Zn(II) were used by
Dali-Youcef et al. [178]. The optimization of effect of various operating variables, viz.
initial concentration, sediment dose and contact time have been carried out. The extent
of adsorption increased with increase of concentration and decrease of adsorbent dose
within 30 min contact time. It was also found that the content of carbonate in sediment
increased adsorption indicating the active support material toward zinc ions. The data
followed pseudo-second-order mechanism. The thermodynamics of adsorption pointed
out spontaneous, endothermic and randomness nature of adsorption. Sediments
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collected from heavy traffic areas and a residential area with an infiltration type sewage
system in Tokyo, Japan for removal of Cu(ll), Cd(II) and Zn(Il) metal ions from
groundwater in Japan was used by Murakami et al. [179]. Soils have been used to remove
the environmental pollutants by adsorption.

The removal of Fe(II), Mn(I) and Cr(III) onto a soil as a function of the reaction time,
pH, and metal concentration has been reported by Flogeac et al. [180]. The order of
removal was Fe(II) > Cr(III) > Mn(II). Wang et al. [181] used two soils as adsorbents for
the removal of Zn(II). Three soils for removal of Cd(II) metal ions by enhancing their
adsorption capacities by rhamnolipids as biosurfactants were used by Asci et al. [161].
These materials are potential adsorbents due to the fact that these are freely available,
good efficiency and performance. The main drawbacks with these materials are that,
sometimes they require costly pretreatment, i.e. removal of adherent impurities or
coating by some chemicals.

2.5.2.7 Ore Minerals

Ore minerals were found appropriate for the removal of inorganic pollutants by
adsorption. The presence of pyrolusite and goethite in ferruginous manganese ore
make them the most important for removal of metal ions. It is also a low-cost adsor-
bent, which had been studied for the removal of arsenic from groundwater [182]. The
presence of bivalent cations, viz. Ni(II), Co(II) and Mg(II) improved the adsorption
capability of this ferruginous ore. It has been fruitfully used for the removal of arsenic
from six real groundwater samples containing arsenic in the range of 0.04-0.18 ppm.
Arsenic removal was 100% in all cases. The adsorption of UY" on quartz and clinopti-
lolite, important mineral phases at the proposed US nuclear waste repository at Yucca
Mountain, NV, USA was studied by Prikryl et al. [183]. The experiments were conducted
at an initial UV aqueous concentration of ~2.0 x 10~“ M (0.1 M NaNO;3 matrix) and over
the pH range ~2.5 to ~9.5. U"! solutions were reacted with either quartz or clinoptilolite
only or with mixtures of the two minerals removing more than 90% of U"'. The
adsorption of Sb(III) from water on hydroxyapatite [Cas(PO4) (3 — x)(COs3) x (OH)(1 +x)
(x=0.3)] has been studied by Leyva et al. [184]. It was found that more than 95% of the
Sb(III) in solution adsorbed to the solid phase by hydroxyapatite in less than 30 min.
The equilibrium distribution of Sb(III) (solid vs liquid phase) was characterized by
a Langmuir model with vypx=6.7+-0.1x 108M (1.44+-02x10*M and
Kags = 1.5+ 0.2 x 10> dm®/L. The granite was utilized for the removal of lead which
displayed a typical cation sorption behavior with fractional uptake increasing with
increasing pH [185]. Additionally, lead sorption was essentially ionic strength inde-
pendent, suggesting strong binding and substantial retardation under these circum-
stances. Not too many reports are available on the adsorption of metal ions from water
by ore minerals. The utility of these adsorbents is not sufficient to be used at
commercial level. Some other work of removal of inorganic pollutants by low-cost
adsorbent is given in Table 2-2.



Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
1 Ag(ll), Cudl Lab. synthesized Expanded perlite 6.5 - Ag: 8.46 mg/g [186]
and Hg(ll) water sample Cu: 1.95 mg/g
Hg: 0.35 mg/g
2 Cdll Lab. synthesized Modified pine bark 7.0 90 97% [187]
water sample
3 Co(ll) Lab. synthesized Oscillatoria angustissima - 15 76% [188]
water sample
4 As(lIl) Drinking water Activated carbon supported 6.5 - - [189]
nano zero-valent iron
5 Cd(ln) Lab. synthesized Sugarcane bagasse, Maize 6.0 60 99.5% [190]
water sample corncob and Jatropha oil
cake
6 As(lIl) Lab. synthesized Ulothrix cylindricum - - 67.2 mg/g [191]
water sample
7 Cd(n Lab. synthesized Hydroxyapatite - - 63-83% [192]
water sample
8 As(lll), As(V) Ground water Tea fungal - 30-90 - [193]
and Fe(ll) samples
9 Au(lll), Pt - Glycine-modified chitosan 2.0 - 120.39- [194]
and Pd(ll) 169.98 mg/g
10 Au(l), Pd(Il) - DMA paper gel - - 0.9-4.6 M/kg [195]
and Pt(ll)
1M As(V) and Effluent of metallurgical Pretreated spent grains - - As(V): 13.39 mg/g [196]
As(lll) industry As(lll): 4.86 mg/g
12 Au(l), Ag(l - Nanometer-size titanium - - 11.82-22.63 mg/g [197]
and Pd(ll) dioxide
13 Cd(ll) and Lab. synthesized water Sugar beet pulp 5.3-5.0 70 70-75% [198]
Phb(IN) sample
14 As(lll) and Lab. synthesized water Macrofungus (Inonotus As(lll): 6 30 As(lll): 51.9 mg/g [199]
As(V) sample hispidus) As(V): 2 As(V): 59.6 mg/g
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15 Au (I and Ill) Agueous cyanide media Polyurethane foams - - Au(l): 11.21 mg/g [200]
16 Cd(l Wastewater Lentinus edodes - - 5.58 mM/g [201]
17 cd(n Ground water and industrial Calotropis procera 5.0 and 5.0 90% [202]
effluents 8.0.
18 As(V) - Cu(lly, Ni(l1), Co(l)-doped - 30-60.0 19.55 mg/g [203]
goethite samples
19 cd(n Lab. synthesized water Various types of dried sludge - - 0.38 mM/g [204]
sample
20 Cddn, Cudn, Lab. synthesized water Biomass of brown algae 4.3-6.5 - 3.0g/L [205]
Ni(ll) and Zn(1l) sample
21 Cd(ln Lab. synthesized water Protonated macroalga 4.5 - - [206]
sample Sargassum muticum
22 Cd(ll) and Lab. synthesized water Ethanol-treated waste - - Cd: 31.75 mg/g [207]
Pb(Il) sample baker’s yeast biomass Pb: 60.24 mg/g
23 Cd(l) and - Aquatic moss Fontinalis 5.0 - Cd: 28.0 mg/g [208]
Zn(ll) antipyretica Zn: 14.7 mg/g
24 Cd(ll) and Lab. synthesized water Sawdust of Pinus sylvestris 55 - Cd: 96% [209]
Pb(ll) sample Pb: 98%
25 Cd(ll) and Wastewater Alumina or chitosan - - Cd: 99.2% [210]
Cr(llny Cr: 83%
26 Cd(n, Cud Lab. synthesized water Cassava waste - 20-30 60-80% [211]
and Zn(ll) sample
27 Cd(lny, Cudl Contaminated water Petiolar felt-sheath of palm - 30 - [212]
and Zn(ll)
28 Cddlly, Cull, Lab. synthesized water Spruce sawdust - - 65% [213]
Ni(ll), Pob(Il) sample
and Zn(ll)
29 Cd(lly, Cu, Lab. synthesized water Moroccan stevensite 1.5-7.0 - - [214]
Mn, Pb, and sample
Zn
30 Cd(n, Cun Lab. synthesized water Lemna minor L. - 40-60 59-Cd: 83 mg/g [215]
and Nill) sample
31 cd(n - Rhodotorula sp. Y11 - - 19.38 mg/g
32 Cu(ll Lab. synthesized water Tectona grandis L.f. leaves - - 15.43 mg/g
sample powder
(Continued)
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Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons—Cont'd

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
33 Cd(ll) and Lab. synthesized water Pleurotus platypus, Agaricus 6.0, 5.0 - - [218]
Pb(ll) sample bisporus and Calocybe indica
34 Cdn, Nidr), Lab. synthesized water Eichhornia crassipes, 6.0 - 98% [219]
Zn(ll), Cu(ln, sample Vallisneria spiralis and Pistia
Cr(lll) and stratiotes
Pb(Il)
35 Cd(n Lab. synthesized water Manganese nodule residue 2.0-6.0 - 19.8 mg/g [220]
sample
36 Cd(n, Pb(n, Lab. synthesized water Powder of poplar leaves and - - Cd: 2.3 mg/g [221]
and U(lI) sample branches Pb: 1.7 mg/g
U: 2.1 mg/g
37 Cd(lly and Lab. synthesized water Activated alumina 5.0 - - [222]
Pb(Il) sample
38 Cd(ln Lab. synthesized water Ceramium virgatum - - 39.7 mg/g [223]
sample
39 @e[(1)] Lab. synthesized water Plant leaves 4.1 - 77-85% [224]
sample
40 cdan Effluents Bone char - - 0.57 mM/g [225]
41 Cd(ll) and Lab. synthesized water Carbonate hydroxylapatite - - Cd: 94% [226]
Cu(ll sample (eggshell waste) Cu: 93.17%
42 Cd(l) and - Grape bagasse Cd: 7.0 - Cd: 0.774 mM/g [227]
Pb(Il) Pb: 3.0 Pb: 0.428 mM/g
43 Cd(ll) and - Metallothionein fusion Cd: 5.2 - 26.6-12.1 [228]
Ga(ll) protein Ga: 6.5
44 cdn Lab. synthesized water lon imprinted polymer (IIP) - 50 59.2% [229]
sample
45 cd, Cr(n, Lab. synthesized water Adsorbent CACMM2 - - ~83% [230]
Cu(ln, Fe(lin, sample extracted from a cactus
Nill), Pb(ll)
and Zn(ll)
46 Cd(lly, Cudlny, Lab. synthesized water Immobilized phytic acid - - 6.6-7.7 mg/g [231]
Pb(Il), Ni(ll), sample

and Zn(ll)
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47 Cd(ln), Hgl, - Dithizone-anchored poly 5.0 - 4.3-16.4 mg/g [232]
Cr(Il) and Pb(ll) microbeads
48 Cr(Iln Lab. synthesized water Tannin-immobilized 5.5 - - [233]
sample mesoporous silica bead
49 Cd(ll) and - Lobophora variegata 5.0 90 Cd: 1.71 mM/g [234]
Pb(ll) Pb 1.79 mM/g
50 Cd(ly, Zn(ln Lab. synthesized water Brown marine macro algae 10 75% [235]
and Pb(ll) sample
51 Cddn, Cudn, Lab. synthesized water Gum kondagogu 5.0 - - [236]
Fe(ll), Se(l), sample (Cochlospermum
Pb(ll), Cr(lll) gossypium),
and (V1), Ni(ll),
Zn(1l), Co(ll),
As(lll)
52 Cd(ll) and - Pine cone with Fenton 7 Cd: 90 Cd: 91% [237]
Pb(ll) reagent Pb: 105 Pb: 89%
53 Cr(VI) Lab. synthesized water Grape waste 4.0 - 1.91 mol/kg [238]
sample
54 Cr(VI) Industrial wastewater Banana peel 2.0 - - [239]
55 Cr(lin - Agro-waste biosorbents 4.0 - 12.97 mg/g [240]
56 Cr (V) - Trichoderma viride biomass 2.0 90 - [241]
57 Cr (V) Lab. synthesized water Agaricus bisporus 1.0 - - [242]
sample
58 Cr(VI) Lab. synthesized water Helianthus annuus 2.0 - 76.5% [243]
sample (sunflower waste)
59 Cr(VI) Lab. synthesized water Carbonaceous - - 56.49 mg/g [244]
sample
60 Cr(VI) Saline solutions Rhizopus arrhizus 2.0 72 h 78.0 mg/g [245]
61 Cr(VI) - Nostoc muscorum 3.0 - 22.92 mg/g [246]
62 Cr(VI) Lab. synthesized water Red pine sawdust 3.0 - 87.7% [247]
sample
63 Cr(VI) Wastewater Maghemite nanoparticles 2.5 15 - [248]
64 Cr(Vl) and - Cajanus cajan 2.0 and - ~96.05 mg/g [249]
Fe(ll) 2.5
(Continued)
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Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons—Cont'd

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
65 Cr(llny Lab. synthesized water Spirogyra sp. 5.0 15-180 81.02% [250]
sample
66 Cr(VI) Electroplating wastewater Rice husk carbon and 2-4 60 75.3% [251]
activated alumina
67 Cr(lln - Eggshells 5.0 60 160 mg/g [251]
68 Cr (V) Lab. synthesized water Biomass of two marine 1.0 - - [252]
sample strains of Yarrowia lipolytica
69 Cr(VI) - Mucilaginous seeds of 15 - 205 mg/g [253]
Ocimum basilicum
70 Cr(VI), Cd(ll) Lab. synthesized water Chryseomonas luteola 6.0 - - [254]
and Co(ll) sample TEM 05
71 Cr(VIl) and Lab. synthesized water Ethylenediamine modified Cr: 2.0 Cr: 0.45 mM/g [255]
Cu(lly sample rice hull Cu: 5.5 Cu: 0.06 mM/g
72 Cr(lll) and Lab. synthesized sample White, yellow and red sands 2.0-5.0 - - [256]
Cr(VI) from the United Arab
Emirates
73 Cr (V) Lab. synthesized water Rhizopus nigricans 2.0 8h 99.2% [257]
sample
74 Cr(lln, Fe(ln, Ground water Hybrid inorganic/organic 1.0-7.0 - - [258]
Cu(lny, Cddn alumina adsorbents
and Pb(ll)
75 Cr(ln, Nid Electroplating effluent Poly (gamma-glutamic acid) 3.0-5.0 - Cr(ll): 95.11% [259]
and Cu(ll) (gamma-PGA) derived from Ni: 89.32%
Bacillus subtilis NX-2
76 Cr(ly, Cu(, Lab. synthesized sample Pseudomonas aeruginosa 5.46— - - [260]
Mn(ll) and AT18 7.72
Zn(ll)
77 Cr(ll), Mn(lI), Lab. synthesized sample Silica gel matrix inorganic— - - 1.700 mM/g [261]
Fe(ll), Ni(ll), organic composite material
Cu(lly, Zn(ll,
Ha(ll), Py,
Pd(ll), P,
Ag(ll) and

Au(lll)

HALVM TVINJNNOYIANA 09



78 Cr(VI1), Cu(ll) Lab. synthesized sample 4-vinyl pyridine/2- 3.0 - Cr(VI): 99% [262]
and Cd(ll) hydroxyethylmethacrylate
monomer mixture grafted
poly(ethylene terephthalate)
fiber
79 Co(lly - Carboxylate-functionalized 6.5-9.0 - 99% [263]
polyacrylamide grafted
lignocellulosics
80 Cr(VI1), Po(ll), Lab. synthesized sample Sawdust (Acacia arabica) 6.0 - Cr:111.61 mg/g [264]
Hg(ll) and Pb: 52.38 mg/g
Cu(ll) Hg: 20.62 mg/g
Cu: 5.64 mg/g
81 Co(ll) and Lab. synthesized water Various low-cost adsorbents 1.5-9 - >94% [265]
Zn(ll) sample
82 Co(lly, Cuy, - Cyanobacterium Spirulina 6.0 1-2 63-77% [266]
and Zn(ll) platensis
83 Cs(Ill) - Chemically modified 4.0 30 - [267]
biomass of marine algae
84 Cu(ll) Lab. synthesized water Microwave stabilized heavy 9.2-95 - 18 to 28 mg/g [268]
sample metal sludge
85 Co(lly Lab. synthesized water Clay minerals (hectorite) - 48 h - [269]
sample
86 Cu(lly Polyamine-functionalized Triethylenetetramine and - - 63.44 mg/g [270]
adsorbent tetraethylenepentamine
87 Cu(ll) Lab. synthesized water Marine algae Gelidium and 5.3 - 13 mg/g [271]
sample algal composite material
88 Cs(lll) and Lab. synthesized water Aluminum-pillared-layered 3.0-8.0 - - [272]
Cu(lly sample montmorillonites (PILMs)
89 Cu(lly Lab. synthesized water Rhizopus oligosporus 2.0-6.0 1-48 h 79.37 mg/g [273]
sample
90 Cu(ln Lab. synthesized water Chemically modified 5.0 - 43.47 mg/g [274]
sample chitosan
91 Cu(ll) Lab. synthesized water Sewage sludge and pomace - - 6.98 mg/g [275]
sample ashes
(Continued)
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Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons—Cont'd

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
92 Cu(lly Lab. synthesized water Palm shell-activated carbon 5.0 - 75.86% [276]
sample with polyethyleneimine
93 Cu(lny - Marrubium globosum subsp 5.5 - 45.90% [277]
leaves
94 Cu(lly Lab. synthesized water Soybean straw 6.0 - 0.64 mM/g [278]
sample
95 Cu(ll Lab. synthesized water Spirulina platensis - - 67.93 mg/g [279]
sample
96 Cu(lly, Cdn Acidic solutions Calcium alginate beads from 4.5 - - [280]
and Pb(ll) Laminaria digitata
97 Cu(ll) and - Penicillium brevicompactum 5.0 60 - [281]
Co(lly
98 Cu(ll Wastewater Green alga Cladophora - 30 - [282]
fascicularis
99 Cu(lny Wastewater Poly-gamma-glutamic acid 4.0 - 77.9 mg/g [283]
100 Cu(ll) and Lab. synthesized water Manganese oxide-coated - - Cu: 7.56 mM/g [284]
Pb(Il) sample sand |l Pb: 9.22 mM/g
101 Cu(ll) and Wastewater Calcined starfish (SF) and - 150 8600 mg/kg [285]
Pb(IN) iron-coated SF (ICSF)
102 Cu(ll) - Cotton boll 5.0 2-24h 11.40 mg/g [286]
103 Cu(ll) and Lab. synthesized water Chaff - - Cu: 1.98 mg/g [287]
Pb(Il) sample Pb: 6.72 mg/g
104 Cu(lly Lab. synthesized water Cladonia rangiformis hoffm 5.0 - 7.6923 mg/g [288]
sample
105 Cu(ll Lab. synthesized water Marine algae Padina sp 5.0 30 0.80 mM/g [289]
sample
106 Cu(lny - Capsicum annuum (red - 60 4.47 x 10™* mol/g [290]
pepper) seeds
107 Cu(ll) and Lab. synthesized water Activated carbon derived 6.0 - Cu: 20.8 mg/g [291]
Cdln sample from Ceiba pentandra hulls Cd: 19.5 mg/g
108 Cu(lly - Smectitic clay - 30 94.6 10 96.0% [292]
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109 Cu(ll Lab. synthesized water Gum arabic modified - 2 - [293]
sample magnetic nano-adsorbent
110 Cu(ll) and Lab. synthesized water Iron-coated sand - - Cu: 0.259 mg/g [294]
Pb(Il) sample Pb: 1.211 mg/g
111 Cu(l) Lab. synthesized water Dried activated sludge 4.0 - 294 mg/g [295]
sample
112 Cu(ll), Pb(I Urban runoff Mulch (cypress bark, 5.0 and - - [296]
and Zn(ll) hardwood bark, and pine 6.0
bark nugget)
113 Cu(ll) and Lab. synthesized water Sawdust of beech, linden Cu: 35 ~20 7-8 mg/g [297]
Fe(ll) sample and poplar trees Fe: 5.0
114 Cu(ll), Zn(l - Schwertmannite 6.0-7.0 - Cu: 99.3%, [298]
and Cr(lll) Zn: 99.4%
Cr: 87.6%
115 Cu(ll) and Lab. synthesized water Tartaric acid modified rice - - Cu: 29 mg/g [299]
Pb(Il) sample husk Pb: 108 mg/g
116 Cu(ll), Cd, Lab. synthesized water Activated sludge 4.0-5.0 - - [300]
Zn(Il), Nidll) sample
and Pb(ll)
117 Culy, Zn(In), Lab. synthesized water Waste tea and coffee 4.0- - - [301]
Cd(ll) and sample adsorbents 10.0
Pb(II)
117 Cu(lly Lab. synthesized water Rhizopus oryzae 4.0-6.0 - - [302]
sample
118 Cu(lly, Cd(ly Lab. synthesized water Pyrite and synthetic iron 3.0-6.0 - - [303]
and Pb(ll) sample sulphide
119 Cu(ll) and Lab. synthesized water Humic acid (HA) 6.0 - - [304]
Zn(ll) sample
120 Cu(lny, Pb(In) Lab. synthesized water Crosslinked carboxymethyl 5.0-6.0 20 ~41.7 mg/g [305]
and Cd(lI) sample konjac glucomannan
121 Cu(ll) and Wastewater Waste beer yeast - - Cu: 0.0228 mM/g [306]
Pb(Il) Pb: 0.0277 mM/g
122 Cu(ll) and Lab. synthesized water Expanded perlite - - Cu: 8.62 mg/g [307]
Pb(Il) sample Pb: 13.39 mg/g
(Continued)
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Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons—Cont'd

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
123 Cu(lly, Cdn, Lab. synthesized water Slag - - Cu: 0.101 mM/g [308]
and Pb(ll) sample Cd: 0.058 mM/g
Pb: 0.120 mM/g
124 Cu(ll), Hg(ll Lab. synthesized water 1-Acylthiosemicarba-zide 3.0 - 48.56-78.20 Mg/g [309]
and Pb(ll) sample activated carbon
125 Cu(ln, Nid, Lab. synthesized water Sawdust (Quercus coccifera) Cu: 4.0 - Cu: 93% [310]
and Cr(VI) sample Ni: 8.0 Ni: 82%
Cr: 3.0 Cr(VI): 84%
126 Cu(lny Lab. synthesized water Cladosporium sp. 5.0 - 28.31 mg/g [311]
sample
127 Cu(ll), Zn(ln), Lab. synthesized water Natural seaweed waste 55 - 0.78-0.71 mM/g [312]
Pb(l1), NilIy, sample
Cd(I) and
Ce(ll)
128 Cu(lly Lab. synthesized water Azolla rongpong ions 35 - - [313]
sample
129 Cu(ll), Pb(ll), Lab. synthesized water Tourmaline - - Cu: 78.86 mg/g [314]
Zn(ll) and sample Pb: 154.08 mg/g
Cdln Zn: 67.25 mg/g
Cd: 66.67 mg/g
130 Cu(l), Ni and - Marine algae (Ulva lactuca) 2.0-8.0 - Cu: 92% [315]
Mn Ni: 80%
Mn: 75%
131 Culn, Cr(m, Lab. synthesized water Meranti sawdust 6.0 - - [316]
Ni(ll) and Pb(ll) sample
132 Cu(ll), Co(ll) Lab. synthesized water Chitosan/clinoptilolite - - 4.209- [317]
and Nill) sample composite 11.32 Mm/g
133 Cu(ll) and Lab. synthesized water Dolomite powder - - Cu(ll): 8.26 mg [318]
Pb(ll) sample Pb(ll): 21.74 mg
134 Cu(ll) and Lab. synthesized water Trichosporon cutaneum 24 h - 65% [319]
[@e[(])) sample strain R57

HALVM TVINJNNOYIANA  ¥9



135 Cully, Zn(ll, Urban storm water Sargassum biomass 6.0 50 20.2-214 mg/g [320]
Pb(ll) and
Mn(ll)
136 Cu(ll) and Lab. synthesized water Nano-adsorbent - - Cu: 12.43 mg/g [321]
Cr(VI) sample Cr: 11.24 mg/g
137 Fe(lll) and - Trimesic acid coated alumina 1.5 - Fe(ll): 26.6 mg/g [322]
Fe(ll) Fe(ll): 8.4 mg/g
138 Fe(ll), Fe(lll), Lab. synthesized water Lignite - - 11.90-34.22 [323]
and Mn(ll), sample
Zn(ll)
139 Fe(ll), Zn(ll), Acid mine drainage Rice husk and - - Fe(ll): 99% [324]
and Cu(ll) Desulfotomaculum Fe(ll): 98%
nigrificans Zn and Cu: 95%
140 Hg(ll) Lab. synthesized water Nonviable Bacillus sp. 4.5 and 20 - [325]
sample 6.0
141 Hg(ll) Lab. synthesized water Aspergillus versicolor 5.0-6.0 75.6 mg/g [326]
sample
142 Hg(ll), Cd(l) - Microalgae Chlamydomonas Hg: 6.0 60 Hg(ll): 72.2 mg/g [327]
and Pb(ll) reinhardtii Cd, Pb: Cd(ll): 42.6 mg/g
5.0 Pb(ll): 96.3 mg/g
143 Hg(ll) - Pseudomonas fluorescens 7.0 - 82.25 mg/g [328]
BMO7
144 Hg(ll) - Aminated chitosan bead - 100 90% [329]
145 Ni(ll) Lab. synthesized water Dried vegetative cell and - - 15.7% [330]
sample spore-crystal mixture of
Bacillus thuringiensis var.
thuringiensis
146 Ni(ll) Lab. synthesized water Azadirachta indica leaf 5.0 - 92.6% [331]
sample powder
147 Ni(ll) Lab. synthesized water Sawdust 2.0-5.0 1.0h - [332]
sample
(Continued)
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Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons—Cont'd

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
148 Mn(ll), Fe(ll), Lab. synthesized water Novel silica gel matrix - - Cu: 0.472 mM/g [333]
Co(ll), NiIn, sample composite adsorbent Ag: 0.822 mM/g
Zn(ll), Cd(ll), Au: 0.810 mM/g
Ha(ll), Py,
Cu(ll), Ag(lly
and Au(lll)
149 Ni(ll) - Baker's yeast 6.75 - 9.8 mg/g [334]
150 Ni(l) - Pine tree materials 8.0 - 80%—-97% [335]
151 Ni(ll) and Lab. synthesized water Pseudevernia furfuracea (L.) Ni: 4.0 - Ni: 49.87 and [336]
Cu(ln sample Zopf Cu: 5.0- Cu: 60.83 mg/g
6.0
152 Ni(ll) Lab. synthesized water Thuja orientalis - 3.0 90% [337]
sample
153 Ni(ll) and Zn(ll) Lab. synthesized water Activated carbon from - - 22.03 mg/g [338]
sample Hevea brasiliensis
154 Ni(ll) and Lab. synthesized water Iron oxide-coated sand 2.0-9.0 - - [339]
Cu(ll) sample
155 Ni(ll) Industrial wastewater Genetically engineered 4.0- 10 95% [340]
Escherichia coli IM109 10.0
156 Ni(ll) Plating Ind. effluents Activated alumina 9.0 - - [341]
157 Ni(ll) and Lab. synthesized water Octadecyl silica gel - - 96% [342]
Co(ll) sample
158 Ni(ll) and Cr(lll Lab. synthesized water Cochlospermum gossypium Ni: 5.0 - - [343]
and VI) sample Cr: 2.0
159 Ni(ll), Co(ll), Lab. synthesized water Activated carbon prepared 1.0-6.0 - - [344]
cddlly, Cull, sample from apricot stone
Pb(1l), Cr(Ill)
and (V1)
160 Ni(ll), Cd(lly Industrial effluents Metal tolerant Aspergillus - 18h Cr: 19.3 mg/g [345]
and Cr(VI) niger and Penicillium sp. Cd: 19.4 mg/g

Ni: 25.05 mg/g
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161 Ni(ll) Lab. synthesized water Lewatit cation-exchange 2.0-8.0 30-180 171 mag/g [346]
sample resin

162 Ni(ll) and Lab. synthesized water Undaria pinnatifida 3.0-7.0 - Ni: 24.71 mg/g [347]

Cu(ln sample Cu: 38.82 mg/g

163 Pb(Il) Lab. synthesized water Seed powder of Prosopis 6.0 - 40.322 mg/g [348]
sample juliflora DC

164 Pb(ll) Lab. synthesized water Seed husk of Calophyllum 4.0 - - [349]
sample inophyllum

165 el{D) Lab. synthesized water Tea wastes 5.0 - - [350]
sample

166 Pb(ll) Lab. synthesized water Chitosan, Chitosan-GLA and - - 34.98, 14.24 and [351]
sample Chitosan-alginate beads 60.27 mg/g

167 Pb(ll) Lab. synthesized water Shells of hazelnut and 2-9 10-240 - [352]
sample almond

168 Pb(ll) Lab. synthesized water Macroreticular poly(vinyl - - 213.98 mg/g [353]
sample alcohol) (MR-PVA) beads

169 Pb(ll) Lab. synthesized water Raw and activated charcoals 2.0-6.0 15-360 - [354]
sample of Melocanna baccifera

Roxburgh (bamboo)

170 Pl Lab. synthesized water Seaweed Sargassum horneri - 30 696 mM/g [355]
sample

171 Pb(ll) Lab. synthesized water Waste biomass of aerial 5.0 - - [356]
sample roots of Rhizophora mangle

(red mangrove)

172 Pb(ll) Lab. synthesized water Wheat bran - - 69.0-87.0 mg/g [357]
sample

173 Pb(I) - Dried waste beer yeast - 90 94% [358]

174 Pb(ll) Lab. synthesized water Hydroxyapatites - - 330-450 mg/g [359]
sample

175 Pb(ll) and Tap water and river water Waste Chinese herb Pang Da - - Pb: 27.1 mg/g [360]

Cdn Hai Cd: 17.5 mg/g

176 Pd(ll) Lab. synthesized water Aspergillus niger 2.8-7.2 - 96.21% [361]
sample

177 Pb(ll) - Quebracho tannin resin 5.0 - 86.207 mg/g [355]

(Continued)
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Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons—Cont'd

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
178 Pb(ll) Lab. synthesized water Chemically modified carbon - - 79.43-98.89% [362]
sample adsorbents

179 Pb(ll) and - Penicillium simplicissimum 5.0 60 152.6 and [363]

Cu(ln immobilized with loofa 112.3 mg/g
sponge

180 Pb(Il), Cu(ll) Wastewater Phomopsis sp. 4-6 24 h 110-870 mM/g [364]
and Cd(ll)

181 Pb(ll) and Lab. synthesized water Rhizobacteria, Azotobacter - - Pb: 59.8% [365]
Cdln sample chroococcum and Bacillus Cd: 75.6%

megaterium

182 Pb(ll), Cd(ll) Lab. synthesized water Sawdust of walnut - 60 - [366]
and Ni(ll) sample

183 Pb(ll) and - EDTAD-modified baker’s 2.7 to - Pb: 192.3 mg/g [367]
Cu(ll) yeast 6.0 Cu: 65.0 mg/g

184 Pb(ll) and Aqueous solution Microparticles of dry plants - - 90% [368]
cd(n

185 Pb(ll), Ag(ll), Lab. synthesized water Brewery's waste biomass - - 0.076- [369]
Cs(lll) and sample 0.413 mM/g
Sr(ll)

186 Pb(ll) and Agueous solutions Grape stalk waste 55 - Pb(ll): 0.241 mM/g [370]
cd(n Cd(ll): 0.248 mM/g

187 Pb(1l), Cd(ln), Lab. synthesized water Anaerobic granular biomass - 30 60-255 mg/g [371]
Cu(ll) and sample
Nil)

188 Pb(Il), Cd(ll) Lab. synthesized water Ulmus carpinifolia and 2.0-5.0 - 69.5-201.1 mg/g [372]
and Cu(ll) sample Fraxinus excelsior

189 Pb(ll), Cu(ll), Lab. synthesized water Tobacco dust <2.0 - 24.5-39.6 mg/g [373]
cdy, Zn(I sample

and Ni(ll)
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190 Pb(1l), NiII), Lab. synthesized water Fungus Mucor rouxii 6.0 - 20.49-53.75 [374]
Cd(ll) and sample
Zn(ll)
191 Pb(ll), Cd(ln), - Laminaria japonica with - - 0.87-1.35 M/kg [375]
Fe(ll), La(lll) epichlorohydrin
and Ce(lll)
192 Pb(1l), Cd(ln, Lab. synthesized water Azolla filiculoides 10.5 - - [376]
Ni(ll) and Zn(ll) sample
193 Pb(ll), Zn(ll), Lab. synthesized water Activated carbon of 7.0-8.0 - 15.7- [377]
Cu(ll) and sample Phaseolus aureus hulls 6.021.8 mg/g
cd(n
194 Pb(ll), Cu(ll) Industry and wastewater Enterobacter sp. 3.0 - 32.5-50 mg/g [378]
and Cd(ll)
195 Pb(Il) Mtal solutions Crop milling waste - 30 19.56-49.97 mg/g [379]
196 Pb(ll) and Lab. synthesized water Lichen (Parmelina tiliaceae) - - Pb: 75.8 mg/g [380]
Cr(ll) sample Cr:52.1 mg/g
197 Pb(ll), Cd(ll), Lab. synthesized water Chitosan 4.0 0.010- [381]
and Cu(ll) sample 0.036 mM/g
198 Pb(ll), Cd(ll), Lab. synthesized water Rice husk activated (RHA) 1.0- - - [382]
Zn(ll) and sample 10.0
Cu(lly
199 Pb(ll) and - Exopolysaccharide 4.5-6.0 - Pb: 243.3 mg/g [383]
Cu(ll) Cu: 36.7 mg/g
200 Pb(ll), Cu(ll) Lab. synthesized water Polysaccharide produced - 10 Pb: 98.3% [384]
and Zn(ll) sample from Bacillus firmus Cu: 74.9%
Zn: 61.8%
201 Pt(ll) and Pd(Il) Lab. synthesized water Thiourea-modified Chitosan 2.0 - 129.9 mg/g [385]
sample microspheres
202 Sr(ll) Lab. synthesized water Bone char 4.0- - 0.271 mM/g [386]
sample 10.0
203 Sn(ll) Lab. synthesized water Solid-phase Quercetin 1.8-2.2 - - [387]
sample
204 U Wastewater Citrobacter freundii - 30 - [388]
(Continued)
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Table 2-2 Application of Some Low-Cost Adsorbents for Removing Metal lons—Cont'd

Contact
Time Removing
SI.No  Metal lons Types of Water Adsorbents pH (minutes) Capacities References
205 Pt(Il), Pd(ll) Lab. synthesized water t-lysine modified crosslinked 1.0-2.0 - 70.34~ [389]
and Au(ll) sample chitosan resin 129.26 mg/g
206 V(I1), Re(ll), Copper mine acidic residual Modified Pinus radiata bark 3.0 - 7.0-83% [390]
Mo(lll), Ge(ll), waters and tannins
As(V), Cd(ll),
Hg(ll), Al(II,
Pb(ll), Fe(ll)
and Cu(ll)
207 U - Cystoseria indica algae 4.0 - 233 mg/g [383]
208 Zn(ll), Pb(ll) Lab. synthesized water Natural Jordanian sorbent 4.5-7.0 - 0.320-2.860 mM/ [391]
and Co(ll) sample g
209 Zn(ll) Polluted water PVA/EDTA resin 6.0 30 - [392]
210 Zn(ll) and Lab. synthesized water Young brown coals YBC 5.0-5.7 - - [393]
Cd(ln sample (lignite), humic acids (HAs)
and commercial humic acid
211 Zn(ll) - Botrytis cinerea 5.0-6.0 - 12.98 mg/g [394]
215 Zn(ll) and Industrial wastewater Dead biosludges - - Zn: 92.61% [395]
Cu(lly Cu: 83.77%
213 Zn(ll), Cu(ll) Lab. synthesized water Oscillatoria angustissima 4.0-5.0 - 0.12-33 mM/g [396]
and Co(ll) sample
214 Zn(ll) Industrial wastes Natural zeolites 4.0-6.0 - - [397]
215 Zn(ll) Lab. synthesized water Azadirachta indica bark 6.0 - 33.49 mg/g [398]
sample
216 Zn(ll) Lab. synthesized water Synthesized hydroxyapatites 6.0-8.0 20 98% [399]
sample
217 Zn(ll) - Saccharomyces cerevisiae 5.65 0-38h 74.8— [400]
654.8 mM/g
218 Zn(ll) Eelectroplating wastewater Wood sawdust and - - 105 mg/g [401]
sugarcane bagasse modified
ith EDTA dianhydride
219 Zn(ll) and Lab. synthesized water Sugar beet pulp and fly ash 4.0-6.0 60 4.0-6.0 [402]
Cu(lly sample
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Chapter 2 » Water Treatment for Inorganic Pollutants by Adsorption Technology 71

Conclusions

It is impracticable today to point out a particular adsorbent that will be capable to
substitute the ubiquitous activated carbon adsorbent. The individual sections discussed
the critical evaluation and comparison of all the possible replacement adsorbents. Briefly,
adsorption has been used comprehensively for the uptake of toxic metal ions from
ground, surface and wastewaters via batch experiments. Many workers tried to develop
economical substitutes to activated carbon. After the analytical observation and
comparison of the adsorbents; based on the performance, adsorption capabilities and
cost; it was revealed that the most significant and economically feasible adsorbents are fly
ashes, red mud and sand because of their free accessibility and good adsorption capac-
ities. The cost of these adsorbents only involves the transportation and simple pretreat-
ment. Moreover, the management of the exhausted adsorbents is the serious and testing
problem for the scientists and it is very fascinating to note that heavy metal loaded fly
ashes, red mud and sand can still be used as building materials, which make these
adsorbents ideals. The adsorption of metal ion species is very vital for the toxicologists
and, hence, such types of economical adsorbents should be developed more. Moreover,
the usage variety of the adsorbent should be wide with a huge selectivity so that a single
adsorbent could be used for greater number of toxic metal ions. Most frequently, the
removal capacities of these potential replacement adsorbents have been investigated by
using batch operations and, hence, there is a enormous need to transfer batch conditions
to column operations so that the preferred columns can be used for water purification
and recycling purposes at big scale. To make the adsorption technique more acceptable
and applicable, for the removal of toxic metal ions, the enlargement of more useful
columns and their applications are required. Basically, column operations are the
demand of today and, hence, these should be carried out first at pilot scale plant followed
by large community level. In addition, more economical adsorbents should be invented
and utilized in packing the columns for the removal of a wide range of toxic metal ions. All
the column experiments should be designed by keeping in mind the cost, performance,
energy, kinetics and regeneration aspects.
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The detail of adsorption has already discussed in the previous chapter. Therefore, this
chapter has directly described the application of adsorption technology for the removal of
organic pollutants. The applications have been divided into two parts, i.e. adsorbents
used prepared by organic and inorganic precursors. The direct application of adsorption
technology for the removal of organic pollutants is discussed in the following subsections.

3.1 Organic Precursor Adsorbents

The various adsorbents have been prepared from different waste materials of organic
origin. The preparation protocol of the adsorbents has not been discussed in detail as it is
outside the domain of this chapter. The applications of various waste product in the
preparation of adsorbents and water treatment are discussed herein.

3.2 Coconut Husk

Coconut shell is a well-known precursor for the production of high-quality granular
activated carbons (ACs). About ~9% w/w global production of commercial AC is prepared
from this material [1]. It has been considered as an inexpensive raw material due to its
widespread distribution in the developing countries. Mortley et al. [2] prepared AC from
coconut husks and shells and compared them with commercially available carbons. The
precursors with higher activation energies yielded higher surface areas and developed
microporosities on account of the lesser degree of lignocellulosic breakdown. Similarly,
Laine et al. [3] developed carbons from Venezuelan coconut by chemical activation. The
shells were impregnated with H3PO, followed by one-step carbonization/activation at
450 °C. The surface area of the product was 1200 m®/g. The chemically modified AC was
used for the removal of rotenone from synthetic and real wastewaters by Dhaouadi et al.
[4]. AC was treated with (NH4),S,0g and NH3 and was observed that ammonia treated
carbon has more removal capacity. Vieira et al. [5] used the coconut shell for the removal
of textiles dyes of Blue Remazol R160 (BR 160), Rubi S2G (R S2G), Red Remazol 5R (RR 5),
Violet Remazol 5R (VR 5), and Indanthrene Olive Green (IOG). The sorption capacity
decreased in the order of BR 160 >VR 5 > RR 5 > R S2G > IOG. Hitchcock et al. [6] reported
the adsorption of ZnCl, activated coconut coir. Adsorption of 4-nitrophenol was studied
on the activated coir and the large amount of adsorbate is retained by these materials.
Banerjee et al. [7] prepared AC by heating ZnCl, impregnated crushed coconut shells to
700 °C. The so obtained charred intermediate was activated in steam or air at 900 °C. The
carbon so obtained was having surface area of 800 m?/g with high adsorbing properties.

3.3 Fruits Waste

Fruit wastes are also important precursors for developing low-cost adsorbents. Olive
stones and almond shells have been evaluated for the removal of some industrial dyes viz.,
Methylene Blue (MB), Orange II, Crystal Violet, and Victoria Blue from aqueous phase by
Linares-Solano et al. [8]. Olive stones, almond shells, apricot and peach stones, palm fruit
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bunch, etc. are the prevailing raw materials for the preparation of AC. Nasser [9] prepared
an adsorbent from palm fruit branch. The equilibrium and kinetic studies were carried out
during the adsorption of basic yellow dye on fruit bunch adsorbent. The adsorbent was
inexpensive and has a mono layer equilibrium capacity of 320 mg dye/g. Nassar et al. [10]
also studied the ability of palm fruit bunch particles for the uptake of basic dye (BR 18)
over a range of initial dye concentration with adsorbent particle sizes varying in the range
106-300 pm. The maximum adsorption capacity of palm bunch was 242 mg/g. A range of
chemically activated Tamarind nut carbons were prepared by Srinivasan et al. [11] using
a variety of treatments adapted from the work of Hassler [12]. Cardoso et al. [13] reported
the removal of a textile dye Remazol black B from aqueous effluent by Araucaria angus-
tifolia, a Brazilian pine fruit shell. Rodriguez-Reinso et al. [14] have optimized the acti-
vation procedures for AC production using a variety of chemical and physical techniques.
The high-quality, microporus carbons have been prepared and characterized [14]. Lang-
muir equation was applied to evaluate the surface areas and it ranges between 90 and
1550 m?/ g. Caturla et al. [15] showed the efficacy of olive stone carbons for the uptake of
nitro- and chloro-substituted phenols from aqueous solutions. The efficiency of the
prepared material for the adsorption varied according to the degree of activation.

3.4 Bark and Other Tannin Materials

The bark and other tannin-rich materials are also good source for organic adsorbents. Barkis
a solid waste of timber industry and it can be used as a possible adsorbent due to its high
tannin content. The polyhydroxy polyphenol groups of tannin are found to be the active
species in the adsorption process. The uptake of cations takes place by ion exchange by
displacing the adjacent phenolic hydroxyl groups forming a chelate [16,17]. The main
problem associated with tannin-containing materials is decoloration of the water due to
soluble phenols. To overcome this problem, chemical pretreatment of bark has been tried by
a number of workers. Edgehill and Lu [18] reported the potential of carbonized slash pine
bark as a suitable substitute for AC. The bark was carbonized by slow heating in nitrogen
atmosphere for 6.5 h at 672 °C. BET N, surface area, average micropore and mesopore
diameter, and micropore volume of the prepared adsorbent were 332 m?/ g, 2.17 A°, and
0.125 cm?®/g, respectively. Portuguese pine bark showed suitable precursor for AC produc-
tion by Guedes de Carvalho et al. [19]. Carbonization of ground bark was carried out at
600 °C for 1 hunder a N, atmosphere and then activated between 800and 1000 °C by partial
CO, gasification. Eucalyptus bark has been investigated for its potential use in the removal of
reactive dyes (Remazol BB) [20]. It was observed that all factors studied had a significant
effect on the adsorption process in the order of initial dye concentration > bark concen-
tration > initial pH > sodium chloride concentration > temperature. Similar experiments
were under taken with commercial AC and the results showed that adsorption capacity of
bark is about half of the AC. Bras et al. [21] reported the ability of pine bark to remove
organochlorine pesticides from aqueous solutions. The results showed that approximately
97% of heptachlor, aldrin, endrin, dieldrin, DDT, DDD, and DDE were removed from 1 to
10 pg/L solutions. Lindane could not be effectively adsorbed (38% yield of removal). The
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authors also compared pine bark with AC and suggested that for the compounds with similar
physicochemical properties, pine bark can be employed as an alternative to carbon. Li et al.
[22] reported the removal efficiency of polycyclic aromatic hydrocarbons (PAHs).

Alves et al. [23] reported formaldehyde pretreatment to diminish the bleeding of
colored compounds without appreciably affecting capacity. Randall et al. [16] reported
a comparative study of bark adsorption to that of peanut skins, walnut expeller meal, and
coconut husks and found their adsorption capacities to be comparable. Orhan and
Buyukgungor [24] observed the adsorption capacities of the tannin having products
obtained from nut and walnut shell, waste tea, and coffee and compared it with that of AC.
They demonstrated that the capacities of the tannin-containing products are only slightly
less than that of AC. Mckay et al. [25] examined the utility of five inexpensive adsorbents,
i.e. bark, cotton, rice, hair, husk, and coal for the adsorption of two cationic dyes, i.e.
safranine and MB. The monolayer adsorption capacities for safranine were higher than
MB on all the adsorbents studied except that on coal. Zhou et al. [26] removed the neutral
red dye (cationic dye) from the aqueous solution using cottonseed hull, a low-cost widely
available agricultural waste in China. Ibrahim et al. [27] modified barley straw with NaOH
and a cationic surfactant hexadecylpyridinium chloride monohydrate (CPC) to remove
two anionic dyes: acid blue (AB 40) and reactive blue 4 (RB 4) from aqueous solution.
CPC was observed to strongly attach to straw surface Removal percentage of AB 40 and RB
4 was quite good. The adsorption of these dyes on modified straw was favorable at high
acidic condition but desorption process was found relatively less efficient.

3.5 Waste Tyres

Waste tyres are important for adsorbent and these waste tyres have high carbon content.
Thus, controlled pyrolysis has been employed to convert the butyl rubber and carbon black
content obtained from these waste tyres to semi-active carbon. Stripped tyres rubber has
been used by Lucchesi and Maschio [28] to obtain carbon using moving bed reactor at
400-700 °C and a variety of atmospheres. Surface area of the finished carbon was found up to
320 m?/g. This product was used for the removal of Orange II and Acid Black 24 dyes from
aqueous phase. For vapor phase applications, a highly active carbon of surface area
1260 m?/g was prepared by Ogassawara et al. [29] using a wet thermal process (water/steam
700-900 °C). Paprowicz [30] prepared powdered AC (PAC) from waste tyre rubber. The
surface area of the product was quite low (193 m?/ g) but the sorbent exhibited a consider-
able affinity for the removal of aqueous phase phenol during subsequent batch adsorption
trials. Streat et al. [31] carried out a comparative study of the sorption of phenol and
p-chlorophenol from water using novel samples prepared by carbonization and subsequent
activation of straw and used rubber tyres and conventional ACs based on coal, coconut shell,
and wood. The used tyre samples were carbonized in a tube furnace I in a stream of N,
at 3 °C/min to 800 or 900 °C. Further the product was activated using a stream of moist
nitrogen at fixed temperature by varying the gas flowrate and the reaction time. The sorption
of phenol and p-chlorophenol is almost identical to that of conventional ACs.
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3.6 Saw Dust and Other Wood Materials

Some other tannin-rich agriculture byproducts have been tested as low-cost adsorbents.
Hardwood (Beech) sawdust with 13% moisture content was used as an adsorbent by
Asfour et al. [32] for the basic dye astrazone blue FRR 69. The results showed that the
capacity of hardwood for adsorption of basic dye reduced with temperature, i.e. from
82.2 mg dye/g of wood at 25 °C to 105.7 mg dye/g of wood at 80 °C. The data showed that
the relative cost of hardwood sawdust was 8.4% of AC. Therefore, there was no need to
recover the sawdust and the exhausted wood can be used as a fuel. Gupta et al. [33]
studied the adsorption—desorption of indigocarmine using deoiled mustard. Desorption
was significantly enhanced up to 85% when using 30% glycerol as eluting agent. Mckay
and Poots [34] used saw dust waste for the removal of telon and astrazone blue dyes. It
was found that for telon blue removal, the cost using wood was only 1.5% to that of
carbon, and for astrazone blue removal, the cost was only 8.2% to that of carbon.

3.7 Rice Husk

The rice husks or hulls are significant high-volume agricultural wastes for the produc-
tion of low-cost adsorbents. Youseff et al. [35] used chemical activation of rice husk
carbon (RHC) by (ZnCl,) and steam activation. The chemically activated materials
reported (600 °C, limited air) have the capacities of 0.24-0.72 mM for MB which
depends on the initial ZnCl, impregnation ratio than steam-ACs (900 °C, 12-43% burn
off). But it has poor affinity for this dye (0.05-0.28 mM). Manique et al. [36] studied the
purification of biodiesel from the waste frying oil (WFO) by rice husk ash. The impurity
of WFO ranges from 1% to 5% in the biodiesel. The best removal of WFO was found
when its concentration was 4% in the biodiesel. The adsorption was attributed to the
presence of high concentration of silica as well as the presence of meso and macro pores
in the composition of WFO. Tannin and Gurgey [37] studied water purification by RHC
and MB adsorption on RHC was fruitfully achieved. Nawar and Doma [38] determined
the adsorptive capacities of peat moss and raw rice hulls for the removal of two
industrial textile dyes, Sandocryl Orange B-3RLE and Lanasyn Black BRL ABK and
compared these with those of a granular commercial carbon. The maximum adsorption
was observed with the peat moss (95% w/w, 50 mg/L initial concentration, 2-h contact
time) followed by rice hulls (90% w/w) and the least with commercial carbon
(87% w/w). The relative costs of peat moss and raw rice hulls for the removal of textile
dyes were be 0.52% and 1.19% in comparison to carbon for Sandocryl Orange and 1.4%
and 0.3% for Lanazyn black, respectively.

3.8 Miscellaneous Agricultural Wastes

Cellulosic and lignocellulosic wastes have long been found as good raw materials for the
preparation of AC. An agricultural waste in India has been utilized to prepare light-weight
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charcoal chips by Banerjee and Mathew [39]. Simitzis and Sfyrakis [40,41] have examined
carbon obtained by the activation of phenol-formaldehyde resin mixed in a 20/80 blend
with both olive stones and cottonseeds. The products showed similar adsorption
capacities as demonstrated by commercial carbon for 3-nitrophenol, 4-nitrophenol, and
MB. Incorporation of the resin gives added support to the AC. Tahn et al. [42] utilized
decaying leaves of a common urban-planted plane (Plantannus orientalis) and found
them capable for the removal of phenol and buffering excessive acid base from aqueous
solutions. The removal processes were found slightly dependent on both pH and ionic
strength. Han et al. [43] studied the removal of MB by lotus leaf from the aqueous
solution. The adsorption on the lotus leaf was due to hydroxyl and carbonyl group at the
surface of leaf. The adsorption capacity of the lotus leaf was 221.7 mg/g. Sun and Xu [44]
reported efficacy of sunflower and stalks as an adsorbents for MB, basic red 9 (BR), congo
red, and direct blue 71 from aqueous solutions. The adsorption rates of two basic
dyestuffs were much higher than that of the direct dyes.

Perineau et al. [45] reported lignocellulosic component of wool carbonizing waste for
the removal of dyes from textile wastewater. The uptake of dyes was selective and can be
explained in terms of ionic chemisorptive interactions between dye molecule and
charged ammonical sorbent substrate. Lopez-Gonzalez et al. [46,47] reported the prep-
aration of AC from Spanish olive wood obtained from the pruning and felling of olive
groves. The product was capable of adsorbing considerable amounts of 4-nitrophenol
from aqueous solutions. A series of carbon have been prepared by Martinez-Sanchez et al.
[48] using chromium-tanned leather waste. This precursor was high in ash (Cr,03)
content, i.e. 22-69 weight wise percent. It was carbonized and activated at 825 °C in a CO,
atmosphere to produce a carbon with a maximum surface area of 108 m*/g. Renouprez
and Avom [49] prepared AC from palm tree cobs, a waste from the palm-oil industry in
Cameroon. The ACs obtained possessed surface areas ranging 23-1078 m?/g .

3.9 Fertilizer Industry Wastes

The waste slurry of fertilizer plants has been converted into inexpensive adsorbents
material by Srivastava et al. [50]. The waste slurry was first treated with hydrogen peroxide
and then heated to 200 °C till the evolution of black soot stopped. The heated product was
cooled and activated in the presence of air at 450 °C for 1 h, which yielded an adsorbent of
630 m?/g surface area. This product exhibited good adsorption potential for substituted
phenols [51,52]. The studied phenols were 2,4,6-trinitrophenol, 4-nitrophenol, 4-chlor-
ophenol, phenol, 1,3-dihydroxybenzene, and 1,3,5-trihydroxybenzene [51]. The results
indicated that 2,4,6-trinitrophenol had the highest affinity for the adsorbent while 1,3,5-
trihydroxybenzene had the least. The process was economically feasible as the product
was inexpensive than the commercially available AC. The competitive effect on the
uptake of these substituted phenols viz. on the carbonaceous adsorbent has been studied
using the Langmuir and Snoeyink modified model [52]. For phenolic compounds studied,
the rate was higher for 2,4,6-trinitrophenol than for the other substituted derivatives.
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Their relative rates decreased in the order of 4-nitrophenol > 4-chlorophenol > phenol >
1,3-dihydroxybenzene. Srivastava et al. [53] also reported the adsorption of dinitrophenol
(DNP) on this adsorbent. The removal of DNP was 100% w/w at low concentrations while
it was 80% w/w at higher concentration at optimum pH (4.0). Both batch and column
studies were performed. Some feasibility experiments have been performed with an aim
to recover DNP and chemical regeneration of the spent column. It was reported that
60 mL of 5% NaOH was sufficient for almost complete desorption of DNP (desorbed
55.2 mg). After regeneration with 1 M HNOs the sorption capacity of the column was
almost the same as that of virgin adsorbent material.

3.10 Seafood Wastes

Generally, chitin is found in the exoskeletons of crabs and other arthropods and the cell
wall of some fungi [54,55]. A large amount of chitin is produced from crab meat canning
industry. More than 40,000 tones/annum of chitin is available from the fisheries of
crustacean [56]. Chitosan or glucosamine is a deacetylated derivative of chitin and can be
chemically prepared from chitin. Chitosan is found in the cell wall of some fungi like
Mucorales stains and can be used as an effective adsorbent. About 1-4 million pounds of
chitosan could be produced at a cost of $1.00-2.00 per pound [54]. Liu et al. [57]
synthesized a series of chitosan-g-poly (acrylic acid)/vermiculite hydrogel composites
and used as adsorbents for the removal of MB from aqueous solution. It was found that
10 wt % vermiculite in the chitosan-g-poly (acrylic acid) polymeric network, hydrogel
composite thus obtained showed the highest adsorption capacity for MB, and could be
regarded as a possible adsorbent for cationic dye removal in aqueous medium. Akar and
Divriklioglu [58] reported decolorization of Reactive Red 2 by modified macro fungus in
wastewater. The chitosan beads were used for the removal of perfluorooctane sulfonate
from aqueous solution [59]. Biosorption efficiency of the adsorbent increased with
a small amount of fungal biomass after the modification process and the loading capacity
was 141.53 mg dye/g. Another material studied for its pollutants adsorbing nature was
chitin. Chitin appears to be more economically attractive as an adsorbent since it was
abundant in nature.

3.11 Petroleum Industry Wastes

Large quantities of carbonaceous waste residues generated in the petroleum refineries
attracted many scientists. These wastes have been utilized as a precursor for AC. Kogyo
and Kaisha [60] reported a method demonstrating the production of pitch beads (a
mixture of petroleum pitch and polyaromatics). The initial oxidation of pitch beads was
carried out at 400 °C and the resultant product was activated at 800 °C to obtain the
adsorbent of optimum quality. Fasoli and Genon [61] used a refinery waste for the
preparation of a granular carbon. The precursor was spent sand filter which was used for
the removal of insoluble oil residues from a refinery wastewater. The waste was
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carbonized in a rotary furnace and then activated under steam atmosphere. Reuse of the
carbon for the same application was also suggested by the authors. Ali and Saleem [62]
reported heavy vacuum bottoms obtained from an Iraqi crude oil for the production of
a carbonaceous adsorbent.

3.12 Sea Weed and Algae

It is well-known that some seaweed, i.e. brown algae have significant ion exchange
properties in their polysaccharide contents. The seaweeds have shown high sorption
capacities. Holan et al. [63] observed that the biomass has a tendency to disintegrate and
swell, which can be effectively used for column operations. Modifications of seaweeds by
cross-linking increase the stability and mechanical properties. The cross-linking retarded
the swelling so that the material would be amenable to column adsorption. Rathinam
et al. [64] reported the Brown seaweed biomass as a precursor of AC; the AC was then
characterized and used as an adsorbent for the removal of phenol from aqueous solution.
The best conditions for the removal of phenol by seaweed were determined at pH 3.0 with
150 mg/L, 10 g/L, 4 h, 50 °C, 75 strokes/min as initial concentration of phenol, adsorbent
dosage, time, temperature, and an agitation speed, respectively. The maximum uptake of
98.31% of phenol was found under these experimental conditions. Gupta et al. [65] used
aeromonas formicans bacteria for the removal of COD from a pulp mill wastewater. The
authors reported the removal of COD up to 71-78%.

3.13 Peat Moss

The peat moss is considered as cheap and widely available adsorbent, with adsorption
capacities for a variety of pollutants. The peat is mined and processed for fuel in Ireland
and Northern Europe and is used as a soil conditioner in the United States. An average
cost for a standard pack (501) of sphagnum peat moss is $7.75 [66]. Basically, the peat is
a complex soil material with decomposed organic matter. Lignin and cellulose are major
constituents of peat. These contents, especially lignin, contain polar functional groups
that can be involved in chemical bonding. Because of these properties, peat moss tends to
have a high cation capacity and can be effectively used as an adsorbent for the removal of
a variety of pollutants [67]. Peat is highly porous (95%) and possess a large specific surface
area (>200 m?/ g) [68]. There are different types of peat available with varying chemical
and physical properties. Mckay et al. [69] reported a three-step model for the adsorption
of astrazone blue (basic blue (BB 69)) on peat.

3.14 Inorganic Precursor Adsorbents
3.14.1 Fly Ash

The estimated global production of fly ash is 290 metric tons per annum [70] and there is
no set methodology to use it and a large amount is dumped as land filler which is still 10%
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w/w of the total mass available. Fly ash is an inorganic residue and its chemical
constituents comprise of 40-50% w/w in silica (SiO2) 20-35% w/w in alumina (Al,03) and
5-12% w/w iron oxide (Fe;0Os3). Flyash also contains 12-30% w/w carbon and unburnt
residue [71]. The removal of dyes and phenols from industrial wastewaters using fly ash is
reported [72], Paprowicz 1990 [30]). Kumar et al. [73] reported the removal efficiencies of
phenol, cresol, and phenol:cresol (1:1) using fly ash as an adsorbent. Chrome red dye
adsorption was investigated by Gupta et al. [74] using locally available fly ash. They
reported that 99% removal from 5 mg/L solution within 2-h time. The same group [75]
demonstrated complete removal of chrome red dye from 10 mg/L initial concentration
by a mixture of fly ash and coal in a 1:1 blend. Sun et al. [76] reported the adsorption of
anionic dyes (Reactive Red 23, RB 171, Acid Black 1, and AB 193) on fly ash and reported
that the adsorption was pH dependent with the maximum adsorption capacity at the
initial solution pH 7.5-8.5 for reactive dyes and 5-6 for acid dyes. The optimum time to
reach the equilibrium was 60 min for both dyes with an increase in the initial dye
concentration enhanced the adsorption capacity, but failed to increase the dye removal
efficiency.

Albanis et al. [77] reported the adsorption and desorption of four selected chlor-
ophenols and two herbicides on fly ash. The mass balance showed that the adsorbed
amounts of chlorophenols in mixtures of soil with 30% flyash were up to 36.5% for 2,4-
dichlorophenol, 55.8% for 2,4,6-trichlorophenol, 68.7% for 2,3,5,6 tetrachlorophenol, and
84.9% for pentachlorophenol and the respective adsorbed amounts of herbicides in
mixtures with 20% flyash were up to 37.5% for alachlor and 43.2% for metachlor.
Contrarily, the amounts of desorption decreased as the increase in flyash content and the
increase in the number of chlorine groups in the phenolic ring. Alemany et al. [78]
reported the possible use of flyash for the removal of phenol from water. Aksu and Yener
[79] used dried activated sludge and fly ash for removing of o-chlorophenol and
p-chlorophenol. The pollutant binding capacity of the adsorbent/biosorbent was found
to depend on function of the substituted group, pH, and mono-chlorinated phenol
concentration. The pH values were determined as 1.0 and the equilibrium uptake
increased with increasing initial mono-chlorinated phenol concentration up to 500 mg/
dm? for all the mono-chlorinated phenol-sorbent systems. Freundlich, Langmuir, and
Redlich-Peterson models were used to the equilibrium data and mono chlorinated
phenol-sorbent system was observed. The results showed Redlich-Peterson model as the
best model for all the mono-chlorinated phenol-sorbent systems. Kapoor and Virar-
aghavan [80] studied the properties of fly ash as extremely variable and the adsorption
capacity varied with the lime content. Daniels et al. [81] reported the feasibility of utilizing
alkaline flyash to control acid mine drainage. The results showed that this technique has
potential for industrial scale application. Banerjee et al. [82] described the adsorption
kinetics of o-xylene by flyash. Mahadeva et al. [83] reported coal flyash as a nonconven-
tional, low-cost adsorbent for the removal of phenol. Experiments were conducted under
varying conditions, viz. adsorbent dose, pH, initial concentration, and contact time. At
equilibrium, 95-96% adsorption on coal flyash adsorbent was achieved.
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3.14.2 Blast Furnace Slag

The steel plants produce large volume of granular blast furnace slag as a by-products;
causing a serious disposal problem. However, it is being used as filler or in the production
of slag cement. The blast furnace slag adsorbent is inexpensive as the waste is available. It
has been converted into an effective and economical adsorbent for the removal of some
toxic pollutants from water as well as wastewater. Gupta et al. [74,75] reported the
removal of malachite green, a dye, broadly used in a textile industry by its adsorption onto
activated blast furnace slag. Blast furnace slag was obtained from Tata Iron and Steel
Company, Limited, Jamshedpur (India). The waste was washed with water and dried at
200 °C. The heated product was cooled and activated in air at 600 °C for 1 h. The surface
area of the finished product was 107 m?/g and the studies revealed that the developed
activated slag could be employed as adsorbent for the removal of dyes. The removal of
malachite green was almost 99.9% at lower concentrations. The column capacity was
found to be higher than batch capacity.

3.14.3 Metal Oxides and Hydroxides

Solisio et al. [84] reported the adsorption of two different oils and preliminary tests carried
out with an excess of the material showed that the insoluble oil was adsorbed. The
material activation with HCI improved the adsorption of soluble oil organic fraction,
while a little increase in the removal was for the insoluble oil. The results showed that the
products of dolomite calcination could be replaced. The conventional adsorbing mate-
rials in the removal of organic pollutants, with particular concern to exhausted soluble
oils, which could not be recycled. Therefore, the operational cost reduced of this treat-
ment. Bernar et al. [85] studied the adsorption of various organic micropollutants on
pyrolusite (MnO,). Poulton et al. [86] used iron oxide/hydroxides for the removal of
dissolved hydrogen sulfide from seawater under flow-through conditions. Ferrihydrite
was stabilized by precipitation onto zeolite pellets, and rates of sulfide removal were
determined under laboratory conditions at pH 8.5. Sulfide removal kinetics was depen-
dent on the initial sulfide concentration, substrate mass, and flow rate. The results from
laboratory experiments compared favorably with sulfide removal kinetics determined in
a series of experiments performed online in a recirculating mariculture production
system. The presence of phosphate reduced 50% in sulfide removal for substrate removed
from an online system. Ferrihydrite-coated zeolite worked as an efficient, cheap adsor-
bent for sulfide removal, which was suited to small-scale aqueous flow-through systems.
The reaction of iron oxides/hydroxides with dissolved sulfide was accompanied by
a distinct color change due to the formation of black FeS.

Asuha et al. [87] reported the removal of methyl orange (MO) on mesoporous TiO,.
Mesoporous TiO, was prepared by a hydrothermal method using cetyltrimethyl
ammonium bromide as a structure-directing agent and the formed mesoporous TiO,
(5.2 nm as an average pore size and a surface area of 161.2 mzlg). The maximum
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adsorption capacity and adsorbed percentage of the mesoporous were be 454.5 mg/g
and 87%.

3.14.4 Sugar Industry Wastes

Sugar industries produce a large amounts of waste products such as suspended solids,
organic matter, press mud, bagasse pith, and bagasse fly ash. These wastes especially of
bagasse fly ash do not find any use as such and causes a disposal problem. Currently, this
is being used as filler in building materials. Bagasse pith is a significant waste product
form the sugar cane industry and generally regarded as having very little economic value.
The pith was not subjected to any pretreatment prior to use. A standard agitated tank
configuration was used for the batch contact studies. The maximum saturation capacities
of bagasse pith for the two dyes were 21.7 mg dye/g for AB 25 and 22.9 mg dye/g for acid
red 114 (AR 114). In another study, Mckay et al. [88] studied the adsorption of four dyes
onto bagasse pith. Bagasse fly ash and other waste product have been used as adsorbents
for the removal of many contaminants from the water. Srivastava et al. [89,90] prepared
adsorbent from bagasse flyash for the removal of substituted phenols. The uptake of
trinitrophenol on the bagasse flyash was compared with other commercially available
adsorbents. It was found that the developed bagasse flyash adsorbent was inexpensive.
The removal of DNP has also been observed by Gupta et al. [91] and the cost estimation of
bagasse flyash showed about Rs. 60/ton. By considering the cost of transport, chemicals,
electrical energy used in the process the finished product it became about Rs. 400/ton.
Therefore, the adsorbent may be a good replacement of commercially available carbon
due to its comparable efficiency and low cost. The results showed that 86% of DNP could
be removed using 10 g/L of activated bagasse flyash. Mckay et al. [92] studied the
adsorption of two acid dyes viz. AR 114 and AB 25 onto bagasse pith have been removed.

Gupta et al. [93] used bagasse fly ash for the removal of pesticides, i.e. lindane and
malathion from wastewater. The authors reported the maximum uptake 97-98% at pH 6,
5 g/L dose. The results were analyzed with the Langmuir and Freundlich models. The
thermodynamic parameters were also calculated and the adsorption reported was
exothermic in nature. Furthermore, Gupta et al. [94] reported the removal of phenol and
p-nitrophenol from wastewater using activated bagasse fly ash. The batch studies showed
95% of phenol and 99.9% p-nitrophenol removed by using 10 g/dm® of adsorbent at pH
4.0. The adsorption capacity Kg was less for the phenol-bagasse flyash system than that
for the p-nitrophenol-bagasse flyash system. Langmuir constant Q° decreased with
increase in temperature thereby indicating the process to be exothermic in nature. The
desorption was obtained with a number of eluting agents and almost complete desorp-
tion (~98%) of phenol could be achieved with only 8% NaOH. Gupta et al. [94,95] have
removed successfully basic dyes, i.e. rhodamine B and Methylene Blue and pesticides,
i.e. DDD and DDE from wastewater and aqueous solutions using a sugar industry
waste—bagasse fly ash. Khattri and Singh [96] observed the removal of malachite green,
Methylene Blue, rhodamine B, and crystal violet using sugarcane dust.
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3.14.5 Clays

Fuller’s earth is being used industrially for its decolorizing properties globally as it is an
inexpensive and naturally abundant material. There are many kinds of clays but
montmorillonite may be expected to have the highest sorptive capacity in comparison to
other. El-Guendi [97] reported the adsorption of BB 69 and BR 22 from aqueous solu-
tions on natural clay. El-Guendi et al. [98] reported the adsorption of cationic dyestuffs
(BB 69 and BR 22) from aqueous solutions by natural and activated clays. The maximum
adsorption capacities (gmax) 0of BB 69 and BR 22 on to natural clay were 390 and 365 mg/
g, respectively. The natural clay was treated with H,O, and HCI to enhance its
adsorption capacity for dyestuffs. The efficiency of activation with H»O, was greater by
23% and 13% in the case of BB 69 and BR 22, respectively, in comparison to natural clay.
The efficiency of activation with HCI was greater by 30% and 16% in the case of BB 69
and BR 22, respectively, relative to natural clay. Gupta and Shukla [99] reported
adsorption techniques for the treatment of carpet effluents containing mainly Meto-
mega Chrome Orange GL using various low-cost materials, i.e. coal, flyash, china clay,
and wollastonite. Low initial dye concentration, temperature, and pH favored the
removal process. Mckay et al. [100] described the adsorption capacity of Fuller’s earth
for basic and AB to be 220 and 120 mg/g, respectively. Thus, they proposed the adsor-
bent for the treatment of textile effluents. The adsorption capabilities of clay were due to
negative charge on the structure of fine grain silicate minerals. This negative charge was
neutralized by the adsorption of positively charged cations such as dyes etc. Besides, the
clays showed a large surface area up to 800 m?/g, which contributes to its high-
adsorption capacity [101].

Lee et al. [102] modified montmorillonite and reported the removal of 2-chlorophenol,
3-cynophenol and 4-nitrophenol from water. This resulted in the change in surface
property of montmorillonite from hydrophilic to organophilic. Polubesova et al. [103] also
reported interactions of phenolic acids (ferulic, p-coumaric, syringic, and vanillic) with
Fe(IIl)-montmorillonite. Adsorption of the various phenolic acids on Fe(IIl) enriched
montmorillonite was accompanied by their oxidative transformation and formation of
Fe(II). Similar findings were reported by Kim et al. [104]. Sorption of phenol and 2-, 3-, and
4-chlorophenol from water by tetramethylammonium (TMA™)-smectite and tetrame-
thylphosphonium (TMP™)-smectite was reported by Lawrance et al. [105]. TMP-smectite
seems to be a good sorbent. Besides, TMP-smectite possessed selective sorption within the
group of chlorinated phenols examined. Phenol and 4-chlorophenols were effectively
sorbed by TMP-smectite. Contrarily, 2- and 3-chlorophenols could not be sorbed. The
adsorption—desorption of 2,4,6- trichlorophenol (TCP) on calcium montmorillonite (pure
clay), prepared montmorillonite humic complexes, and natural soils were investigated by
Sabbah and Rebhum [106]. Daneis et al. [107] determined the adsorption properties of
alumina pillared montmorillonite (PMt) and mesoporous alumina aluminum phosphates
for the removal of 2,4- dichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol.
Malusis et al. [108] reported the adsorption of phenol on soil-bentonite (SB) vertical
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barriers amended with AC. SB backfills was amended with 0-10 wt % granular AC (GAC) or
PAC. The AC amended backfills exhibited enhanced phenol adsorption than unamended
backfill due to hydrophobic partitioning to the AC. Adsorption capacity increased with
increasing AC content but does not change for the GAC and PAC. Gil et al. [109] studied the
removal of orange II and MB by two-pillared clay formed by the intercalation of two
pillared of aluminum (Al-PILC) and zirconium (Zr-PILC). For orange II, both the pillared
clays have same adsorption capacity while for the MB the adsorption capacity of Zr-PILC
was higher than that of Al-PILC. It was found that the to pore size distribution had affected
the efficiency and selectivity of adsorption of two dyes. Clay could be modified to enhance
its efficiency for the removal of pollutants from water and wastewaters. Cadena et al. [101]
modified bentonite by replacing the natural exchangeable cations present in the clay by
the organophilic cations, TMA™" ion. Results revealed that the adsorption capacity of
natural bentonite were improved by heat treatment while the acid treatment decreased
the same. The adsorption of four types of amino acids (lysine, glycine, glutamic acid, and
alanine) on sodium and calcium bentonite has been reported [110].

Boyd et al. [111] reported the mechanisms of the adsorption of substituted nitro-
benzenes onto smectite clays. Cheknane et al. [112] reported the adsorption of two basic
dyes, i.e. CI Basic Yellow 28 (BY 28) and CI Basic Green 4 (BG 4) in single and binary
solute systems using two classes of inorganic-organic pillared clay granules as sorbents
prepared by granulation from an Al cetyltrimethylammonium bromide intercalated clay
powder. Adsorption rate data indicated that BY 28 adsorbs more rapidly than BG 4 but
the adsorption of BG 4 was greater than that of BY 28 in single solute and binary dye
systems. Errais et al. [113] reported the textile dye removal by Fouchana Tunisian clay in
leaching textile and dye industry. The adsorbent contains 60% smectites, 30% kaolinite,
and 10% illite, having the cation-exchange capacity of about 50 meq/100 g of clay. Ho
et al. [114] reported the kinetics of BR 18 and AB 9 sorption onto activated clay. Acti-
vation energy of sorption was also determined based on the pseudosecond-order rate
constants. Wu et al. [115] reported the adsorption of phenol by both inorganic and
organic PMts. The adsorbing capacity of modified clays depended not only surface area
but mainly on micropore structure and surface components. The modified PMt with
surfactant was found to improve adsorbing capacity greatly. The PMt can be recycled,
and it is a potential substance for adsorption of environmental pollutants.

3.14.6 Sediment and Soil

The sediment sand and soil have also been used for the removal of organic pollutants from
water. The soils have been applied to remove the environmental pollutants by adsorption.
Morillo et al. [116] reported the adsorption of glyphosate (GPS) adsorption on three soils of
different characteristics. They observed that the interaction of this pesticide with the soils
was not related to their CEC and clay minerals content, but to the content of iron and
aluminum amorphous oxides and organic matter. The presence of copper in treatment
solutions increased GPS adsorption, due to reasons as: GPS coordinates strongly to Cu,
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and Cu-GPS complexes formed seem to have higher ability to be adsorbed on the soil than
free GPS; GPS adsorption as Cu was previously adsorbed, acting as a bridge between the
soil and GPS. The adsorption and desorption of PAHs on different soils was investigated by
Walter et al. [117] via static and dynamic methods. On the basis of a system including the
four phases of soil, water, oil adsorbed, and oil in emulsion, a model for the description of
the adsorption behavior in the presence of oil was reported. The distribution coefficients
were determined from the octanol/water coefficient of the aromatic compounds and the
organic carbon content of the soils. For the oil-contaminated system, the modeling of the
adsorption behavior enabled a more detailed interpretation of the experimental obser-
vations as well as the calculation of the sorption behavior for the PAHs from characteristic
parameters of the components involved. Kibe et al. [118] studied the adsorption of
pesticides on the soil. The adsorption equilibriums of the five herbicides, i.e. esprocarb,
mefenacet, pretilachlor, simetryn, and thiobencarb, on five kinds of paddy soil in Japan
were investigated. It was found that equilibrium values were better expressed by the
Freundlich equation for concentration levels for the paddy fields and that the values for
the adsorption coefficient (n) varied from 1.0 to 1.6. The values of the coefficient (k) were
in the range of 29-420 mg'~'/" L!'"/kg-dry and poorly related to solubilities in water or to
octanol-water partition coefficients of the herbicides. The adsorption equilibriums
calculated from the values of adsorption constant Ky by the values of Ko in the literature
were observed to be different from the experimental equilibriums. Jalil et al. [119] reported
the removal of MO from aqueous solution using calcined Lapindo volcanic mud (LVM) as
an adsorbent. The maximum adsorption capacity of LVM was 333.3 mg/g. Gao et al. [120]
reported the removal of phenolic compounds, i.e. 2,4-dichlorophenol, 2, 4-DNP, and 2,
4-dimethyphenol on the river sediment.

3.14.7 Red Mud

The red mud (RM) is a waste material formed during the production of alumina when the
bauxite ore is subjected to caustic leaching. A typical bayer process plant produces
a large quantity of RM (1-2 tons RM per ton of alumina produced [121]) and the toxicity
and colloidal nature of RM particles create a serious environmental problem. There have
been many proposals for RM management, i.e. in the manufacture of RM bricks, as filler
in asphalt road construction, as iron ore, and as a source of various minerals [122]. A salt-
free preparation of the RM had specific surface area of 58 m?/g. The BET surface areas for
AC, bone char, activated bauxite, chi-alumina, and gamma alumina are 802, 117, 155,
312, and 178 m?/g, respectively. Bhatnagar et al. [123] reviewed the removal efficiency of
the RM for different aquatic pollutants. RM is very good absorbent for the removal of
different types of dyes, phenols, and other organic pollutants. These experiments indi-
cated that after pretreatment, RM was suitable for the treatment of wastewaters. Lambert
and Graham [124] investigated the amenability of nonspecific natural organic
compounds for removal by adsorption on to AC, activated alumina, activated bauxite,
and bone char adsorbents. Among them activated bauxite has a heterogeneous array of
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varying pore radii and was as effective as both aluminas for the removal of nonspecific
organic compounds and humic acid compounds. Further, water treated RM was found
suitable for maximum adsorption among adsorbents developed from RM. The ability of
RM for the adsorption of congo red dye from aqueous solutions was determined by
Namasivayam and Arasi [125]. Lopez et al. [126] reported the feasibility of RM for
wastewater treatment. RM was obtained from Alumina-Aluminio of San Ciprian (Lugo,
Spain).

3.14.8 Zeolites and Ore Minerals

Zeolites silicate minerals found in nature and can also be synthesized at commercial
level. They clinoptilolite is the most abundant of more than 40 natural zeolite species
[127], which occurs in abundance throughout the western United States, easily available
and inexpensive. The ion-exchange capabilities determine the adsorption properties of
zeolites. Phenol adsorption on natural phillipsite was only effective on NH;, exchanged
phillipsite [128]. The bioremedition of pyridine and quinoline by biozeolite is carried out.
The ammonium ion is often generated during the biodegradation of pyridine and
quinoline because of the transformation of N from pyridine and quinoline. Bai et al. [129]
used a specific biozeolite composed of mixed bacteria for degrading pyridine and
quinoline. The modified zeolite was used for biodegradation and adsorption in two types
of wastewater, i.e. sterile synthetic and coking wastewater. Both pyridine and quinoline
degraded simultaneously by the mixed bacteria. The ammonium ion transformed from
pyridine and quinoline could be removed by the modified zeolite. In this way, biozeolite
may be used for the removal in the treatment of wastewater containing pyridine and/or
quinoline. Dong et al. [130] prepared zeolite from coal fly ash (ZFA), modified with
hexadecyltrimethylammonium (HDTMA) and used for the adsorption of bisphenol A
(BPA) from water. It was observed that HDTMA formed bilayer micelles on external
surfaces of zeolites. Thus, an enhanced adsorption capacity of ZFA had no affinity for
BPA. Adsorption of BPA by ZFA was improved slightly in the presence of NaCl and at a low
temperature.

Ore minerals were found suitable for the removal of a variety of organic pollutants by
adsorption. Bouyarmane et al. [131] used natural phosphate rock and two synthetic
mesoporous hydroxyapatites for the removal of pyridine and phenol from aqueous
solution. Both natural and synthetic apatites indicated similar pyridine sorption
capacities whereas phenol loading was proportional with their respective specific
surface area. This was due to the strong interaction between pyridine and apatite
surface that hinders further interparticular diffusion. Bouyarmane et al. [131] reported
that, in spite of low specific surface area, natural phosphate rock can be used as an
efficient sorbent material for various pollutants for better efficiency and lower pro-
cessing costs than some ACs. Some of the adsorptions of organic pollutants are
summarized in Table 3-1.



Table 3-1 Adsorption of Organic Pollutants on Different Adsorbents
Concentration Adsorption Contact
Adsorbents Contaminants Range Capacities (mg/g) % Adsorption Time Dose pH References
Bagasse pith AR 114, AB 25 BB 69, 200 mg/dm3 22.9,21.7,157.4, - 5 days - - [92]
BR 22 76.6
Sunflower stalk MB, BR 9, congo red, 100-2000, 205, 317, 37.78, 80% 5 days 0.20g/50 ml - [37]
direct blue 100-2000, 26.84
50-1000,
50-1000 mg/L
Hardwood sawdust Astrazone 200 mg/dm? 82.2-105.7 - 3h - - [32]
Carbonaceous 2,4,6-Tri nitrophenol, 1x107%to 8.0, 5.32, 457, - 24 h - 2-10 [51]
material 4- nitrophenol, 1x1073M 3.38
4-chlorophenol,
1,3-dihydroxy benzene
Carbonaceous 2,4-DNP 10t 103M 80 x 107 100-80% 10 h 0.19/10ml 4.0 [53]
material
Fly ash Phenol, cresol, phenol: 50 ppm - 40%, 45%, - - - [73]
cresol and 45%
Fly ash Chrome red dye 5 mg/L - 99% 2h - - [74]
Fly ash Xylene 50-150 mg/L - 72-84% 35min 309g/L - [82]
Bagasse fly ash Rhodamine B, MB 1.0 x 107> to - 60-100% 8h 10.0,4.0g/L 20,80 [94]
1.0 x 1074,
1.0 x 1072 to
1.0 x 1072M
Bagasse pith AR 114, AB 25 100 mg/dm? - - 48 h 349 - [88]
Bagasse fly ash Phenol, p-nitrophenol 10%t010°M - 95%, 100% 24 h 10 g/dm? 4.0 [91]
Bagasse fly ash 2,4-DNP 10%t0103M - 86% 6-7h 10 g/L 2-4 [90]
Sugarcane dust Malachite green, crystal 12.0 mg/L 3.999, 3.798, 83.32%, 30min 0.59/200ml 7.5 [96]
violet, MB, rhodamine B 3.745, 3.240 79.13%,
78.02%,

67.50%
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Peat particles
Kaolnite
Wollastonite

Fly ash
Slag

Carbonaceous material

Animal bone,
incinerator ash

Rhizopus arrhizus and

Calluna vulgaris
Charcoal

Maize cob
Spent oil shale

HDTMA-montmorillonite

Blue magnetite

Silicone resin

Buffing dust carbon

40% TMA/A5%

HDTMA-montmorillonite
Sitka spruce wood

Astrazone blue

Metomega Chrome

Orange

Metomega Chrome

Orange
Chrome Orange
Malachite green
Malachite green
p-Nitrophenol
Iron(lll)-cyanide

Triton

AB 25, AR 114
Phenol

Phenol, 2-nitrophenol,
3-nitrophenol, 4 nitrophenol
Acridine orange, MB,
neutral red, safranino,
thionine, congo red

Isoprothiolane
Acid brown dye
2-Chlorophenol,

3-cynophenol, 4-nitrophenol
Telon blue, astrazone blue

200 mg/dm?
10 mg/L

10 mag/L

10 mg/L

1 x 107*to
1x1073M
1% 10 *to
1x1073M
200 mg/L
1996.2, 387 mg/L
0-5mM

0.05 dm?
10-200 ppm

1 mg/ml

50-125 mg/L
50-2500 mg/L

100, 200 mg/dm?

0.43000-9100

0.6506

0.6957

0.7428
74.16

75.08

111,116

612.2, 387

41.4,47.7

1.0

140.1, 43.03,
128.0, 81.52
105.40, 78.08,
55.19, 75.54,
106.40, 2.805
2.84-6.24
45.1,34.4,46.8

9.3-15.6,
71.8-80.1

84.23%
73.04%

92.25%
~100—-70%

~100-66%

90%, 95%,
95%

48 h
120 min
150 min

110 min
6-8h

6-8h
2h
5 days
2h

60 min

120 min

0.2 9/50 x
1073 dm?

1.0 g/50 ml
1.0 g/50 ml

1.0 g/50 ml
1glL

19l

0.01, 0.001g

19/100 ml

2-40 g/50 ml
0.5¢

4.5
6-10

2—-6

2.77-8.80

13.0

2.0
3-11

(69]
(98]
(98]

[99]
[132]

[132]
[133]
[134]
[135]
[136]
[137]
[138]
[139]
[140]
[141]

[102]

(34]
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Conclusions

The applications of low-cost adsorbent for the removal of organic pollutants were thus
found to be remarkable. The removal efficiencies of these inexpensive adsorbents are
quite good and ranged up to 99.9%. Besides, the free availability of precursors for these
adsorbents make them ideal candidates for water treatment. Their applications are
important for developing and under developed countries. It can be concluded from the
critical evaluation of this chapter that the discussed low-cost adsorbents have wide range
of applications in removal of different organic contaminants. There are many publica-
tions on this issue but the technique is not fully developed, especially at pilot and
industrial scales. Therefore, there is a great need of the removal of organic pollutants from
water by using low-cost adsorbents at pilot and industrial scales.
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4.1 Introduction

Reverse osmosis (RO), also known as hyperfiltration, is a classical method of purifica-
tion and came into existence since the advancement of effective semipermeable
membranes [1], but it has achieved a great attention now a days as the technique of
choice for the removal of anions, cations, and other soluble organic and inorganic
materials from wastewater, saline water, leachates, etc. The separation and concen-
tration of the dissolved species are achieved due to the hydraulic gradient across the
semipermeable membrane. A pressure greater than the osmotic pressure (due to dis-
solved species) is applied for the process in an operation. RO has been used as a sepa-
ration and concentration technique at macro and microlevels for the removal of large,
nonpolar, and ionic compounds [2]. It is found to be more cost effective, for the removal
of toxic substances, than other conventional techniques, like activated carbon
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adsorption. The economy of the method for a variety of industrial wastewaters has been
discussed by Fosberg et al. [3]. The effectiveness and the application of RO on large scale
are based on the fact that total dissolved solids (TDSs), organic dissolved matter, etc.,
were removed up to 85-99% [4,5]. Due to the wide range of applications of RO, it has
been used for treatment of wastewater in petrochemicals [6-8], electroplating [9],
textiles [10], coal and gasification [11], pulp and paper [12], steel [5], electronic waste-
waters [13], etc. The removal of 15 major pesticides from aqueous industrial waste,
containing chlorinated hydrocarbon and organophosphorous compounds [14], and
toxic metals and cyanides [15] has been demonstrated. Several membrane materials
have been used successfully to treat electroplating rinse water, with high oxidation
potential and at extreme pH levels [16]. Varying degrees of rejection of specific organic
species have been studied by Gaddis et al. [10] in textile effluent with high level of toxic
substances. Effectiveness of RO for the treatment of sanitary waters [17] and municipal
leachates [18,19] has been evaluated. RO has also been used very frequently [20-24] to
remove dissolved organic matters (DOMs) from surface waters. Reports on the removal
of DOMs (with very high dissolved organic carbon [DOC] and very low inorganic
solutes) from black water streams are also available [24]. Besides, the rejection of
bacteria, virus, and other microbes are 100% and, therefore, is used in the preparation of
ultra pure water for pharmacy, medicines, and electronics. RO is today’s most economic
process for saline water treatment to provide potable water [25].

4.2 RO Membrane

The most important part of RO process is semipermeable membrane, which is made of
different materials. Various types of semipermeable membranes have been used for RO
process [25-29], but the most common ones are of cellulose, nylon, polyether, polyethyl
urea, polyphenyl oxides, phenylenes [5,25,30], and polyamide [31]. Membranes are
normally casted from a ternary solution of cellulose acetate, acetone, and formamide
according to well-known method [32,33]. To achieve the required filtration, membranes
are arranged in tubular, disc, plates, spiral, and hollow fiber forms. It is clear from
literature that tubular RO can successfully be applied for treatment of coal gasification
liquors for chemical oxygen demand (COD), TDS, and nitrogen ammonia removal.
Tubular devices have been found for commercial use in special applications, especially
for treatment of effluents, recovery of chemicals from process streams, etc. [34]. However,
tubular and disc tubes are successfully coupled for the treatment of municipal leachates
for TDS, COD, and ammonia-nitrogen removal. The size of tubular or disc RO plant,
pressure, pH of feed, etc., are controlled according to the water treatment requirements
[5]. The working efficiency of RO membrane is expressed in terms of percentage rejection
of solutes and expressed as follows:

_ C1xC2x100

PR
Cl1

(4.1)
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or

_c2

E—a,

(4.2)
where PR is the percentage rejection, Cl is the molar concentration of solute in feed
water, C2 is the molar concentration of solute in permeate (filtrate), and E is the
membrane working efficiency.

4.2.1 Mechanism of Filtration

Anderson [35] described the mechanism of RO on the basis of partition coefficients of
solutes between water and membrane, while Krasen and Eiseman [36] and Kamizarva
and McCutchan [37] explained the selectivity of RO membranes on the basis of relative
free energy of interaction between water and membrane sites. The other workers
[4,38-41] have also described the mechanisms of RO that is more acceptable. According
to Duvel and Helfgott [38], the percentage of rejection is directly proportional to the
number of carbon atoms or the molecular weights of organic/inorganic species, but
this was not found to be the complete description because of the geometry of the
molecule, i.e. steric configuration and branching overshadow the former properties. In
order to determine the relative effect of molecular weight and molecular size, a series of
alcohols was studied in which the degree, position of branching, and the position of the
hydroxyl groups were varied. It has been observed that the percentage of the rejection
increased as the molecular weight or the size of the molecule increased. The hydrogen
bonding, the process of sorption and/or dissolution, and diffusion has been considered
responsible for the membrane permeation. Phenols, amines, amides, etc., form H-
bonding to the cellulose membrane and get passed through it. It is due to H-bonding
that such molecules pass through the membrane, while the other ions and organic
species get rejected. Based on the experiments, it has been postulated that in cellulose
acetate membranes, random thermal motion of the polymer segments plays an
important role in opening the gaps or space between adjacent segments and help in the
membrane filtration process.

4.3 Membrane Flux

The fluxes of the solutes and solvents in RO have been described by various systems of
equations [42]. The membrane flux and the mass transfer have also been explained by
a series of other equations by Slater et al. [4]. In desalination and wastewater treatment
processes, the solvent or permeate flux has been referred to the water and defined as the
volume of permeate flux produced per unit membrane area for a time interval and is
given by the following equation:

MF = —, (4.3)
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where MF is the membrane flux, VP is the volume of permeate over time ¢, and SA is the
surface area of the membrane.

At a given pressure, the rate of membrane flux decreases with the increase of ionic
strength (Sun et al., 1995) and it also decreases over a long period of time. The rate of flux
also varies by varying the pressure (increase by 1.95 x 10~ m®/m?d per 100 kN/m?
pressure increase) and temperature (increase by 0.012 m*/m?d per 10°C temperature
increase). The membrane flux also increases by increasing the cross-sectional area of the
membrane.

4.4 Fouling and Clogging of Membranes

The life of RO membranes has been considered to be 2-5 years depending upon the
nature of the wastewater to be treated. The flux and the quality of the permeate may
decrease over a long period of time due to membrane fouling [43,44]. Fouling has been
defined by Eykamp [45] as a phenomenon in which the membrane undergoes plugging or
coating by certain elements in the feed stream. The flux is reduced as the membrane
surface commences. Dissolved silica [46] is the major problem for RO membranes as it
closes the membrane pores quickly. Amorphous silica, sulphates, and siliceous precipi-
tates get deposited inside the membranes and clog them easily. After a long period of
time, humic acids, bacterial slimes, or hardness scales may accumulate on the RO
membranes. Phenols have been found to clog the membranes. Fouling of membranes has
been reported by the sanitary landfill and copper plating solutions [47].

4.5 Precautions and Cleaning of the Membranes

The cleaning solutions and other instructions recommended by different manufacturers
for the long life of RO membranes have been described [25,48]. The pretreatment is
necessary to minimize the concentration of colloidal dispersion and to increase the
efficiency and life of RO systems [49]. Physicochemical coagulation has been used [50] to
minimize colloids and turbidity. Coagulation with lime has been recognized for its utility
in treatment of industrial wastewater. Coagulation was [4] found effective in removing
turbidity containing dispersed oil phases, metal ions, and suspended matters in landfill
leachates. Pretreatment to RO systems has been applied successfully on commercial scale
to prevent fouling in several treatment plants [51]. Sodium hydroxide solution (pH 9-11)
has been used to clean the RO membranes in case of silica and sulphate fouling [25,46]. In
commercial applications, silica is removed by passing the raw water through an acrylic or
styrenic (Amberlite IRA series) strong base resin [9,52]. Besides, silica can also be removed
from membranes by ion retarding resins [24] that has a high affinity for strong acids
together with conversion of the weak acid [Si(OH)4] into much stronger acid (H2SiF6).
The bacterial inhibitor solutions are circulated (to check the bacterial growth) in to the
RO tubules or discs before stopping the process for a long period [46]. In addition to this,
Biotex (0.5%), citric acid (2%, pH 4.5), ethylenediaminetetraacetic acid EDTA) (0.5%), and
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P3 Ultrasil 50 (0.5%) were circulated at reduce pressure for 1 h followed by a tape water
rinse for 30 min for cleaning the RO systems [5]. Phenolics may be removed from RO
membranes by circulating hydrogen peroxide solution.

4.6 Factors Controlling Filtration

The filtration by RO is controlled by a number of factors. The most important are pH,
pressure, size and the molecular weight of the solute, time of operation, etc. The pH is one
of the most important parameter affecting the RO filtration process. Sun et al. [46] con-
ducted laboratory experiments to examine the effect of pH of the percentage rejection of
a low molecular weight organic acid (0.006 M) in the range 4-10. It was observed that the
percentage rejection of acetic acid (0.006 M) increased up to pH 8.0 and then became
constant. The effect of pH on the percent rejection of HCI, NaCl, and sodium acetate was
also studied by the same authors and it was found that sodium chloride and sodium
acetate were strongly rejected while the HCI was least rejected. The chromate rejection
increased from 5.5 to 8.0 pH and then became constant [53]. Moreover, semipermeable
membranes work efficiently under a specific range of pH as cellulose acetate, cellulose
triacetate, and polyamide membranes may work properly at 2.5-7.0, 2-9, and 2-10.5 pH
ranges, respectively. The effect of pH on the solute rejection may be explained on the
basis of H-bonding between the solute and the semipermeable membrane.

The effect of the operating pressure on the flux in RO has not been studied in greater
detail. It was observed by Chian and Fang [40] that the rejection of some low molecular
weight polar compounds increased with the increase of pressure. However, no effect on
the permeate quality has been observed by the increase of pressure [22]. The preferential
separation of water or solute at membrane-solution interface might explain these
different observations. However, the RO system has been run in both steady and unsteady
states with varying pressure. A pressure of 690-2760 kN/ m? was used [4] with
6.3 x 1075 m3/s as the membrane feed rate. Sun et al. [46] and Schoeman et al. [5] have
used 150-200 psi and 4000 kPa pressures, respectively. From the results obtained by
various workers, it was found that the rate of flow varied with the feed pressure and is
directly proportional to the pressure applied and the permeate flux increases by a value of
1.95 x 1072 m®/m?d per 100 kN/m? pressure. The percentage rejection of a solute is also
governed by the size and molecular weight of the solute. Duval and Helfgott [54] have
carried out an extensive study on the size and molecular weight of a series of aliphatic
alcohols with respect to its percentage rejection. They have reported that the percentage
rejection increases as the molecular size and molecular weight increases. The rejection of
solute of high molecular size and weight is explained on the basis of sorption and/or
dissolution. Various workers have studied the variation in the rate of filtration, permeate
flux, rejection, etc., during the course of time and observed no marked effect on the
filtration in spite of the long use of RO membranes. However, the rate of filtration slightly
decreases after a long period of use. Schoeman et al. [5] has observed that permeate flux
decreases up to 173 L/m?d from 300 L/m?d after an operation of 950 h. The conductivity
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FIGURE 4-1 An anaerobic reactor followed by a MBR and a final RO.

and COD were also found almost constant even after a long period of use. A typical
anaerobic reactor followed by a membrane bioreactor (MBR) and a final RO system is
shown in Figure 4-1.

4.7 Applications of RO

RO has been used for the removal of various pollutants and the application of this
technology is described in the following subsections.

4.7.1 Organic Pollutants

Drewes et al. [55] reported that microfiltration (MF) followed by RO and soil-aquifer
treatment (SAT) are the two principal technologies considered for indirect potable reuse
of wastewater. The study was conducted at the Northwest Water Reclamation Plant, Mesa
(Arizona), evaluated MF/RO and SAT (>6 months residence time) treated tertiary effluent
with respect to organics removal. The study revealed that final total organic carbon (TOC)
concentrations of MF/RO and SAT were 0.3 and 1.0 mg/L, which resembled the character
of natural organic matter present in drinking water. Kang et al. [56] described reused of
water in textile dying processes after treatment of textile effluents by H,O,/ultraviolet
(UV) oxidation combined with RO separation. The conductivity of textile effluents was
from 2340 to 4560 ps/cm. Addition of auxiliary chemicals used during the dyeing
processes increased the conductivity in textile wastewaters. The H,0,/UV pre-oxidation
of textile effluents mineralized or oxidized DOC effectively. However, the removal of
conductivity and hardness was poor. Pretreatment of the textile effluent by H,O,/UV
oxidation decreased silt density index (SDI) values and osmotic pressure and increased
permeate flux followed by RO separation. H,O,/UV pre-oxidation and RO posttreatment
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improved the textile effluent quality and was able to meet the water quality criteria for
water reuse in the textile industry. Chen and Chen [57] presented an RO method of water
treatment in thin film transistor liquid crystal display (TFT-LCD) industry. TFT-LCD
industrial wastewater was recycled by integrated process of MBR and RO. Ultrafiltration
(UF) membrane device was incorporated with biological reactor to attain high-quality
effluent and for the good removal performance. A good water quality of permeate was
obtained with 5mg/L, 2.5mg/L, and 150 us/cm for COD, TOC, and conductivity,
respectively. The treated water was recycled for the cooling tower and other purposes. Lee
and Lueptow [58] reported clean water supply by RO using stirred cell filtration experi-
ments. Low pressure reverse osmosis membranes were used to obtain high flux of
permeate as well as high rejection. The removal of detergent was 99% and that of dis-
solved salt above 90% in single-pass treatment. On the other hand, TOC removal was
nearly 80%. The removal efficiency for nitrogen compounds was also improved by
increasing the shear rate near membrane surface. The product water in two passes could
meet the hygiene water requirements for human space missions, and the product water
in three passes could meet potable water regulations with overall recovery of 77%.
Downing et al. [59] reported that the increase in salt concentration that occurs with each
water use is the major limitation with wastewater reclamation and reuse scheme. Inte-
grated use of wastewater pond design, solids separation equipment, and membrane
technology removes salt in a more economical way. Effluent from an Advanced System
Waste Water Pond System (AIWPS) Facility was clarified in a Krofta Supracell dissolved air
flotation unit and a slow sand filter prior to final treatment in an expertise RO unit. The
ponds of the AIWPS Facility removed an average of 82% of soluble biochemical oxygen
demand (BOD) and 80% of soluble nitrogen. Following clarification, filtration, and RO
treatment, the pollutant removals were >99% for soluble BOD, >99% for soluble nitrogen,
and 98% for TDS. Based on membrane fouling rate data, the cleaning interval for the RO
membranes in a full-scale AIWPS-RO Facility would be over 100 days. This interval is at
par with that typically seen in full-scale reclamation facilities treating secondary activated
sludge effluent with MF prior to RO. Srinivasan et al. [60] reported the removal of BOD
and COD via a combination of anaerobic treatment and RO for recyclable water from the
effluent. The reactor was operated under different organic loading rates and hydraulic
residence times at a constant feed pH of 7.0. The COD, BOD, total alkalinity, pH, and total
volatile acids (TVA) were monitored in the samples drawn from different sampling ports
provided in the reactor. Separation performance was evaluated at varying feed pressure
(11-41 bar) and found to improve with increasing pressure. High rejection of dissolved
solids (approximately 98%), COD, BOD, and almost complete removal of color were
achieved with reasonable flux and water recovery.

4.7.2 Oils

Murray-Gulde et al. [61] reported that the hybrid RO-constructed wetland treatment
systems presented a viable alternative for treatment and reuse of waters from oil fields.
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The produced water was used for irrigation purposes. The pilot scale RO-constructed
wetland system effectively decreased conductivity by 95% and TDS by 94% in the
brackish produced water tested in this study. Specifically, the performance of the hybrid
treatment system was examined in terms of outflow water conductivity, TDSs, and
toxicity using Ceriodaphnia dubia and Pimephales promelas in a 7-day static/renewal
exposure tests. Yu et al. [62] used an integrated MF-RO for the removal of vegetable oil
industrial effluent. According to authors, in MF continuous process, the steady flux was
around 90 L/m?/h when the concentrated multiple reached 16, and the oil content in
permeate was less than 12 mg/L. In RO continuous process, antifouling membrane was
used to treat permeate from the ceramic membrane process in order to improve water
quality. RO process had a permeate flux of 24 L/m?/h and water recovery rate of 95%. The
permeate from the RO stage was free of oil, and its TOC and conductivity were less than
0.6 mg/L and 50 ps/cm, respectively. The results demonstrated that the two-stage
membrane process combining MF and RO was highly efficient in the treatment of oil-
containing wastewater.

Steinle-Darling et al. [63] proposed RO as effective treatment method for a wide
range of organics. N-nitrosodiethylamine (NDEA), N-nitrosomethylethylamine (NMEA),
N-nitrosodipropylamine (NDPA), N-nitrosodibutylamine (NDBA), N-nitrosopyrrolidine
(NPyr), N-nitrosopiperidine (NPip) were the organics studied. Generally, small, polar,
uncharged molecules such as N-nitrosodimethylamine (NDMA) were poorly rejected.
Tepus et al. [64] described nanofiltration (NF) and RO membranes along with the use of
two adsorption resins; one derived from styrenedivinylbenzene and another from poly-
styrene; as effective methods in removing pollutants such as nitrate and pesticides
(atrazine, deethylatrazine, and deisopropylatrazine) from actual groundwater in Slovenia.
The RO membrane displayed a high rejection of all compounds, while NF showed lower
compound rejection hence suitable for atrazine removal. Ben Amar et al. [65] reported
that the wastewater of dyeing factory can be recycled and reused by coupling the acti-
vated sludge treatment with either NF or RO. For the study of the NF/RO textile waste-
water treatment, experiments were conducted with spiral wound membranes in order to
be closest to the industrial configuration. After analyzing the removal efficiencies of
suspended solids and COD of the treatment plant, NF was conducted using an HL.2514TF
spiral wound membrane preceded by UF treatment. According to authors, the results
showed that NF allowed higher yield while respecting the Tunisian standard of water
reuse (COD < 90 mg/L). Above 9 bar, TDS rejection reached 60% and the hardness was
lower than the factory constraint (100 mg/L of CaCOs), allowing the reuse of the water in
the process. You and Teng [66] described the removal of azo and Reactive Black 5 dyes
from textile industrial effluent by wusing combined aerobic membrane bio-
reactor(AOMBR)/RO processes. The results showed that in the anaerobic sequencing
batch reactor RB5 dye was degraded to form aromatic amine intermediate metabolites,
which were further mineralized in the AOMBR. Five anaerobic high-dye-degrading
bacteria were isolated, which were identified to be the same species of Lactococcus lactis
by 16S ribosomal RNA sequencing. Kegel et al. [67] used RO and activated carbon
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filtration for the removal of organic micropollutants from river bank filtrate. Total
removal efficiency of 47 organic micropollutants was investigated. Very high removal
efficiencies for almost all organic micropollutants by the subsequent activated carbon,
fed with the permeate stream of the RO element, were observed except for the very small
and polar NDMA and 1,4-dioxane. RO and subsequent activated carbon filtration were
complementary and their combined application results in the removal of a large part of
these emerging organic micropollutants. Park and Hu [68] described the removal of
inorganic, organic, and bacterial contents. According to authors, RO membranes
improved water quality of drinking water in terms of organic matter (microbes). More
than 99% of bacterial cells in the tap water was retained by the RO membranes, leaving
<50 cells/mL in the permeate water.

4.7.3 Pharmaceuticals

Gabet-Giraud et al. [69] removed estrogenic hormones and beta blockers in rural and
urban wastewater treatment plant (WWTP) located in France by using ozonation, RO, and
activated carbon filtration. Biological treatments are efficient to remove estrogens from
the dissolved phase, with removal rate of around 90%. For beta blockers, acebutolol and
nadolol are efficiently removed (mean removal rate of 80%), whereas sotalol and
propranolol are hardly impacted by biological treatments. Theepharaksapan et al. [70]
removed Dibutyl phthalate (DBP), di-(2-ethylhexyl) phthalate (DEHP), and biphenyl up
to 100%, 99.6%, and 98.0% by chemical coagulation, sand filtration, MF and RO. Boleda
etal. [71] reported that removal of drugs and pharmaceuticals at drinking water treatment
plant (DWTP). DWTP has a common treatment consisting of dioxychlorination, coagu-
lation/flocculation, and sand filtration and then water is split in two parallel treatment
lines: conventional (ozonation and carbon filtration) and advanced (UF and RO) to be
further blended, chlorinated, and distributed. Full removals were reached for most of the
compounds. Iopromide (up to 17.2 ng/L), nicotine (13.7 ng/L), benzoylecgonine (1.9 ng/
L), cotinine (3.6 ng/L), acetaminophen (15.6 ng/L), erythromycin (2.0 ng/L), and caffeine
(6.0 ng/L) with elimination efficiencies >94% were the sole compounds found in the
treated water. The advanced treatment process showed a slightly better efficiency than
the conventional treatment to eliminate pharmaceuticals and drugs of abuse. Sui et al.
[72] removed 13 pharmaceuticals, antibiotic, antilipidemic, anti-inflammatory, antihy-
pertensive, anticonvulsant, stimulant, insect repellent, and antipsychotic in four WWTPs
of Beijing, China. These pollutants were eliminated by sand filtration, but the ozonation
and MF/RO processes employed in two WWTPs were very effective to remove them,
showing their main contributions to the removal of such micropollutants in wastewater
treatment. Most of the target compounds were detected, with the concentrations of 4.4—
6.6 pg/L and 2.2-320 ng/L in the influents and secondary effluents, respectively. Kimura
et al. [73] investigated the influence of organic macromolecules on removal of six phar-
maceuticals by NF/RO membranes (UTC-60 and LF10). A high-pressure-driven
membrane such as an NF membrane and a RO membrane were effective in controlling
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FIGURE 4-2 An experimental design of the pilot plant for the removal of pharmaceutical residues by NF and RO.

pharmaceuticals in wastewater treatment. Six pharmaceuticals were removed by NF/RO
membranes (UTC-60 and LF10). As per the authors, the characteristics of the organic
macromolecules contained in the wastewater effluents differed depending on the type of
treatment, implying that removal of pharmaceuticals by NF/RO membranes is influenced
by the type of pretreatment employed. An experimental design of the pilot plant for the
removal of pharmaceutical residues by NF and RO is given in Figure 4-2.

4.7.4 Inorganic Pollutants

Di Palma et al. [74] reported that the contamination of lead and copper from the soil can
be treated by soil flushing, membrane treatment, acidification, and metal precipitation.
The membrane treatment was done to concentrate the solutions extracted by using
EDTA, 75% of the water was reduced, and a permeate metal concentration which in
compliance with the Italian Environmental Regulation was obtained. Topp et al. [75]
described RO system for treating water from uranium mine mill. The authors reported
good water quality suitable for release to the environment. The unique features of the
proposed process were recycling of the lime/CO; softening sludge to the uranium mill as
a neutralant, use of power station off-gas for carbonation, application of residual
ammonia as pH buffer in carbonation, and recovery and recycling of ammonia from the
RO reject stream. Walker et al. [76] reported the application of RO system for removal of
arsenic from groundwater of Lahontan Valley in rural Nevada, United States. The results
indicated that RO systems removed arsenic up to 80.2% from well water. Chang et al. [77]
described the use of secondary effluents reclaimed water in agriculture depends on its
salinity and sodium adsorption ratio (SAR). Membrane technologies, especially NF and
RO, have played a key role reclaiming the secondary effluent. RO removed monovalent
and divalent cations simultaneously. NF process rejected preferably divalent cations and
most monovalent ions. The primary objective of this study was to examine SAR values of
the reclaimed water after NF and RO processes. The measured SAR values of the
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secondary effluent, NF permeate, and RO permeate were 1.78, 4.67, and 0.72, respectively.
The SAR value after NF (4.67) increased more than twice that of the feed solution, whereas
the SAR of the RO permeates decreased to 0.72. Voorthuizen et al. [78] reported NF and
RO to recover the nutrients from anaerobically treated black water. A large number of
commercial tubular, capillary, and flat sheet NF and RO membranes was tested on
laboratory scale on their performance to meet the Dutch guidelines for ammonium and
phosphate. The ammonium and phosphate concentrations used were based on the
effluent composition of anaerobically treated black water. Ammonium and phosphate
rejection were both measured in synthetic single salt and multi-ion mixtures and in
anaerobic effluent. The rejection for ammonium (30-95%) was neither sufficient for
discharge nor potable water use. The rejection of phosphate (74-99%) is in most cases
almost sufficient to meet the standards for potable water.

4.7.5 Biological Pollutants

Ganzi and Parise [79] reported that RO was found to be effective for the removal of trace
ionic contaminants. Furthermore, they reported that RO systems can be used for water
with low levels of bacteria and pyrogens. Lopez-Ramirez et al. [80] reported physical-
chemical pretreatment for the RO unit for reclaiming secondary effluents. Fouling and
biofouling of the cellulose-acetate RO membranes were prevented using tertiary treat-
ments units. The optimization of pretreatment involved application of various concen-
trations of lime to raise the pH to 10.3-12.1 and to stabilize the sludge generated as well as
different dosages of ferric chloride (15, 20, and 25 mg/L) for the coagulation and solid-
liquid separation. Sodium hypochlorite (8 mg/L) and UV disinfection are used for
microbiological control. The water quality obtained, under the optimum conditions
(pH =10.5, FeCl3=25mg/L, anionic flocculant=0.5 mg/L, sodium hypochlor-
ite =8 mg/L), was high, showing an average conductivity of 66 uS/cm and low COD
values of 4 mg O,/L. The product water was suitable for injection into a groundwater
aquifer to counteract seawater intrusion. Xu et al. [81] reported that for drinking water
treatment and wastewater reclamation, RO, NF, and ultra low pressure RO membranes
were best methods for removing organics micropollutants. Comerton et al. [82] assessed
the potential reuse applications of municipal wastewater via a MBR-RO. The authors
reported the removal of waterborne pathogens and nitrate by RO. By using MBR-RO
system, Jones et al. [83] reported the removal of endocrine disrupting compounds and
related micropollutants from wastewater. A combination of granular activated carbon,
ozone treatment, membrane filtration, and RO are the advance treatment techniques
proposed in the United Kingdom. But high cost, increased energy consumption and CO»
emission are its associated drawback.

4.7.6 Direct Applications

Qin et al. [84] described dual membrane UF/RO processes for treating a combined liquor
of spent alkaline, acidic, and nickel-plating rinses, which resulted in a treated water of



128 ENVIRONMENTAL WATER

a quality suitable for reuse as substitute for town water for the purpose of rinsing. UF
pretreatment combined with an RO membrane unit has been selected as the treatment
system by the authors. The pilot plant had successfully operated for 6 months, consis-
tently produced high-quality water (<95 uS/cm) at an overall water recovery of 67.5%.
The quality of reclaimed water was better than town water used at the factory. Thérneby
[85] reported that RO is one of the promising methods for leachate treatment as it reduces
the pollutant discharge. RO technology was tested at a pilot plant at Hedeskoga landfill in
southern Sweden. This landfill receives municipal solid waste and industrial, commercial,
and institutional waste and produces about 3000 m*/ha of leachate annually. Hasar et al.
[86] reported that RO was an advanced treatment method for the leachate with high
organic and ammonium concentration. The RO was applied to the collected aerobic/
anoxic MBR. RO provided high-quality effluent by reducing the effluent COD from MBR
to less than 4.0 mg/L at solid retention time (SRT) of 30 days. Bartels et al. [87] reported
improved process design and membrane for the treatment of municipal and industrial
wastewaters. Factors that played key roles in the use of RO membranes included ultra or
MF pretreatment, low fouling membranes, flux rate, and recovery and control of fouling
and scaling. In particular, high flux rates were used when UF or MF pretreatment is used.
Chu et al. [88] described the treatment of wastewaters of several WWTPs of industrial
parks in Taiwan. The treatment process included a sand filter, an UF unit, and a RO
module. The results of this study demonstrated that the production quantity and quality
were stable and appropriate for various purposes, including both industrial and domestic
applications. Diltz et al. [89] described single cartridge prototype RO system for post-
treatment of an anaerobic fermentation broth (ethanol, butanol, acetic acid, oxalic acid,
lactic acid, and butyric acid). As per authors, the results were encouraging and useful for
further studies on the feasibility of incorporating RO technology into an integrated and
field deployable wastewater management and water recovery system. Correlations of the
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rejection and recovery efficiencies for these organic species, individually and in simulated
mixtures, were obtained as a function of feed pressure with and without recirculation of
the retentate. The actual fermentation broth obtained from a continuous-flow bio-
hydrogen process was treated by the RO system under the operating conditions similar to
those used in the baseline tests, resulting in greater than 95% removal of TOC. Ord6nez
et al. [90] reported a pilot scale anaerobic and aerobic treatment followed by UF and RO
for treating paper mill wastewater. According to authors, the quality of treated water was
quite good that might be replaced fresh water in some applications. A schematic diagram
of advanced leachate treatment system is shown in Figure 4-3.

Conclusions

RO has been used as a technique of choice for the separation, concentration, and desa-
lination of organic and inorganic species as the ionic species rejection was found to be
highly effective (up to 99%). The system has also been recognized as most effective and
efficient. Based on favorable attractive operating characteristics, the technique enjoys
wide acceptance in the preparation of potable and ultra pure waters from saline, surface,
and groundwaters but have certain limitations for the purification of wastewaters. The
pretreatment of (filtration by microfilters, coagulations, etc.) wastewater is a costly, time-
consuming, and difficult affair, which make RO as a costly process. The feed water for RO
should be free from turbidity, oil, grease, etc. Besides, semipermeable membranes work
under some specific range of pH. The fouling of membranes reduces the life of the
membranes and consequently results in decline in RO permeate flux. Because of these
limitations, RO could not find vast application in wastewater purification.
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5.1 Introduction

Among various water treatment technologies, filtration is considered as a good alternative
for secondary and tertiary treatment [1]. About 500 commercial membrane bioreactors
(MBRs) are in use globally [2]. The main membrane technology works without the
addition of chemicals, with a relatively low-energy involvement. These are suitable for
treating ground water, surface water and waste water. The membrane separation process
is based on the presence of semipermeable membranes. The membrane acts as specific
filter that will let water flow through, while it withholds suspended solids and other
substances. The substances are forced to pass through the membrane by high pressure,
the concentration gradient and electric potential are maintained on both sides of the
membrane. Membranes are holed up in selective separation wall and some substances
can pass through the membrane, while others are retained. The membrane filtration can
be used as alternatives for flocculation, sediment purification techniques, adsorption
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(sand filters and active carbon filters, ion exchangers), extraction, and distillation. The
selectivity and productivity (membrane dependent) determined the efficiency of
a membrane filtration process. Selectivity is expressed as a parameter called retention or
separation factor while productivity is expressed as a parameter called flux [3,4].

Although granular media filters can be used for treating a variety of wastewaters, but its
incapability of removing 100% pollutants has developed membrane filtration method. This
technology is being used for water treatment for last few decades but advanced development
has emerged during last 10 years. Membrane filtration includes reverse osmosis (RO),
nanofiltration (NF), microfiltration (MF), membrane cartridge filtration (MCF), and ultra-
filtration (UF). RO has not been included in this chapter as it has received wide applications
and readers can read the specific chapter devoted on this technique. The membrane tech-
nology has been described herein in detail. Basically, membrane filtration is defined as
a pressure- or vacuum-driven separation process in which particulate matter larger than
1.0 um is rejected by membranes. The membranes are manufactured as flat sheets or as
hollow fibers and configured into membrane modules. The most common types are hollow
fiber, spiral wound, and cartridges. The size of membranes is adjusted in such a way so that
they can remove viruses, bacteria, and other microbes. Membrane filtration is of micro-,
ultra- and nano-types. The use of membrane type depends on applications. For the removal
of larger particles, MF and UF are applied, while NF is used for removal of salts. The pressure
required for NF is higher than for MF and UF. The main features of membrane technology
are its working capabilities at low temperatures and low energy [5-7].

5.2 Features of Membranes

These are characterized by their ability to remove suspended or colloidal particles by
a sieving mechanism based on the size of the membrane pores. All the membrane pore sizes
are distributed as per membrane material and manufacturing process. MF and UF
membranes have pore sizes ranging from 0.1-0.2 to 0.01-0.05 um, respectively. NF
membranes are often used in the removal of dissolved contaminants, as in the case of
softening or desalination. NF utilizes semipermeable membranes and does not have
definable pores (0.001 pm). NF achieves removal of dissolved contaminants through the
process of RO. The principles of MCF are similar to MF/UF in that MCF removes particles by
a sieving mechanism. MCF has not traditionally been considered a membrane treatment
process, a cartridge filtration device that utilizes membrane filtration media removing
particles of 1.0 um or larger. Besides, many cartridge filters have pore sizes that are larger
than 1.0 um [8,9]. The characteristic features of different membranes are given in Table 5-1
[10]. On the other hands, Table 5-2 [11] depicts the properties of some membranes.

5.3 Types of Membranes

Tubular membranes have diameter of about 5-15 and are located on the inside of a tube
made of different materials. Basically, these materials are supporting media for the
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Table 5-1 The Membrane Features for Water Treatment

Membrane Materials Pore Size Configurations Refs.
Polyethylene 0.1 um Hollow fiber (dead end) [67]
Polysulfone 10 kDa Plate and frame (cross-flow) [68]
Polysulfone 10 kDa Flat sheet (cross-flow) [68]
Polypropylene 0.2 um Hollow fiber (dead end) [69]
Polysulfone 40 kDa Capillary (cross-flow) [70]
Polypiperazine 290 Da Flat sheet (cross-flow) [71]
Polypropylene 0.2 um Hollow fiber (dead end) [72]
Polyamide TFC 8 kDa Flat sheet (cross-flow) [73]
Polypiperazine 360 g/mol Flat sheet (spiral wound) [74]
Polyethylene 0.1 um Hollow fiber (submerged) [75]
Polypropylene 0.2 um Flat sheet (dead end) [76]
Polysulfone 0.01T um Hollow fiber (cross-flow) [77]
Composite (PA + PS) 0.65nm Flat sheet (cross-flow) [78]
PAN 50 kDa Hollow fiber (cross-flow) [79]
Polysulfone 100 kDa Hollow fiber (cross-flow) [80]
PES 2000 g/mol Flat sheet (spiral wound) [74]
Metal 0.2 um Plate and frame (submerged) [81]
PAN 110 kDa Flat sheet (cross-flow) [82]
Regenerated cellulose 3 kDa Flat sheet (cross-flow) [73]
PVDF 0.22 um Flat sheet (dead end) [83]
Sulfonated PES 20 kDa Flat sheet (cross-flow) [84]
PES 0.16 um Flat sheet (dead end) [85]
Acrylic 50 kDa Hollow fiber (cross-flow) [86]
PVDF 0.22 pm Flat sheet (dead end) [87]
Cellulose ester 0.22 um Flat sheet (dead end) [87]
PES 100 kDa Flat sheet (dead end) [87]
Cellulosic 100 kDa Hollow fiber (cross-flow) [86]
Regenerated cellulose 100 kDa Flat sheet (dead end) [88]
Sulfonated PES 0.7 nm Flat sheet (cross-flow) [88,89]

membranes. The flow in a tubular membrane is usually inside out due to inner location of
tubular system. It is due to weak attachment of the membrane to the supporting media.
The plugging of tubular membranes is rare owing to the size of the membrane surface.
The drawback of tubular membranes includes low packing density. The diameter of
capillary membranes ranged from 0.5 to 5 mm, which is much smaller than that of

Table 5-2 Properties of Cross-flow Methods

Methods Molecular Weight Pore Size (nm) Pressure (bar) Permeation

MF >500 kDa 50-5000 0.5-2 As above plus colloids

UF 2-500 kDa 5-50 0.5-10 As above plus macromolecules
NF 500-2000 Da 0.6-5 10-40 Water, low molecular solutes
RO <500 <0.6 30-70 Water
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FIGURE 5-1 The different shapes and structures of some membranes: (a) tubular, (b) capillary, and (c) hollow-fiber
membranes.

tubular membranes. These membranes work as a selective barrier, which is sufficiently
strong to resist filtration pressures. The flow through capillary membranes can be both
inside out and outside in. There are many chances of plugging due to smaller diameters.
Hollow-fiber membranes are membranes have diameter of about 0.1 um and, hence, the
chances of plugging are very high. These are useful for treating water of low suspended
solids. The packing density of a hollow-fiber membrane is very high. Spiral membranes
are only used for nano and two layers of membrane are placed onto a permeate collector
fabric. These are wrapped around a centrally placed permeate drain. It leads the packing
density high and feed channel is placed at height, to prevent plugging of the membrane
unit. Pillow-shaped membranes have flat plates in the form of pillow consisting sup-
porting plates. The multiple pillows are placed with a fixed distance depending on the
type of water being treated [12,13]. Figure 5-1 indicates the shapes and structures of some
membranes. Besides, the process schematic of the two-stage UF plant and NF is also
shown in Figures 5-2 and 5-3 [14]. On the other hands, Figure 5-4 shows the filtration
process with the application of capillary membranes. Figure 5-5 is [15] an overview of the
relevant dimensions in membrane filtration. The pores of filtration membranes range
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FIGURE 5-2 The process schematic of the two-stage UF plant.

from about 0.5 to more than 1000 nm. The operating strategies in foam ball cleaning
system are shown in Figure 5-6 [15].

5.4 Membrane Filtration, Fouling, and Cleaning

The filtration properties of a membrane depend on the pore size and formation of a cake
layer during operation. Membrane filtration systems can be optimized by dead end flow
and cross-flow to achieve the highest production for a long time. The selection of
membrane depends on costs, risks of plugging of the membranes, packing density, and
cleaning opportunities. Membranes are designed in several modules such as tubular,
plate, and frame membrane systems. Tubular membrane systems are of tubular, capil-
lary, and hollow-fiber types, while plate and frame are divided into spiral- and pillow-
shaped structures. Membrane fouling is a normal phenomenon during water treatment
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even with a sufficient pretreatment [16-21]. These depend on feed water quality,
membrane type, membrane materials, process design, and control. Basically, main
fouling are particles, biofouling, and scaling and cause high workload. There are different
cleaning methods such as flushing, backward flushing, air flushing, chemical cleaning,
and any combination are the effective methods for cleaning membranes. In forward,
flush membranes are flushed with feed water or permeate forward. The particles that are
absorbed to the membrane are released and discharged because of the more rapid flow
and the resulting turbulence. But, sometimes, these particles can only be removed by
backward flushing. In backward, flush permeate is flushed through feed waterside of
under pressure, applying twice the flux used during filtration. In case of no fully restore,
a chemical cleaning process is applied. The chemical cleaning involves the soaking of
membrane with a solution of chlorine bleach, hydrochloric acid, or hydrogen peroxide. It
has also been observed that after this, a forward or backward flush is useful for complete
cleaning. In air flushing, it is injected in the supplier pipe to create more turbulent [22,23].
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5.5 Membrane Management

The management of membrane is very important aspect in water treatment for fast and
economic method. This job can be achieved via dead end filtration and cross-flow
filtration. In dead end filtration, water is pressed through the membrane and stayed on
the membrane. It is controlled by pore size of the membrane and feed water pressure
decreasing in flux. The pressure that is needed to press water through a membrane is
called transmembrane pressure (TMP), pressure gradient of the membrane. In cross-flow
filtration, feed water is recycled with water flow parallel to the membrane. Only a small
part of the feeds, water is used for permeate production while the major part leaves the
module resulting into high-energy cost. Generally, water speed of the feed water is high
for controlling the thickness of the cake. This enables the suspended solids to be carried
away in the water flow. Basically, this method is useful for NF, UF, and MF, depending on
the pore size of the membrane [24,25].

5.6 Membrane Materials

Generally, the membranes are manufactured by synthetic polymer but other materials
such as ceramic and metals are also used. But former materials are preferred due to
inexpensiveness nature. Most commonly used materials are polyvinylidene fluoride
(PVDEF), polyacrylonitrile (PAN), cellulose acetate (CA), polypropylene (PP), poly-
ethersulfone (PES), polysulfone (PS), or other polymers. These have different properties
such as degree of hydrophobicity, surface charge, tolerance, pH and oxidant strength, and
flexibility. The nature of materials determines the properties of membranes, i.e. hydro-
philic and hydrophobic. The membranes of polymers reacting with oxidants cannot be
used with chlorinated water. Besides, material properties affect the exclusion properties of
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a membrane, especially charged species. The materials of good strength can bear high
pressure and allowing good operational flexibility. Cellulose membranes (commonly used
in NF) are susceptible to biodegradation at 4-8 pH. The best chlorinated dose for this sort of
membrane is 0.5 mg/L. In spite of low limited tolerance, polyamide (PA) membranes can
be used under a wide range of pH ranges with compatibility to work with weaker oxidants
such as chloramines. These require low pressure and useful tool for NF [26,27].

5.7 Principles of Membrane Filtration System Design
and Operation

The knowledge of the basic principles of membrane filtration system design and oper-
ation is important for applying the technology to water treatment. In spite of utilizing
pressure (or vacuum) as a driving force, all MF, UF, NF, and MCF have differences in the
models. Important concepts are flux, recovery, and flow balance. The membrane filtra-
tion system is characterized by the system flux and defined as the filtrate flow per unit of
membrane filtration area. The following equation can be used for the purpose:

J = Qp/Am (5.1)

where J = flux (gfd), Q, = filtrate flow (gpd), and Ay, = membrane surface area (ft?).
The recovery of a membrane unit is defined as the amount of feed flow and converted
to filtrate flow. It is expressed as a decimal percent and given in the following equation:

R = Qy/Q (5.2)

where R=recovery of the membrane unit (chemical percentage), Q, = filtrate flow
produced by the membrane unit (gpd), and Qf= feed flow to the membrane unit (gpd).

A general flow balance that can be applied to all membrane filtration systems is shown
in the following equation:

Qr = Qc+ Qp (5.3)

where Qf=feed flow to the membrane unit (gpd), Qc= concentrate flow from the
membrane unit (gpd), and Q) = filtrate flow from the membrane unit (gpd).

The concentrate (bleed or reject) flow Q. is zero for systems operating without
a concentrate waste or bleed stream [systems operated in deposition (dead end)] mode or
cross-flow systems in which 100% of the concentrate is recirculated. For designing
membrane filtration system, it is desirable to account the additional filtered water used
for both backwashing and chemical cleaning in the determination of the filtrate flow Q.
Similarly, an estimate of the total required feed flow Qf to the system should be incor-
porated any raw water that might be used in these routine maintenance processes [28,29].

5.8 Applications

The membranes are used for the removal of various pollutants from water. But the
specific use depends on the other quality of water and the amount treated. Some specific



Chapter 5 « Water Treatment by Membrane Filtration Techniques 143

Table 5-3 The Applications of Membranes

Membrane Type Applications

UF Removes viruses and large macromolecules recovery in water recycling.

MF Removes turbidity and microorganisms.

NF Removes color, large ions, and higher flux than RO for surface water treatment.

MBR Treat difficult waste possibly with specific organism for special waste.

Hybrid UV-ozone—precoagulation or combined membrane systems becoming much effective than
a single membrane.

RO Potable use and industrial reuse removal of small ions.

applications of different membrane technologies are summarized in Table 5-3 [10]. Some
examples of their applications are discussed in the following subsections.

5.8.1 Organic Pollutants

As discussed earlier, organic pollutants are very dangerous and require special applica-
tions of membranes. Marcucci et al. [30] applied MF or UF membrane processes for the
removal of dyes from textile wastewater. The spiral wound membranes, operating under
pressure, to flat membranes, operating under vacuum, were compared. The results and
a preliminary economic analysis indicated the possibility of the membrane technologies
to an industrial scale for textile wastewater. The authors used the developed application
at pilot level. Cheng et al. [31] applied charged NF membrane technology for direct
treatment of textile wastewater for removal of cations, dyes, and heavy metals. The
optimal process conditions for the removal of small cations using this membrane is in the
region pH <8.0 and concentration less than 15 mol M. The authors tested their method
first in laboratory by removing methylene blue from a synthetic dye house wastewater.
The PA6DT-C membrane was successful in removal of methylene blue dye from synthetic
dye house wastewaters achieving 98% rejection and a membrane flux of =17 LMH/bar.
The membrane flux for membrane was superior to the commercial membranes with an
approximate increase of threefold to fourfold. Cassano et al. [32] removed phenols from
olive mill wastewaters during olive oil production by using UF membranes. The UF
membranes were characterized by different molecular weight cutoff (4, 5, and 10 kDa)
and polymeric material (regenerated cellulose and PES) and used for the purpose. The
authors evaluated permeate fluxes, fouling index, and retention coefficients toward
phenolic compounds, total antioxidant activity (TOC) and total organic carbon (TOC).
Ollis [33] reported the removal of organic contaminants by hybrid process. The
chemical oxidation photocatalysis process with MF and UF is considered to be the best
approach. Wintgens et al. [34] reported the removal of estrogenic pollutants from landfill
leachate. The authors used MBRs and NF as the suitable techniques. Besides, xen-
oestrogenic substances such as nonylphenol and bisphenol have been removed from
landfill leachate. Kim et al. [35] used NF90 for removing pharmaceutically active
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compounds (PhACs) from water. The pollutants removed were pesticides, solvents, and
endocrine disrupting compounds. According to authors, the transport of these solutes
through these membranes was facilitated by solute membrane interactions. The solute-
membrane interactions were estimated by diffusion coefficients through membranes
pores. Beier et al. [36] used pretreatment MBR and advanced treatment high-pressure
membrane system technologies for the removal of bezafibrate, bisoprolol, carbamaze-
pine, clarithromycin, ciprofloxacin, diclofenac, ibuprofen, metronidazole, moxifloxacin,
telmisartan, and tramadol from hospital wastewater in Germany. The results of this study
confirmed that MBR technology followed by an advanced treatment for trace pollutant
removal was an adequate approach for specific treatment of hot spot wastewater such as
hospital wastewater. The schematic diagram of the large scale MBR at the hospital
Waldbrol is shown in Figure 5-7. Furthermore, the same authors [37] used MBRs as an
attractive option for the treatment of hospital wastewater and elimination of pharma-
ceuticals in high-density urban areas. As per the authors, the segregation of these
wastewaters and their separate treatment at the source could be reduced the entry of
drugs in waterways and enabled water reuse after adequate polishing treatment
processes. Bruchet and Lainé [38] reported that membrane processes have potential to
remove of taste-and-odor-causing compounds. Several membranes were tested
including UF, UF combined with powdered activated carbon (PAC), NF, and low-
pressure RO (LP RO) membranes. The results of this study indicate that the combination
of UF with PAC is effective for T&O control, whereas the benefit of NF and LP RO remains
unclear for T&O control. Nataraj et al. [39] used NF to remove the color and contaminants
of the distillery spent wash. According to authors, the pollutant level in permeates was
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FIGURE 5-7 The schematic diagram of the large-scale MBR at the hospital Waldbrol.
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below the maximum contaminant level as per the guidelines of the World Health Orga-
nization. Szép and Kohlheb [40] used pretreatments, membrane filtration, and post-
treatment methods for treating wastewater of oil and gas production units. This
combination decreased conductivity by 98%, chemical oxygen demand (COD) by 100%,
and the SAR by 2.15 mgeqv (0.5) in the produced water. According to the authors, the cost
of produced water was less expensive than to dispose of it by injection and this treated
water might be of great value in water-poor regions. The authors concluded the mobile
station as provided a viable and cost-effective result beneficial for use of produced water.

Fakhru’l-Razi et al. [41] reported the performance of a membrane sequencing batch
reactor (MSBR) for treating water oil and gas-field wastewater. The MSBR was operated in
different hydraulic residence time (HRT) of 8, 20, and 44 h. The results showed that for
a HRT of 20 h, the combined process effluent COD, TOC, and oil and grease (O&G)
removal efficiencies were 90.9%, 92%, and 91.5%, respectively. According to the authors,
foulant biopsy demonstrated that the fouling on the membrane surface was mainly due to
inorganic (salts), organic (hydrocarbons), and biological (microorganisms) contami-
nants. Salahi et al. [42] reported the purification of oily wastewater by UF process.
Laboratory-scale UF using polysulfone (PS) and polyacrylonitrile (PAN) membranes were
employed with typical oily wastewater collected from API unit of Tehran refinery. The
PAN membrane showed higher rejection, more permeation flux, and less fouling resis-
tance than the PS membrane. Both membranes produced permeate with O&G contents
generally less than 5 ppm. Rejection of COD and biological oxygen demand (BOD5) were
found to be 65% for UF treatment. For further treatment of the UF permeates, Giirel and
Biiyiikglingor [43] used MBR for removal of organic substances and nutrients from
slaughterhouse plant wastewater. The COD, total nitrogen (TN), and total phosphorus
(TP) concentrations of slaughterhouse wastewater were found to be 571 mgO,/L,
102.5 mg/L, and 16.25 mg PO*~ P/L, respectively. The removal efficiencies for COD, TOC,
TP, and TN were found to be 97%, 96%, 65%, and 44%, respectively. The COD value of
wastewater was decreased to 16 mg/L TOC to 9 mg/L. Ammonium and nitrate nitrogen
concentrations of treated effluent were 0.100 mg NH** N/L and 80.521 mgNO*~ N/L,
respectively. As per the authors, the slaughterhouse wastewater was successfully treated
with the MBR process. Chen et al. [44] used a facile in situ approach for constructing
tunable amphiphilic or hydrophilic antifouling membranes and used for treating oily
water. The membrane with amphiphilic surface showed about 99.5% retention ratio of
COD without appreciable membrane fouling. The water permeation flux slightly
decreased during operation (total flux decline was 6.8%) and almost completely recov-
ered to the initial value (flux recovery ratio was more than 99.0%) after simple hydraulic
washing. For the proteins containing wastewater, the membrane with hydrophilic surface
resulted into 52.6% COD retention ratio and superior antifouling performance. Besides,
mere 17.0% total flux declined with more than 99.0% flux recovery ratio. The authors
hoped that this approach could be developed as a competitive platform technology for
the preparation of robust and versatile antifouling membrane, resulting to high process
efficiency of wastewater treatments.
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Kliipfel et al. [45] used three NF membranes with a chlorine tolerance > or = 1 mg/L to
reduce disinfection by-product and their precursors in swimming pool water. The
authors installed a lab-scale plant with cross-flow modules at swimming pool for a period
of several weeks. The chlorine tolerances of the membranes SB90 and NP030 were found
to be enough for filtration under swimming pool water conditions. The retention of
dissolved organic carbon (DOC) and adsorbable organic halogens (AOXs) was about 70%
and 80% for SB90 and 50% and 40% for NP030, respectively. The results of DOC mass
balances for different UF-NF treatment processes showed that pool water quality
improved as compared to the conventional treatment system. Linlin et al. [46] reported
the removal of dissolved organic matter in municipal effluent by combination of ozon-
ation, slow sand filtration, and NF methods. The main pollutants removed were humic
acid and fulvic acid type compounds. DOC and trihalomethane formation potential
(THMFP) could be reduced from 6.5+ 1.1 to 0.7+ 0.3 mg/L and from 267 +24 to
52 + 6 pg/L, respectively. The very low DOC concentration of 0.6 + 0.2 mg/L and THMFP
of 44 + 4 ng/L could be reached after the aquifer treatment.

Grilli et al. [47] evaluated the treatability of textile wastewaters in a bench-scale
experimental system, comprising an anaerobic biofilter, an anoxic reactor, and an aerobic
MBR. The system was effective in the treatment of the textile wastewater by removing
COD about 90-95% and color 70%. Beside, the addition of NF membrane allowed further
improvement in COD (50-80%), color (70-90%), and salt removal (60-70% as conduc-
tivity). Briefly, in NF treatment allowed almost complete removal of the residual color and
a reduction of the conductivity. Benito-Alcazar et al. [48] described the treatment of
petrochemical wastewater by NF. Although several methods were used for the pretreat-
ment of the petrochemical secondary effluents but UF permeate obtained was suitable
for NF and granulated activated carbon filtration coupled with NF provided a better
effluent quality of water. Joss et al. [49] reported that high water quality with a water yield
of 90% can be achieved by combining a MBR with a submerged UF membrane. The
treatment process involves conditioning of MBR effluent prior to the RO and then
recycling the RO concentrate.

5.8.2 Inorganic Pollutants

Inorganic pollutants are also notorious and membranes may be used for their removal in
water. Katsou et al. [50] used UF or MF membranes for removing lead metal ion from
industrial wastewater. The optimized parameters were solution pH, membrane pore size,
mineral type, and concentration and mineral-metal contact time. UF system removed
high percentage of lead. The combined application of UF/MF membranes effectively
removed lead from wastewater resulting in a final effluent. Katsou et al. [51] described the
removal of heavy metals from wastewater by using MBR. The average removal efficiencies
by the MBR system were 80% for Cu(Il), 98% for Pb(II), 50% for Ni(II), and 77% for Zn(II),
respectively. Furthermore, the addition of 5 g/L vermiculite into the biological reactor
enhanced metal removal to 88% for copper, 85% for zinc, and 60% for nickel, while it
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reduced biomass inhibition and increased biomass growth. It was also observed that
metal ions remaining in soluble form penetrated into the permeate, while those attached
to sludge flocs retained by the UF membranes. Furthermore, the average heterotrophic
biomass inhibition was 50%, which reduced to 29% at low metal concentrations in the
presence of vermiculite. The respective autotrophic biomass inhibition was 70% and 36%.
The presence of heavy metals and vermiculite in the mixed liquor adversely impacted on
membrane fouling. Furthermore, the same group [52] described the removal of Pb(Il),
Cu(l), Zn(I), and Ni(Ill) from industrial wastewater by using sorbent-assisted UF. At
pH 6.0, the metal removal sequence by UF system was Pb(II) > Cu(Il) > Zn(II) > Ni(Il) in
milligrams per gram with significant amount of lead and copper being removed due to
chemical precipitation and formation of precipitates/complexes with wastewater
compounds. While at this pH, zinc and nickel adsorption onto minerals was significant,
particularly when bentonite and vermiculite were employed as adsorbents. According to
the authors, metal adsorption onto zeolite and bentonite followed the sequence Zn(II) >
Ni(II) > Cu(Il) > Pb(II), while for vermiculite, the sequence was Ni(II) > Zn(II) > Cu(Il) >
Pb(ID) in milligrams per gram. Low amount of Pb(II) and Cu(II) adsorbed by minerals was
attributed to low available lead and copper concentrations. Contrarily, at 9.0 pH, the
adoption of UF could effectively reduce heavy metals to very low levels. The similar
results were observed at pH 8.0, provided that minerals were added.

Ritchie and Bhattacharyya [53] used MF for removal of sulfate and nitrate. Further-
more, the authors reported MF membrane-based sorbents containing multiple polymeric
functional groups effective for the removal of nontoxic metals, such as calcium and
magnesium. They claimed these membranes useful with the attachment of various
polyamino acids (MW: 2500-10,000), such as polyaspartic acid (cation sorption), poly-
arginine (oxyanion sorption), and polycysteine (chelation exchange), directly on the
membrane pore surfaces. Kurama et al. [54] used NF for the removal of ammonia, nitrite,
and calcium. The authors proposed their method for pilot plant application. Koyuncu
and Yazgan [55] reported that NF membranes were the best for the treatment of salty and
polluted Kucukcekmece Lake. The treated water was used for drinking purpose at
Istanbul City. A thin film composite type of spiral wound membrane was used. Myung
et al. [56] reported dyeing wastewater pretreatment by using coagulation, activated
sludge process, and MF process which was then treated by using NF. It is demonstrated
that the extent of fouling was significantly influenced by the surface roughness and the
surface charge on the NF membranes. A membrane with a smooth and neutral surface
was fouled less. The pretreatment was essential for avoiding NF membranes fouling. The
quality of the final permeate was acceptable for water reuse. Leo et al. [57] removed
phosphorus from wastewater by using NF membranes. The commercial membranes
(DK5, MPF34, NF90, NF270, NF200) were used at pulp and paper plant. As per the
authors, NF90 membranes offered the highest rejection of phosphorus of more than 70%
for a feed containing 2.5 g/L of phosphorus at a pH <2. But the separation performance of
NF90 was slightly affected by phosphorus concentration and pressure, which might be
due to concentration polarization and fouling. According to the authors, the separation
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performance of NF90 was improved in removing phosphorus by adjusting pH to 2 or
adding sulfuric acid.

5.8.3 Biological Pollutants

The membranes are used for good removal of microbes and other biological pollutants.
Rautenbach et al. [58] combined precipitation/UF processes and used for the removal of
bacteria and viruses. The authors developed a new UF module in close cooperation with
the Rochem company, Germany, for making the process economic. The plant is in use at
municipal wastewater treatment plant (WWTP) Berlin Ruhleben and supposed to be
effective system. Xiao-yan et al. [59] used a laboratory MBR having polyethylene hollow-
fiber membrane module with a pore size of 0.4 um and a total surface area of 0.2 m? for
treatment of raw water is slightly contaminated by domestic sewage. According to the
authors, the MBR worked for more than 500 days, with a hydraulic retention time (HRT)
being as short as 1h or less. The method removed turbidity from 4.50+1.11 to
0.08 £0.03 NTU, in total coliforms from 105/mL to less than 5/mL and in UV254
absorbance from 0.098 +0.019 to 0.036 + 0.007/cm. The initial chlorine demand for
disinfection decreased from 22.3+5.1 to 0.5+ 0.1 mg/L. The authors claimed their
method, i.e. the MBR with a short HRT as an effective biological water treatment process
to address the urgent need of many developing countries.

Ruel et al. [60] removed micropollutants at the microgram per liter range in order to
meet reuse applications and contribute to reach the good status of the water bodies
through seven advanced treatment lines (one MBR process and six tertiary treatment
lines). The MBR process allowed to upgrade the removal efficiencies of about 20% of the
substances measured. Simmons et al. [61] studied the removal of human entero virus (EV)
and noro virus genogroup II (NoV GGII) in a full-scale MBR WWTP. Furthermore, it was
compared with the removal of human adenovirus (HAdV). As per the authors, full-scale
MBR treatment was able to reduce the viral loads by approximately 5.1 and 3.9 log units
for EV and NoV GGII as compared to 5.5 log units for HAdV. This full-scale MBR system
outperformed the removal in previous pilot and bench-scale studies by 1-2 log units. To
the best of the author’s knowledge, it was the first study focusing on the removal of EV in
a full-scale MBR WWTP using real-time RT-PCR and on the solid-liquid distribution of EV
and NoV GII in secondary biological treatment.

5.8.4 Direct Applications

Thousands of membrane plants are being used worldwide by commercial companies. But
the following papers describe the direct applications of membrane units from the research
point of views. Laera et al. [62] described sequencing batch MBRs as good option in
upgrading small municipal plant and for industrial applications. The authors studied the
effects of volumetric exchange ratio and aeration/filtration strategy along with the
opportunity of further simplification of the membrane operation by choosing a continuous
filtration mode, instead of the usual short cycle of permeation/relaxation. Mondal et al.
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[63] used NF for treating wastewater of oil and gas units at Colorado, USA. As per the
authors, NF may be a viable process for water treatment. Senta et al. [64] developed MBRs
and NF combination for removing many pharmaceuticals from the municipal and
industrial wastewater. With further ozonation, various microbes were also removed. The
treatment system was found to be effective for the removal of sulfonamides (SAs), fluo-
roquinolones (FQs), macrolides (MACs), and trimethoprim (TMP). It was observed that the
removal of SA in MBR treatment was very efficient, while the elimination of MAC, FQ, and
TMP were incomplete.

Sperlich et al. [65] described the reduction of scaling due to phosphate in NF
membranes. The chemical precipitation by dosing of sodium hydroxide solution was
rapid and removed more than 90% of phosphate and calcium ions. By the removal of
calcium ions, chemical precipitation can significantly reduce the scaling potential of NF
concentrates, resulting into higher recoveries in NF process. Owen et al. [66] described
economic statutes of membrane water treatment. The results of extensive pilot plant
trials have been used to determine the cost of treatment using a range of UF and MF
membranes. The important factors controlling the cost were membrane cost, membrane
replacement frequency, and power. The importance of selecting the suitable membrane
and operating conditions for each application was demonstrated. A comparison has been
made between the costs of membrane systems and conventional treatment processes.

5.9 Future Perspectives

Membrane technology for water treatment is supposed to be the most promising as it
provides good quality of treated water. It is more attractive and popular when the unit is
a compact system. Nowadays, the advancement in technology overcomes some
membrane limitations such as lowlife, expensiveness, fouling, and permeate quality. Still
there are many technical challenges to optimize and make membrane technology more
competitive, in the market, large-scale industries and communities. There is a need for
further research on advanced membrane materials, which may be resistant to both
chemical and mechanical barriers. These may be helpful in prolonging the membrane life
span and induce long-term performance. Besides, the optimization of design, treatment
configuration, and operating parameters will also be effective and economic in water
treatment. The development of fundamental knowledge on understanding and minimi-
zation of membrane is also important and can be realized through accurate process
design and operating conditions. The proper selection of pretreatments, improvement of
cleaning strategies, and membrane systems with low-energy requirements may be
helpful to gain the confidence of the market.

Conclusions

Keeping all these facts into consideration, it is important to mention here that membrane
filtrations are important water treatment systems depending on the type of water
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pollutants and other qualities of water. Furthermore, there is a great need to develop
effective and efficient membranes for the treatment of wastewater at the commercial
scale. The membranes should be prepared with cost-effective material having good
permeate flux, should work in the entire pH range, pressure, and temperature, should be
resistant to fouling-clogging, should be resistant to chemical and biological attack, and
should be versatile in nature. The costly pretreatment of the wastewater should be
avoided by optimizing the various parameters such as pH, pressure, nature of membrane,
etc. Besides, some inexpensive methods for pretreatment of wastewaters may be devel-
oped based on the nature of membranes and the other operating parameters. In
a nutshell, there is a great need to develop more inexpensive, fast, and efficient
membrane systems for the treatment of leachates and wastewaters of different industries.
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6.1 Introduction

The development of new technologies to treat wastewater has become a principal issue
for a sustainable use of water resources as population of the world as well as the pollution
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increases rapidly. Strategies of water protection generally include development of new or
improved wastewater processes, which have no or minor effects on the nature, i.e. the
developed wastewater methods should be eco-friendly. In these situations, electro-
chemical processes used for treatment of wastewater play an important role. Electricity
was first used to treat wastewater in 1889 [1] but due to expensiveness and shortage of
electricity at that time it did not find wide application of these processes. In the current
world order with the ever-increasing water standards and strict regulation of wastewater
discharge and availability of electricity from hydrothermal to nuclear sources has
increased the demand for the electrochemical processes. Many researchers are
attempting to use electrochemical methods for the treatment of wastewater [2-5]. In the
current world scenario, there is a great demand for these electrochemical methods for the
treatment of wastewater as these methods provide energy efficiency, flexibility, amena-
bility to automation, compatibility, and cost-effectiveness. A number of review articles
are available regarding the application of electrochemical methods for environmental
pollutants [6-8]. Moreover, electrochemical methods have been successfully applied in
the purification of several industrial wastewaters [3,9-11] landfill leachate [12], and
domestic sewage [13]. Recently, electrochemical techniques are gaining significance for
the treatment of wastewater containing dyes [14,15], arsenic [16,17], chromium [18],
phenols [19], etc. Electrochemical methods have been used as chemical coagulation
processes to remove color and cloudiness from colored industrial wastewater. In this
regard, it has been observed that the electrochemical process generated numerous flocs,
which permitted to attain high efficiency in clearing wastewater [20]. The electrochemical
methods have attracted a great deal of interest because of their flexibility and environ-
mental compatibility, and which have made possible the treatments of liquids, gases, and
solids. In fact, the main reagent of all the electrochemical process is the electron, which is
considered as a clean reagent [6]. The electrochemical treatment of wastewater con-
taining dye has drawn a considerable amount of attention due to its versatility and
environmental compatibility through electron reactions [21].

The performance of any electrochemical process depends upon various parameters
that influence efficacy of that method. The important parameters [22] determining the
electrochemical performance will be as follows:

A. Electrode potential and current density: Controls the reaction/reaction rate at the
electrodes and thus controls the efficiency of the method.

B. Current distribution: Should be as homogeneous as determines the spatial distri-
bution of the consumption of reactants.

C. Mass transport: A high mass transport leads to uniform distribution of the pollutants
around the electrodes and thus helps in increasing the efficiency of the process.

D. Electrochemical cell: The design, dimension, and the distance between the elec-
trodes affect the efficiency of the electrochemical process.

E. Electrolysis medium: The type of electrolyte and its concentration, pH, and
temperature of the medium affect the efficiency of the process.
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F. Electrode materials: The choice of electrodes depends upon the type of pollutant;
generally, electrode should be cheap, stable in the electrolysis medium, and exhibit
high activity toward organic oxidation and low activity toward secondary reactions
(e.g. oxygen evolution).

There are three main electrochemical processes for the water/wastewater treatment
which are discussed below.

6.2 Electroflotation

EF is a simple process that floats pollutants to the surface of a water body by
the impact of bubbles of hydrogen and oxygen gases generated from water elec-
trolysis [23]. In other words, flotation of pollutants or any other substance to the
surface with the adhesion/adsorption on the gas molecules produced during the

electrolysis.
At anode:
2H,0 — Oy +4H" +4e” (6.1)
At cathode:
2H" +2¢e~ — H, (6.2)
Overall reaction:
2H,0 — 0O, +2H, (6.3)

Therefore, the reactions at the anode and cathode are oxygen evolution and hydrogen
evolution reactions, respectively. Moreover, Eqn (6.3) also dictates that the amount of
twofold hydrogen gas generation as compare to oxygen gas generation. The rate of gas
generation can be calculated by applying Faraday’s law:

v,

Q=TF

where Q is the gas (hydrogen or oxygen) generating rate (L/s) at the normal state; Vo
is the molar volume of gases at the normal state (22.4 L/mol), F the Faraday’s
constant (96,500 C/mol. electrons), n =number of the electrons transfer number of
hydrogen and oxygen (2 mol electrons per mole of Hy and 4 mol electrons per mole
of 02).

Thus, the overall generation of gases can be calculated:

Qg = Qu+ Qo
Qp — Vo  IVy
&8~ nyF l’loF

By inserting the values of V, ny, no, and Faraday’s constant F, we get

Qg = 1.74 x 1071
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FIGURE 6-1 Schematic diagram of electro-flocculation.

Where Qg is the total of all gases generation rate and I is the electrolysis current.
A schematic diagram of electro-flocculation is shown in Figure 6-1.

6.2.1 Wastewaters Treated by EF

It was first reported by Elmore in 1904 for EF of minerals from ores [24] and is still one of
its primary usages in minerals recovery [25-28]. Moreover, EF is very effective in water
and wastewater treatment for the separation of metal ions [29-38]. EF is found effective in
treating oil-wastewater, oil-water effluent [39-45], groundwater decontamination [46],
apple juice and food processing wastewater [47-49], sewage water and pit waters [50-52],
colloidal and suspended particles [53-55], laundry and textile wastewater [56-58],
wastewater of paper industry [59,60], and many other water and wastewaters like water
cooling lubricant [61], fats containing solutions [62], dairy wastewater [63], etc. Nowa-
days, EF method hyphenated with EC is used for the treatment of various wastewater like
defluoridation of drinking water [64—66], removal of chromium [38], dye [58], and laundry
wastewater[67] and industrial wastewater [68].

6.2.2 Factors Affecting Electroflotation

The performance of any electrochemical method system depends upon removal effi-
ciency of the contaminant and the power consumptions. The removal efficiency of an
EF system depends on the size of the gas bubbles formed during the experiment. While
the power consumption is directly dependant on the operating conditions such as
current density, water conductivity, etc. and more importantly the cell design and
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electrode materials. Important factors that influence the EF systems are summarized
below:

6.2.2.1 EF Cell Designs

The main parts of any EF unit consist of two electrodes and a power supply. The
configuration of the electrodes may be horizontal or vertical and are usually placed at the
bottom of the cell. The horizontal placement is the most popular choice. There are
generally two types of cell design, i.e. single or two stage.

6.2.2.2 Effect of pH

The gas bubbles size depends on the wastewater pH, current density, and the electrode
material. Two individual groups Brandon and Kelsall [69] and Glembotskii et al. [70]
reported that during EF the size of the oxygen bubble increases with an increase in the pH,
while the bubbles of hydrogen gas was smallest at neutral pH. Moreover, the size of
hydrogen gas molecules was bigger in size in acidic range than in the basic pH range. Both
anodic and cathodic material affects the size of the hydrogen molecules. Llerena et al. [71]
studied the effect of pH on the size of the gas bubbles produced during the recovery of the
sphalerite by EF. The best recovery occurs in the pH range of 34, where the size of the
hydrogen gas bubbles was smallest. Decrease or increase in the pH range increases the size
of the hydrogen bubble when all the other experimental parameters were identical and
thus thereby decreases the recovery of the sphalerite. Other workers [72,73] also reported
that the recovery of particles in the diameter range of 1-10 um is increased with decreasing
bubble size of the gas generated during the EF process, which is mainly due to the better
collision efficiency between the pollutant particles and the bubbles.

6.2.2.3 Current Density

There are different opinions regarding the influence of current density on the size of the
bubble. Some workers [74-77] have reported the trend with increase in bubble size with
increase in the current density. They accredited this to bubble coalescence at higher current
densities. Contrarily, other workers reported the inverse of this trend [78-80]. Moreover, it
has also been reported that mean bubble size of the gas increases with smoothed surface of
the electrode while the rough surface shows decrease of the bubble when the current
density on the electrodes increases [81]. Apart from size of bubble, the bubble flux, i.e. the
number of bubbles presented per second per unit cross section area of the EF cell, also plays
arole in the recovery of mineral flotation and different sized particles [82].

6.2.2.4 Arrangement of the Electrodes

The EF electrodes can be arranged in different patterns. Generally, a plate electrode is
installed at the bottom, while a screen electrode is fixed at 10-50 mm above the plate
electrode as shown in Figure 6-1 [36,71,83,84]. In this type of electrode system, only the
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upper screen electrode directly interacts with the water flow, while the bottom screen
electrode does not interact with the flow directly. The bubbles generated at the bottom
electrode cannot be dispersed immediately into the wastewater being treated. Thereby
decreases the availability of the effective small bubbles, but also increases the possibility of
breaking the flocs, affecting the flotation efficiency. Furthermore, if the conductivity
of wastewater is low, energy consumption will be unacceptably high due to the large
inter-electrode spacing required for preventing the short circuit between the upper
flexible screen cathode and the bottom anode. In such types of electrodes system, the
maintenance of the electrodes system is also a problem as screen electrode is easy to
be twined by undesirable deposits such as fabric and thus difficult to clean once it twined.
The arrangement of the electrodes can also be arranged vertically as shown in the Figures
6-2 and 6-3 [47,85,86].

For the arrangement of electrodes as shown in the Figure 6-3, they are easy to fix as
both the anode and cathode are of plate shape. While in the other case of electrode, a fork
like arrangements of the anode and cathode (Figure 6-3) are placed on the same plane.
The efficiency of the EF system with these forks like arrangement increases due to the
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FIGURE 6-4 Open electrodes configuration in EF.

quick dispersion of the generated bubbles into the water flow and attached with the
pollutants. In these types, there is a direct contact of the water flow with the anode as well
as the cathode. As the quick dispersion of the gas bubbles occurs therefore the size of the
electrodes remains small and these smaller bubbles provide larger surface area for
particle attachment; moreover, the bubbles generated at both the electrodes also enhance
the efficiency of the system.

Another open electrodes configuration is shown in the Figure 6-4 [38] that is mostly
used in the flotation of oil and other suspended solid [87]. In this type, the distance
between the electrodes is quite small (up to 2 mm), which helps in the energy conser-
vation of the EF system as the inter-electrode gap is directly proportional to the ohmic
potential drop of the EF cell thus reducing this distance is of great importance for
reducing the electrolysis energy consumption.

6.2.2.5 Electrodes Materials

The arrangement and the type of electrode material are the back bone of the EF unit. The
most common types of electrode material used for the EF are iron, aluminum, stainless
steel, graphite, and lead oxide [36,41,71,88,89,90,91] which are inexpensive and easily
available. Aluminum and stainless steel electrodes are mostly used in EC-EF hyphenated
systems as they are anodically soluble but are not the choice for the EF systems as they
produce the bubbles which are larger in size dissolving coarse surface of the electrodes.
For the insoluble purposes of the EF method, graphite and lead oxide electrodes are used.
Although both these electrodes are inexpensive and show high oxygen evolution during
EF process, they have less durability. Moreover, the lead oxide electrode also creates the
risk to generate toxic Pb®" ions in the treated wastewater. Some other scientists use
platinum [46,82] electrodes as they are more stable than the graphite and lead oxide, but
they are highly expensive and thus are not used at large scale. Nowadays DSA (dimen-
sionally stable anode) are used in the EF technique. These DSA use conductive metal
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oxides like RuOy, IrO,, as electrocatalyst and non conductive metal oxides like TiO,, Ta,
Os, ZrO,, Nb,Os, as dispersing or stabilizing agents, which are coated on valve metal
substrates (Ti, Ta, Zr, W, Nb, Bi) with a thermal decomposition method [92,93]. TiO,—
Ru0O, DSA has a tendency to produce a large amount of chlorine but they are less durable
for the evolution of oxygen [94] due to which IrOx-based DSA have gain popularity as they
are about 20 times more durable than the RuO; [95]. Sometimes high electro thermal
electrode is required for the evolution of the oxygen, for this purpose Ti/IrOx-Sb,05-Sn0O,
DSA were used [96,97]. These contain about 10 mol% of IrOy in the oxide coating and have
9 years of working life at the high current density of 1000 A/m? in the high acidic medium.
A 2.5 mol% of IrOy in the oxide coating gives the same results and having the same life if
used at low current density [98].

6.3 Electrocoagulation

EC is a simple technique where the flocculating agent is generated by oxidation of
a sacrificial anode, which is generally made up of iron or aluminum metal. In this
process, treatment is done without adding any chemical coagulant or we can say it is
generated by oxidation of the anode material when the electricity is passed through the
EC cell [99]. The chemical reaction takes place for the iron and aluminum electrodes are
given below:

For aluminum anode:

3 _
Al — Al(;q) +3e (6.1)
Under alkaline conditions
3+ -
AISY +30H, — Al(OH)y (6.2)
Under acidic conditions
Alf’;q) +3H,00) — Al(OH)y( +3H{,, (6.3)
For iron anode:
Fe — Fe’t 4 2e” (6.4)
Under alkaline conditions
Fef/ ) +20H, — Fe(OH)y (6.5)
Under acidic conditions
4Fel; ) + 0, +2H,0) — 4Fe’" +40H (6.6)
Reaction at the cathode:
2H20<1) +2e" — HZ(g) + ZOH(aq) (6.7)
8H,) +8e” — 4Hyy (6.8)
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The whole EC process can be dived into three stages, first the formation of coagu-
lants at the sacrificial anode when the electricity is passed through the EC cell, the
generated coagulant is nothing but the nascent metal ions like AI*" or Fe*" or the
hydroxides of these metal ions. Secondly, the destabilization of the contaminant
particles, the breaking of emulsions, etc. Finally, the accumulation of the destabilized
contaminants particle to form flocs. Moreover, it was also seen that water is also
electrolyzed in a parallel reactions during the process thus producing small bubbles of
oxygen at the anode and hydrogen at the cathode. These bubbles attract the flocculated
particles and float the flocculated pollutants to the surface. Therefore, EC is also used
in hyphenation with EF [38,58,64-68]. In addition, the following various other reactions
may also take place in the EC cell-like cathodic reduction of impurities present in
water, coagulation of colloidal particles, electrophoretic migration of the ions in
solution, EF of the coagulated particles by O, and H, bubbles produced at the elec-
trodes, reduction of metal ions at the cathode, and other electrochemical and chemical
processes [100].

6.3.1 Wastewater Treated by EC

EC was found useful in the treatment of various wastewaters. It has been employed in
treating wastewaters from textile [101-104], chemical fiber wastewater [105], oily
wastewater [106], clay suspension [107], petroleum, tar sand and oil wastewater [108],
restaurant wastewater [89,109], carpet wastewater [110], sewage water [109], oil-water
emulsion [111,112], nitrite [113], and dye stuff [113,114]. The EC was also used for the
removal of solution containing various metal ions like, Cu, Cr, Ni, In, Co, Mn, Zn, Ag
[115-119]. It can be used to remove irons, silicates, humus, dissolved oxygen, etc [120].
Recently, many scientific groups around the world use EC method for the removal of
arsenic [121-125], as it is carcinogenic in nature and about 150 million people are at risk
around the world [126]. It is also used for coagulating the colloidal found in natural water
so that reduces the turbidity and color. It is also used in the removal or destruction of
algae or microorganisms [127].

6.3.2 Factors Affecting EC
6.3.2.1 Electrode Materials

The electrode materials employed in the EC method are usually made up of aluminum or
iron metal, other metal electrodes like titanium, copper, zinc, etc. are also used. The
efficiency of the EC cell decreases when the sludge or the contaminants particles are
deposited on the anode. Therefore, it is necessary to rinse the surface of electrodes with
dilute acid, as there is a definite amount of metal ions required to remove a given amount
of pollutants. The electrode systems used in the EC may be monopolar or bipolar;
moreover to increase the efficiency, sometime periodic polarity reversal of the electrodes
is also done [128].
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6.3.2.2 EC Cell Design

A schematic diagram of EC is given in Figure 6-5. It consists a chamber and two elec-
trodes. Both the electrodes are remaining attached with the power supply.

6.3.2.3 Current Density

The amount of the supply of current to the electrodes determines the amount of the
oxidation of the metal ion generated at the anode. Current density of the EC system is
the only parameter that is controlled directly. It also controls both coagulant dosage
and bubble generation rates and strongly influences both solution mixing and mass
transfer at the electrodes. Thus, the current density is the one of the main operational
factor of the EC method. The highest allowable current density may not be the most
efficient mode as it results in heating up the wastewater and therefore wasting an
amount of electricity. Chen et al. [129] suggested that for EC system to operate for
a long duration of time without maintenance, its current density should be in the range
of 20-25 Am ™2 The current density selection should be made with other operating
parameters such as pH, temperature, as well as flow rate to ensure a high current
efficiency (CE).
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6.3.2.4 Effect of Water Conductivity

The conductivity of the water directly influences the CE. It is seen when the conductivity
of the water decreases, the high applied potential is needed for the passivation of elec-
trode and thus increases the treatment cost of wastewater. Generally, NaCl was added to
increase the electrolytic conductivity of the wastewater, the addition of table salt also
helps in the water disinfection [130]. It is also reported that it shows a negative effect on
carbonate and sulfate which lead to the formation of oxide layer, the formation of oxide
layer decreases the efficiency. The study of KNO3, NaNOs, KCI, and NaCl on the removal
of arsenic was studied by Pinisakul et al. [131] and reported that the efficiency of arsenic
removal was lower in case of nitrate salts as compared to chloride salts. The reason for
this effect was the less production of total dissolved solids (TDS) in case of nitrate salts
than the chloride salts. In another study on arsenic removal by EC, Lakshmipathiraj et al.
[16] studied the effects of NaCl, Na,SO,4, and NaNOs. It is found that in case of NaCl
electrolyte, the removal was much higher 98% as compared to 80% and for Na,SO, and
NaNOs. Both the salts Na,SO, and NaNOjs help in the production of passive film around
the electrodes, thereby decreasing the efficiency of the EC method.

6.3.2.5 Effect of pH on EC

The pH of solution is one of the important role in electrochemical process. The treatment
performance depends on the nature of the pollutants with the best pollutant removal
found near pH of 7 but the power consumption is, however, higher at neutral pH due to
the variation of conductivity. The formation of hydroxides after the dissolution of any
metal ions depends upon the pH of the solution. For example during the dissolution of
aluminum, the formation of various hydroxides depends upon the pH of the solution. In
the pH range of 4-9, the formation of Al(OH)*", AI(OH)3, Al,(OH)5", AI(OH)3, and
Al;3(OH)33 takes place. The surface of these hydroxides has large amounts of positive
charge, which helps in the adsorption and net catching reaction. At pH >10, AI(OH) 4 is
dominant species and which shows less coagulation as compared to the former species.
At low pH, AI’" is the most dominant species and shows almost no coagulation effect
[132]. It is also shown that when the conductivity of the solution is high, pH effect is not
much significant in this situation. It is interesting to note that the pH of the solution
slightly increases during the EC [133] due to the formation of H, at the cathode and
thereby increases the OH™ concentration in the solution.

6.3.3 Advantages of EC

EC requires simple electrochemical cell and is easy to operate. The treated wastewater
was clear, colorless, and odorless water. The sludge formed by EC is very much less as
compared to the chemical coagulation. The flocs/waste formed during the process was
readily settable as it is composed of mainly metallic oxides/hydroxides. Flocs formed by
EC are similar to chemical floc, except that EC floc tends to be much larger, contains less
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bound water, is acid resistant, and more stable and, therefore, can be separated faster by
filtration. Moreover, the EC produces wastewater has less TDS content as compared with
chemical treatments. Or we can say EC process has the advantage of removing the
smallest colloidal particles, because the applied electric field sets them in faster motion,
thereby facilitating the coagulation. The gas bubbles produced during EC can carry the
pollutant to the top of the solution where it can be more easily concentrated, collected,
and removed. The most important advantage of this process, it avoids uses of chemicals,
and so there is no problem of neutralizing excess chemicals and no possibility of
secondary pollution caused by chemical substances added at high concentration as when
chemical coagulation of wastewater is used.

6.4 Electrooxidation

The results of electrochemical degradation of some organic and inorganic compounds in
effluent streams started a new filed in electrochemistry, known as Electrooxidation [134].
The main advantage of this technology is their efficiency to remove pollutants from
wastewater without adding any chemical and at lower cost than any technology used,
which is an important issue in water treatment. After 20 years of rigorous works and
development led by different scientists, we are still looking into the following factors to
make this technology better:

(a) Factors affecting electrooxidation process,

(b) Exact mechanism and kinetics underlying this process,

(b) Enhancement of the catalytic and chemical stabilities of electrodes in varying
environment,

(c) Efficiency of different electrodes for varying organic pollutants.

However, although much work have been done on the anodic materials, less results have
been reported for cathodic materials. The role of cathodic materials can be understood by
the fact that by changing the cathodic part by different materials, the destruction of 4-
chloro phenol also get influenced [135], which clearly indicates the role of both electrodes
in this process. The flow sheet of electrooxidation is depicted in Figure 6-6.

6.4.1 Direct Anodic Oxidation

As per the name implies, the pollutants in water sample are oxidized by using current at
the anodes. The oxidation is done by generating either physically adsorbed “active
oxygen” (adsorbed hydroxyl radicals, “OH) or chemisorbed “active oxygen” (oxygen in the
oxide lattice, MOy 1) [2]. The complete combustion of pollutants occurs when electro-
oxidation occurs through physically adsorbed “active oxygen”, while chemisorbed “active
oxygen” generates various products:

R+ MOx('OH), = COz +zH* +ze~ + MOy

R+MOy,; = RO + MOy
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FIGURE 6-6 Flow sheet of electrooxidation.

Because oxygen evolution can also take place at the anode, high overpotential for O,
evolution are required in order for above said reactions to proceed with high CE.
Otherwise, most of the current supplied will be wasted to split water. The anodic
oxidation does not need to add a large amount of chemicals to wastewater or to feed O, to
cathodes, with no tendency of producing secondary pollution and fewer accessories
required. These advantages make anodic oxidation more attractive than other electro-
oxidation processes. The important part of an anodic oxidation process is obviously the
anode material. Anode materials investigated include glassy carbon [136], Ti/RuO,, Ti/
Pt-Ir [137], fiber carbon [138], MnO, [139,140], Pt-carbon black [141,142], porous carbon
felt [143], stainless steel, and reticulated vitreous carbon [144,145]. The anodes that were
studied extensively are graphite, Pt, PbO,, IrO,, TiO,, SnO,, and diamond film. However,
none of them have sufficient activity and at the same time stability. We will discuss them
in more details subsequently.

6.4.1.1 Overpotential of Oxygen Evolution

The anodic activity depends on the value of overpotential of oxygen evolution. It has been
found that IrO,, Pt, and graphite show much smaller values of overpotential of oxygen
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evolution. It means that effective oxidation of pollutants on these anodes occurs only at
very low current densities or in the presence of high concentrations of chlorides or
metallic mediators. When the current density is high, significant decrease of the CE is
expected from the production of oxygen. The boron-doped diamond (BDD) film on
titanium substrate [146] or other valve metals as in DiaChem electrodes [147] gives the
highest value of oxygen evolution overpotential. Thus, anodic oxidation can take place on
its surface at significantly high current density with minimal amount of oxygen evolution
side reaction. This leads to an effective and efficient process. It is indeed the most active
anode for oxidation of various pollutants as discussed in the following sections.

6.4.1.2 Performance of Anodic Oxidation

The important parameters to check the performance of the anodic oxidation are current
density and the CE. An important parameter proposed by the Comninellis and Plattner
[148] was electrochemical oxidability index (EOI) to differentiate the performances of
various electrodes. EOI can be defined as the mean CE from the initial concentration of
pollutant to the time is nearly zero, 7. EOI can be calculated as

T
JICEdt
EOI = 2

where ICE is the instantaneous CE (CE at the time of electrooxidation). EOI calculated for
any electrode for are always low and lies within the range of 0.05-0.58 for electrochem-
ically degrading various benzene derivatives on Pt anode [148]. Graphite anode shows
a high CE (70%) at low current densities which ranging from 0.03 to 0.32 A/m?, but when
the current densities increased in the range of 10-100 A/m?, the CE values decreased to 6-
17% [149,150]. PbO, is the one of the most used anodic material in electrooxidation. The
activity of the PbO, is increased by doping with by Bi, Fe, and Ag [151-153]. PbO> is used
for the oxidation of aniline having a good value of CE and current density which lies in the
range of 80-160 A/m?®. Moreover, this anodic material is inexpensive and very effective in
oxidizing various pollutants [154,155]. But the only disadvantage of this material is the
formation of Pb*" from the electrochemical oxidation. Pure SnO, is an n-type semi-
conductor with a band gap of about 3.5 eV. SnO, and other similar oxides show a very
high resistivity at room temperature and therefore cannot be used as an electrode
material directly. However, conductivity can be improved significantly by doping Ar, B,
Bi, F, P, and Sb [156-162]. Sb is the most common dopant of SnO, oxides and used as
transparent electrodes in high-efficiency solar cells, gas detectors, far IR detectors, and
transparent heating elements. Comninellis [163] measured the CE of SnO»-Sb,05 to be
0.58 for 71% degradation of phenol [164], while the values for PbO,, IrO,, RuO,, and Pt
are, respectively, 0.18, 0.17, 0.14, and 0.13 at same experimental conditions. Grimm et al.
[165] studied the oxidation of phenol on SnO,-Sb,05 and PbO, showed that and reported
that SnO,-Sb,05 was more active than PbO,. But Cossu et al. [166] reported that there is
no much difference in the activity between the two materials in treating landfill leachate,
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which may results due the high concentration of chlorides in leachate waste. The stability
of Sby05-Sn0;, electrodes was only 12 h under an accelerated life test performed at
a current density of 1000 A/ m? in 1 M H,SO, solution, which reduces to few seconds
under 10,000 A/m* and 3M H3,SO0, [167]. By adding IrO, into the SnO,-Sb,05 mixture to
increase the life of it [96,97]. TiO, electrodes are stable at low current densities (below
30 A/m?), but their lifetimes are significantly shortened when operated at high current
densities [168].

6.4.2 Indirect Electrooxidation Processes

As we have already seen in the application of direct oxidation method, there are some
other indirect electrooxidation method for the electrooxidation of wastewater. For an
example, destruction of pollutants by the use of chlorine and hypochlorite generated
anodically is well known method. The main advantage of this technology is its application
for both organic and inorganic pollutants containing high level of chlorides [11,113,169-
171]. The efficiency of this method mainly depends on the concentration of chloride in
wastewater. Interestingly, where the excess of chlorine leads to the formation of chlori-
nated by-products, which interferes during the breakdown process and thus decreases
the efficiency, but when low chloride concentration is present in the sample, it become
necessary to add chloride salt to increase their efficiency [12,169,172,173]. Another
method for the degradation of pollutant is the use of H,0,, which is generated in the cell
electrochemically. In this type of cell, the anode part is made of Pb/PbO, Ti/Pt/PbO,, or
Pt and the cathodic part is made of carbon polytetrafluorethylene (PTFE) having O,
feeding. Electro-Fenton reaction has been observed due to the presence of ferrous salt
formed in situ, when iron is used as anodic material. While in other case, ferrous salt is
added externally in the waste water [174-177].

UV irradiation does not lag too behind that above discussed process. Around 95 % of
aniline was removed successfully by radiating the wastewater sample. The role of O, and
O3 is also interesting. It has been observed that by simply passing O, through the
wastewater sample, it removes aniline in the presence of electric current, whereas O3
generated during the process is also reported for the treatment of wastewater purpose
[175,178]. As all the processes discussed can be used for both organic and inorganic
materials, there are some materials which need special attention. Whenever there is mixed
or hazardous material present in the wastewater, care should be taken. For this purpose,
Farmer et al. [179] used an another approach, known as mediated electrooxidation. In this
process, mediators, which are mainly metal ions like Ag", Co®>", Fe**, Ce*", and Ni*", are
oxidized on an anode to a reactive, high valence state, which in turn attack organic
pollutants directly and may also produce hydroxyl free radicals in the wastewater system
that promote destruction of the organic pollutants. After that, they again come back to
lower oxidation state at anode, and hence a cycle reaction starts which continues till the
complete removal of pollutants [180-182]. This method is limited by the fact that its main
component i.e. mediators are heavy metal ion which again pollutes water.
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Conclusion

Electrochemical technologies have been investigated as the effluent treatment processes
for many decades and with the advancement of science their importance have also
increased. Nowadays, electrochemical methods are used in many fields from metal
recovery to the wastewater treatment. Moreover, these methods can be applied at
industrial scale. EF is mostly used in the mining process and it is also used in various
wastewater treatment. The generated gas bubbles at the electrodes give much better
results than either dissolved air flotation, sedimentation or even impeller flotation. EC
has been used in the treatment of oil and grease, organic or inorganic pollutants, and the
removal of various metal ions from its solutions. Electrooxidation process is mostly used
for the treatment of organic pollutants. All these electrochemical processes were simple,
compact, and easy to operate and inexpensive in nature.
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7.1 Introduction

Water whose quality has been adversely affected by anthropogenic influence constitutes
a major issue of concern. Wastewater comprises liquid waste discharged by domestic
residences, commercial properties, industries, and agricultural activities. This usually
encompasses a wide range of potential contaminants. Both organic and mineral
contaminants present in the industrial wastewater exhibit toxic effects on the microbio-
logical agents of wastewater treatment plants and often resist biological attack and
mineralization [1]. Wastewater treatment is achieved via a large array of methods and
processes among which biological methods are of considerable interest. The main
contaminants present in the waste water are nitrogen (organic or inorganic) in the form of
urea, ammonia, nitrites, and nitrates; phosphorus, proteins, drugs, pharmaceuticals, sea-
salt, cyanides, thiocyanates, thiosulfates; pathogens such as bacteria, viruses, and parasitic
worms; inorganic particles such as sand, grit, metal particles, and ceramics; gases such as
hydrogen sulfide, carbon dioxide, methane; emulsions such as paints, adhesives, hair
colorants, and emulsified oils. Approximations suggest that water will become one of the
scarcest resources in the near future due to massive worldwide increase in the human
population [2]. The collection of wastewater has been encouraged from the ancient times.
However, its treatment is a bit new development which was made during late 1800s and
early 1900s [3]. Many biological methods by different workers have been developed from
time to time to carry out the treatment of wastewater. Some of the methods are quite good
and can be therefore applied for water reuse. All the biological methods of wastewater
treatment work on the fact that bacterial cells feed on organic materials in the wastewater
and thereby reduce its BOD (biological oxygen demand) content. Therefore, the purpose of
biological treatment is the reduction of BOD. Most often wastewater with BOD higher than
200 mg/L enters the treatment plant. However, primary settling reduces it to about
150 mg/L by the time it enters the biological component of the system. The BOD content of
the water leaving the system should not be higher than 20-30 mg/L, so that after dilution in
the nearby receiving water body (river, lake), the BOD is less than 2-3 mg/L. Simple
bacteria utilize the organic material present in the wastewater as food and, therefore,
convert the organic material into cellular mass which gets precipitated at the bottom of
a settling tank or is retained as slime on solid surfaces or vegetation in the system. This
whole process makes the exiting water much cleaner than the water entering the system.
Adequate supply of oxygen forms a key factor is the operation of any biological system
since bacterial cells need not only organic material as food but also oxygen to breathe
(aerobic methods).

Biological treatment of the wastewater involves operation at ambient temperature.
Energy is saved as it involves no heating or cooling of the water. Wastewater treatment
operations are located outdoor since they take much space. Cells come in a mix of many
types, and accommodation to a temperature change is simply accomplished by self
adaptation of the cell population. A change in composition of the organic material leads to
a spontaneous change in cell population, with the types best suited to digest the new
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material growing in larger numbers than other cell types. There is a great variation among
the methods used for the treatment of wastewater all over the world. Treatment and
discharge systems in developed nations not only differ between countries but also
among rural and urban users [4]. The authors are of the opinion that in developed countries,
the most common wastewater treatment methods are centralized aerobic wastewater
treatment plants and lagoons. However, in developed countries, there is still a fraction of
population without adequate wastewater treatment facilities. In certain cases, the infra-
structure is inadequate; and even in areas with a high degree of wastewater treatment,
certain pathogens and chemicals may still make their entry into the environment [5].

7.2 Stages of Biological Treatment of Wastewater

Wastewater treatment is achieved via preliminary treatment, primary treatment, secondary
treatment, and advanced or tertiary treatment (Figure 7-1). All these processes involve the
active participation of biological agents. These processes are briefly described as follows:

7.2.1 Preliminary Treatment

Preliminary treatment forms the first step in any water treatment system. This treatment
simply removes large floating objects that may clog pumps, grit, and small pipes [6]. The
removal of these materials enhances the maintenance and operation of subsequent treat-
ment units. The velocity of water through the grit chambers is maintained sufficiently high,
or air is used, to prevent the settling of most organic solids. Most often, flow measuring
devices like standing wave flumes are always included at the preliminary treatment stage.

Primary treatment Secondary treatment
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clarifier Qi'/
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ey e L. 0) ==t =
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FIGURE 7-1 A general overview of biological treatment of wastewater.
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7.2.2 Primary Treatment

The second step in wastewater treatment is the primary treatment. This step separates
suspended solids (SS) and grease from wastewater [6]. Primary and secondary stages may
be combined into one basic operation in certain treatment plants. After the grit is
removed, wastewater still contains some dissolved organic and inorganic constituents
along with SS. After wastewater enters a sedimentation tank, it slows down. The SS in the
slowed down wastewater gradually sink to the bottom, as primary sludge which can then
be removed from the tank by various methods [7]. The primary treatment approximately
removes 25-50% of the incoming biochemical oxygen demand, 65% of the oil and grease,
and 50-70% of the total SS. Moreover, some organic phosphorus, organic nitrogen, and
some heavy metals are also removed during primary sedimentation but this process does
not affect colloidal and dissolved constituents.

7.2.3 Secondary Treatment

In this stage of biological treatment of wastewater, dissolved organic matter is removed and
this process accounts for the removal of almost 90 % of the organic matter in wastewater.
Herein, sewage microorganisms are cultivated and added to the wastewater. Organic matter
from sewage is absorbed by these microorganisms as food and therefore such organic
matter gets removed via circulation [6]. Attached growth processes, suspended growth
processes, and lagoon systems are the three most common conventional methods used to
carry out secondary treatment [8]. In attached growth processes, microbes are allowed to
grow on surfaces such as stone or plastic media. Wastewater flows over the media and also
provides oxygen. The growth processes greatly help in the removal of biodegradable organic
material [7]. Suspended growth processes are designed in such a way that they remove
biodegradable organic material and organic nitrogen-containing material.

7.2.4 Advanced or Tertiary Treatment

Tertiary treatment is the additional treatment required to remove suspended and dis-
solved substances which remain after conventional secondary treatment. This may be
achieved by using various physical, chemical, or biological treatment processes [7].
Filtration, removal of ammonia, and other pollutants and disinfection to destroy path-
ogens are the main processes included in tertiary treatment [9].

7.2.5 Disinfection

Most often inadequately treated wastewaters contain different species of pathogens.
Disinfection is the process that usually kills or sometimes deactivates these harmful
pathogens. The most commonly used disinfecting agent is chlorine, although ozone and
ultraviolet (UV) radiation also find frequent uses for wastewater effluent disinfection.
Chlorine is applied to wastewater as a gas, liquid, or in a solid form and kills microor-
ganisms by destroying their cellular contents. Free or unused chlorine that sometimes
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remains in water, even at low concentrations, can be hazardous to aquatic life [9] and
hence, it is mandatory to remove free chlorine by dechlorination in order to protect fish
and aquatic life. Ozone used for disinfection is very effective for killing viruses and
bacteria. The main advantage associated with the use of ozone as a disinfectant is that it
decomposes back to oxygen rapidly without leaving harmful by-products. However, the
high energy costs needed for the use of ozone make its application a bit tedious [10].
Disinfection with UV radiation is a physical treatment process and leaves no chemical
traces. However, when UV is used at low doses, the treated pathogens can repair and
reverse its destructive effects [11]. Schaar et al. [12] installed a pilot-scale ozonation plant
which was for micropollutant removal during biological wastewater treatment. Removal
of most of the micropollutants, especially the compounds that were not degraded in the
previous biological process, e.g. carbamazepine and diclofenac, was quite increased by
the application of 0.6 g O3. The authors were conclusive of the fact that ozonation of
wastewater treatment plant effluent is a promising technology to further decrease
emissions of micropollutants during treatment processes.

7.3 Methods of Biological Wastewater Treatment
7.3.1 Oxidation Ponds

Oxidation ponds are effective, low cost, and simple technology for reducing the BOD of
wastewater before it is discharged to an aquatic ecosystem (Figure 7-2). It consists of ring
or oval shaped channel equipped with mechanical aeration devices. Screened wastewater
entering the pond is aerated by mechanical devices which circulates at about 0.25-0.35/
ms. Oxidation ponds typically operate in an extended aeration mode with long detention
and solids retention times [13]. Kotsou et al. [14] herein described an aerobic biological

Methane, ammonia

FIGURE 7-2 Basics of an oxidation pond. For color version of this figure, the reader is referred to the online version of
this book.
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method using an Aspergillus niger strain in a bubble column bioreactor in combination
with chemical oxidation treatment of table olive processing wastewater. As per the reports
by the authors, a quite significant reduction of chemical oxygen demand (COD) by 70%
while the total and simple phenolic compounds were decreased by 41 and 85%, respec-
tively, after 2 days of biological treatment. Chemical oxidation step mainly effected the
elimination of persistent phenolic compounds during the biological treatment of total
phenolic compounds. Moreover, CaO assisted coagulation was found to significantly
improve the efficiency of the process. Zhao et al. [15] described a hybrid wastewater
treatment process consisting of neutralization, precipitation, modified two-phase
anaerobic digestion, and biological aerated filter (BAF) for the successful treatment of
yellow ginger processing wastewater with high COD and high sulfate. The inhibition of the
methanogens was eliminated to the greatest extent by the modified two-phase anaerobic
digestion, which resulted in a high-efficiency COD removal. The effluent from the
anaerobic units was treated in the novel BAF which was equipped with special carriers with
excellent results. Simultaneous nitrification and denitrification process was held
responsible for these results. Baban et al. [16] herein described a method depicting the
biological and oxidative treatment of cotton textile dye-bath effluents by fixed and fluid-
ized bed reactors. The methodology utilizes ozone oxidation to assess the combination of
biological and chemical oxidation. Approximately 99% color removal was achieved and
COD removal efficiencies ranged from 70 to 93%. The overall reported treatment system
has economical and operational advantages as compared to treatment options such as
advanced oxidation processes (AOPs) using UV, O3, H>O,, or electrocoagulation. Balles-
teros et al. [17] herein described the effect of pesticide concentration (expressed as dis-
solved organic carbon) on combined solar photo-Fenton and biological oxidation
treatment. Biodegradation kinetics indicated that the intermediates generated at the
higher pesticide concentration caused lower carbon removal rates in spite of the longer
photo-Fenton treatment time applied. For the treatment of water with high concentrations
of pesticides and to overcome the low biodegradability of photo-Fenton intermediates, it is
suggested to mix it with a biodegradable carbon source before biological oxidation.

7.3.2 Anaerobic Ponds

Anaerobic ponds (Figure 7-3) are designed in such a way that the pretreatment of high-
strength wastewaters can be achieved efficiently. This is used prior to the aerobic treat-
ment and is often very effective and economical for removing high concentrations of BOD
and COD [18]. These ponds have more organic loading relative to the amount of oxygen
entering the pond for maintaining anaerobic conditions to the pond surface. Naturally
occurring anaerobic bacteria break down the organic content in the effluent, releasing
methane and carbon dioxide. A crust may form on the surface and sludge is deposited at
the bottom [4]. Fu et al. [19] described textiles wastewater treatment using anoxic filter bed
(AFB) and (BWB-BAF). The study indicated that the effluent COD concentration of the AFB
decreased with new carriers added and 20.2% was the average removal COD efficiency. In
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FIGURE 7-3 An overview of an anaerobic pond.

conclusion, this study is a beneficial attempt to utilize the AFB-BWB-03-BAF combine
process for textile wastewater treatment. Leal et al. [20] herein described the occurrence of
xenobiotics in gray water and removal in three biological treatment systems. In this study,
18-selected xenobiotics related to personal care and household chemicals were estimated
in gray water from 32 houses and in effluents of three different biological treatment
systems (aerobic, anaerobic, and combined anaerobic + aerobic). The authors reported
that the removal efficiencies were higher under aerobic conditions than under anaerobic
conditions. Chan and et al. [21] herein described a biological treatment of anaerobically
digested palm oil mill effluent (POME) using a sequencing batch reactor (SBR). The
authors assessed the performance of the SBR by measuring COD, BOD, and total sus-
pended solids (TSS) removal and sludge volume index (SVI). It was observed that the
effluent quality remained stable and complied with the discharge limit. Moreover, the
sludge showed good settling properties with average SVI of 65. Therefore, it was concluded
that the SBR process could complement the anaerobic treatment to produce final treated
effluent which meets the discharge limit.

7.3.3 Aerobic Ponds

Aerobic ponds (Figure 7-4) contain suspensions of algae and bacteria that maintain
aerobic conditions throughout their depth. Mainly two types of aerobic ponds viz shallow
ponds and aerated ponds are used [22]. Souza et al. [23] investigated the treatment of
refinery wastewater by AOPs in conjunction with biological activated carbon (BAC) with
the purpose to produce water for reuse. BAC filters were found to be effective, reaching
average efficiencies of 65% in a sufficiently long period of operation (84 days), while
granular activated carbon filters were saturated after 28 days. Cao et al. [24] described
internal electrolysis-biological contact oxidation process for the treatment of linear
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Aerobic Pond

FIGURE 7-4 Picture of an aerobic pond. For color version of this figure, the reader is referred to the online version of
this book.

alkylbenzene sulfonate wastewater. The authors reported the treatment of wastewater
collected from a daily chemical plant by the combination processes of Fe/C internal
electrolysis and biological contact oxidation. The effluent treated by this process could
meet the I-grade criteria specified in Integrated Wastewater Discharge Standard of China
(GB 8978-1996). Zhu and Chen [25] reported an efficient method for the reduction of
nitrous oxide N,O and nitric oxide (NO) generation in anaerobic-aerobic processes. The
generation of N,O and NO was reduced by 68.7% and 50.0%, respectively, by the use of
waste-activated sludge (AS) alkaline fermentation liquid as the synthetic wastewater-
carbon source, compared with the commonly used carbon source in the literature (e.g.
acetic acid). However, the removal efficiencies of total phosphorus (TP) and total nitrogen
(TN) were improved. It was observed that sludge fermentation liquid caused significant
decrease of both nitrite reductase activity to NO reductase activity ratio and NO reductase
activity to N,O reductase activity ratio, which resulted in the lower generation of NO and
N,0. Dhadse et al. [26] reported an eco-friendly, cost-effective, and sustainable method for
the treatment of herbal pharmaceutical wastewater using earthworms. As per the reports
by authors, treated effluent was free of color and odor with efficient COD/BOD removals in
the range of 85.44-94.48% and 89.77-96.26%, respectively, at 2 days hydraulic retention
time. Removal of heavy metals was also observed with no sludge production problem.
Nutrient-rich vermicasts from the filters were removed and analyzed after the experiments
which showed higher manurial value than control in terms of available nitrogen, phos-
phorus, and potassium. Oliveira et al. [27] used an air microbubble bioreactor with a free
self-adapted microbial population for aerobic treatment of winery wastewater. The
wastewater COD ranged from 4.0-8.0 kg COD/m? and the efficiency of the batch treatment
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Shallow Pond

FIGURE 7-5 Construction of a shallow pond. For color version of this figure, the reader is referred to the online version
of this book.

was about 90.0 + 4.3%, after 6 days of operation. The maximum efficiency obtained was
achieved after 15 days of treatment (99%). The authors concluded by reporting that this
study will contribute for the implementation of an efficient water use plan, aiming the
preservation of the water resource and the reduction of the wastewater production. Beline
et al. [28] described a biological aerobic treatment of piggery wastewater to control
nitrogen, phosphorus, pathogens, and gas emissions. Four types of treatment processes
including a biological reactor were built to remove about 60-70% of the nitrogen content as
gas by nitrification/denitrification. The different mechanical separators (screw press,
centrifuge decanter) were added which led to concentration of phosphorus in an
exportable solid phase. A considerable reduction up to 80% of the phosphorus was ach-
ieved. Additionally, gaseous emissions were considerably reduced using this management
process as compared to the conventional management (storage +land spreading)
including ammonia (up to 68%) and greenhouse gases (55%). Moreover, levels of enteric
and pathogenic bacteria were also decreased with the treatment process.

7.3.4 Shallow Ponds

Shallow aerobic ponds (Figure 7-5) usually meet the dissolved oxygen demands by
transfer of oxygen between air and water. However, the efficiency of soluble biochemical
oxygen demand removal can be as high as 95%, the pond effluent will have to contain
a large amount of algae which will contribute to the measured total biochemical oxygen
demand of the effluent. Moreover, the suspended algae and microorganisms have to be
separated from the pond effluent in order to achieve removal of both soluble and
insoluble biochemical oxygen demand [29].

7.3.5 Aerated Ponds

Aerated ponds (Figure 7-6) are similar to oxidation ponds. However, such ponds are
deeper and require mechanical aeration devices to transfer oxygen into their deeper
portions and facilitate a proper mix of the wastewater and bacteria. Aerated ponds require
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Aerated Pond

FIGURE 7-6 Construction of an aerated pond. For color version of this figure, the reader is referred to the online
version of this book.

less area than oxidation ponds which makes them better suited. However, they suffer
from the disadvantage that the mechanical aeration devices require maintenance and
dissipate energy [30]. Yin et al. [31] described a one-step aerobic contact oxidation
process and anoxic/aerobic two-step contact oxidation process for the treatment of high-
ammonia nitrogen polluted river water. Stepkin and Stepkina [32] devised an apparatus
and established a method for aerobic biological treatment of wastewater and complex
organomineral fertilizer. This method recycles raw sludge and active sludge subjected to
aerobic biological treatment by producing a complex organomineral fertilizer there from,
while simultaneously increasing efficiency and quality of wastewater treatment.

7.3.6 Facultative Ponds

These ponds are generally aerobic but can also operate in a facultative manner. They
generally have a depth of about 1.0-1.5 m which is too deep for oxygen to penetrate to the
bottom of the pond and thereby an anaerobic zone develops at the bottom of the pond.
Solid materials that come along with the wastewater get deposited over the anaerobic
sludge near the bottom of the pond. The deposited solid materials undergo anaerobic
degradation and release soluble degradable organic material and nutrients which diffuse
upwards in the pond [33]. Oxygen is supplied by algal photosynthesis and by diffusion
from the air near the top of the pond. During night time, dissolved oxygen is present to
only a few centimeters depth but often diffuses deeper during daylight [34].

7.3.7 Trickling Filter

A trickling filter (TF) reduces BOD, pathogens, and nitrogen levels of the wastewater. A
bed of porous material (slag, rocks, and plastic media) forms the main working part of the
trickling filter (Figure 7-7). The microorganisms present in the wastewater get attached to
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FIGURE 7-7 Construction of a trickling filter. For color version of this figure, the reader is referred to the online version
of this book.

the bed which is covered with bacteria. Wastewater first distributes over the media
surface where it flows downward as a thin film for aerobic treatment. Finally, it is
collected at the bottom through an under drain system. Effluent settles by gravity and
biological solids are removed prior to being discharged [35]. Ji et al. [36] described the
effectiveness of a multi-media biological aerated filter (MBAF) with clinoptilolite media
for the treatment of synthetic wastewater. To the clinoptilolite media of MBAFs in a brick-
wall embedded design was added coal ash bioceramsite with supplemental metallic iron.
It was observed that the MBAFs with more metallic iron were found to have superior
hydraulic and organic loading and higher N and P capacities.

7.3.8 Rotating Biological Contractors

Rotating biological contractors have a number of circular plastic discs mounted on
a central shaft (Figure 7-8). These discs remain submerged and continuously rotate in
a tank containing the wastewater. The microorganisms rotate in and out of the waste-
water by getting attached to the disc. The amount of oxygen required for the conversion of
organic matter adsorbed from the liquid is obtained from the air since a certain area of
the disc usually rotates out of the liquid [37]. Winery wastewater and effluents produced
by various industries such as gold mining and domestic sewage treatment have been
successfully treated by rotating biological contractors [38]. Kargi et al. [39] described the
biological treatment of saline wastewater in a rotating biodisc contactor (RBC) under
different operating conditions like feed COD, A/Q ratio, COD loading, and salt concen-
trations. The results obtained by the authors were indicative of the fact that an increase in
the A/Q ratio increased the percentage COD removal. However, percentage COD removal
was found to decrease with feed COD and salt content. Furthermore, COD removal
efficiency was found to be more sensitive to changes in A/Q, feed COD, and salt content at
low values. Arnaud [40] herein described the treatment of winery wastewater with an
anaerobic rotating biological contactor. The authors observed optimal performances with
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a COD removal close to 80%. However, it was felt that increasing the total surface of the
biodisc and controlling temperature to the mesophilic optimal value (37 °C) could lead to

better treatment results.

7.3.9 AS Treatment

AS process represents the most commonly and widely applied biological wastewater
treatment process all over the world. A diagrammatic view of the working of the treatment
process is shown in Figure 7-9. The prime purpose of this process is to remove the soluble
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FIGURE 7-9 A pictorial representation of AS treatment. For color version of this figure, the reader is referred to

the online version of this book.
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biodegradable compounds from wastewater. This process is capable of reducing the
soluble substrates in reactors of much smaller volume while producing effluent signifi-
cantly free of SS [18,41]. The efficiency of removal of pathogenic and indicator micro-
organisms in these wastewater treatment plants depends on the treatment process,
retention time, other biological flora present in AS, pH, temperature, oxygen concen-
tration, and the efficiency of removing SS [4]. Xiang and Jiti [42] demonstrated a method
for the complete recycling of wastewater treatment sludge. The beauty of the method lies
in the fact that the usually difficult treatment of sludge from wastewater plants becomes
quite easy by applying this method. Moreover, water treatment cost and environmental
pollution are reduced significantly. Ayano et al. [43] described a method for the treatment
of paper manufacturing wastewater using a phosphorus component contained in sludge
recovered after AS process involving preparation of a neutral or weakly acidic H3POy,-
containing solution containing 0.001-1.0 wt % of H3POy4 by treating the sludge at 40—
100 °C and using the H3PO,4-containing solution as a microorganism nutrient source for
the AS process and/or biological membrane treatment of the treated water. Park et al. [44]
described a method for the treatment of wastewater containing dimethyl sulphoxide
(DMSO). The authors evaluated the feasibility of the biological treatment of DMSO
containing wastewater with AS and also optimized the conditions for Fenton treatment.
Despite of the fact that total organic carbon (TOC) and COD removal efficiencies of the
Fenton treatment were not satisfactory for most applications, the BOD:COD ratio
increased from 0.035 to 0.87. This clearly indicates that it may be a very useful
pretreatment method for biological treatment. Wastewater contaminated with 800 mg/L
of DMSO was successfully treated by AS without involving Fenton pretreatment, after 20
days of acclimation period. It was observed that most of the sulfur in DMSO oxidized to
sulfate, which thereby eradicated the possibility of the production of sulfide-containing
noxious intermediates. Moreover, pH was an important operating factor for AS operation.
Finally, it was concluded that the wastewater containing DMSO may be successfully
treated with this method. Furthermore, this method may significantly reduce the treat-
ment costs as compared to the chemical methods currently under use. Kargi et al. [45]
described an effective methodology for the treatment of nitrogen deficient wastewaters
by using nitrogen fixing bacteria, Azotobacter vinelandii in AS culture. A comparison was
made between the COD removal performance of Azotobacter-supplemented AS with
Azotobacter-free AS culture for biological treatment of nitrogen deficient synthetic
wastewater. Moreover, variable effects on the COD removal performance such as N/COD
ratio, sludge age, hydraulic residence time, feed COD concentration, and the COD
loading rate were investigated. Finally, the authors concluded that Azotobacter addition
to the AS improved the COD removal performance significantly.

Bohdziewicz et al. [46] studied the effectiveness of a hybrid system combining the
biological methods of AS (in an SBR) and reverse osmosis for evaluating the effectiveness
of the treatment of wastewater coming from meat industry. The authors reported that the
wastewater from the Meat Processing Plant Uni-Lang in Wrzosowa underwent sufficient
removal of contaminants which consequently could be discharged into receiving water.
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Additionally, the wastewater was treated with reverse osmosis for reuse in the production
cycle. Li et al. [47] studied the field process performance and microorganism charac-
teristics of enhanced biological phosphorus removal (EBPR) in municipal wastewater
treatment plants in China. The authors reported that the three wastewater treatment
plants meet the required criteria of phosphorus for discharge (<1 mg/L), but with a low
level of Accumulibacter (6.4-3.8%, on average) and a relatively high level of Competibacter
(3.2-9.1%) in sludge. Zhang et al. [48] herein reported the investigation of the changes in
composition and structure of bacterial communities developing on BAC particles and the
bacterial functions. The results of the study indicated that the stable bacterial structure
did not develop on BAC particles until the 9th month during running time of the BAC
filter. Pseudomonas sp., Bacillus sp., Nitrospira sp., and an uncultured bacterium finally
dominated the communities. Moreover, the stable bacterial communities played an
important role in the removal of ammonia-nitrogen and TOC. Furthermore, employing
gas chromatography-mass spectrometry (GC-MS), it was proved that 36 kinds of
chemicals in feed water were eliminated and concentrations of five kinds of chemicals
decreased. These chemicals served as nutrients for the dominant bacteria. Zhang et al.
[49] herein described an improved strategy for the enhanced phosphorus removal for
municipal wastewater treatment plants. It was observed that anaerobic P release and
aerobic P uptake rates for the AS varied from 0.22 to 7.9 mg/g VSS/h and 0.43 to 8.11 mg/g
VSS/h, respectively. Moreover, the fraction of Accumulibacter (PAOs: polyphosphate-
accumulating organisms) was 4.8 £2.0% of the total biomass, while Competibacter
(GAOs: glycogen-accumulating organisms) accounted for 4.8 + 6.4%. The anaerobic P-
release rate was found to be an effective indicator of EBPR. Ji et al. [50] demonstrated the
effect of magnetic field on the activity of AS in wastewater treatment. The authors
reported the enhanced stimulation of AS acclimatization and organic pollutant biodeg-
radation under the influence of magnetic field which resulted in higher efficiency of
wastewater treatment. Beliavski et al. [51] described the denitrification of brines origi-
nating from membrane treatment of groundwater in an upflow sludge blanket reactor.
The authors came to the conclusion that based on a comparison between two denitrifi-
cation reactors with and without salt addition and using acetic acid as the electron donor,
that the reason for the excellent sludge settling characteristics found in the acetic acid fed
reactor is the positive effects of higher salinity on granular sludge formation. AS treatment
plant comprises many zones wherein different treatment processes occur. The compo-
nents and the different processes that occur therein are discussed as below:

7.3.9.1 Anaerobic Zone

This zone is characterized by the absence of both dissolved oxygen and oxidized nitrogen
[52]. Herein, the sludge from the clarifier flows jointly with the influent wastewater. It is
necessary that oxygen and nitrates must be absent for the proper functioning of this zone.
According to the report by Tanaka et al., this zone is responsible for the release of
phosphate [53]. Takeda and Shigeki [54] herein described a method for biological
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denitrification using an anaerobic ammonia oxidation process. In this method, the
proportion of the support to be introduced is regulated so that the nitrite-producing
nitrification reaction caused by the nitrite-producing nitrifying bacteria yields nitrite in
an amount sufficient to inhibit the nitrite-producing nitrification reaction, while keeping
the raw water alkaline in the reaction tank. Boopathy [55] developed a laboratory scale
SBR method which was successfully operated using shrimp aquaculture wastewater. The
wastewater was contaminated with high levels of carbon and nitrogen. Nitrification,
denitrification, and the removal of carbon were achieved by operating the reactors
sequentially via aerobic and anoxic modes. Moreover, ammonia present in the waste was
nitrified within 4 days whereby the denitrification of nitrate was achieved by the anoxic
process leading to 100% removal of nitrate within 15 days of reactor operation.

7.3.9.2  Primary Anoxic Zone

The main dentrification reactor in the process is the primary anoxic zone. This component
of the plant is supplied with the effluent from the anaerobic zone and mixed liquor
recycled from the aerobic zone. Enrichment of denitrifying bacteria is assisted by the
presence of nitrate or nitrite and the absence of oxygen. These bacteria are known to
reduce nitrate or nitrite to molecular nitrogen. As a consequence, soluble and colloidal
biodegradable matter is readily removed in this zone [56]. Zhang et al. [57] reported
a three-stage biological denitrification including an organic matter oxidation stage,
a nitrification stage, and a denitrifying stage and is characterized by an anaerobic phos-
phorus release-treating unit additional set before the three-stage biological denitrification
and a water inflow mixing unit. The application has the advantages of high denitrification
efficiency, improved phosphorus removal capacity, ensured carbon source, low running
cost (lowered by 5-10%), reduced occupied area, and saved investment.

7.3.9.3 Primary Aerobic Zone

The primary aerobic zone oxidizes the organic material present in wastewater. In addi-
tion, ammonia is converted into nitrate. This zone also provides an environment to take
up all the phosphate released in the anaerobic zone [58]. Ammonia must be oxidized to
nitrites by nitrifying bacteria such as Nitrosomonas, Nitrosospria, and Nitrosolobus
species prior to its removal. Later on, nitrites are oxidized to nitrates by Nitrobacter,
Nirtosospira, and Nitrococcus species. Nitrates formed are then removed by denitrifying
bacteria in the primary anoxic zone. Enrichment of the AS with bacteria capable of taking
orthophosphate determines the phosphate uptake in the process and it is a well known
fact Escherichia coli aids the enhanced phosphate removal in AS [59]. Jinxia et al. [60]
herein described a method for the treatment of aquaculture and eutrophic water bodies
using large-sized algae. Large-sized algae clone has the advantages of continuous culture
in the whole year, no differentiation, wide temperature endurance range, rapid starting,
high breeding, and easy removal and high removal rate for nitrogen and phosphorus.
Hongyan et al. [61] reported a method revealing the treatment of wastewater by KM
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biological catalytic oxidation. They observed that the reported method had the advan-
tages of good ammonia-Nitrogen removal effects, high effluent water quality, and
low cost.

7.3.9.4 Secondary Anoxic Zone

The excess nitrate that was not removed in the above zone is converted into nitrogen in
this zone. However, the quantity of nitrate removed is very small because of the very slow
denitrification rate in this zone. Because of the lower COD, the retention time in the
anoxic zone is relatively long [58].

7.3.9.5 Secondary Aerobic Zone and Clarifier

Excess phosphate, which was not removed in the primary aerobic zone, is removed in this
zone. In addition residual ammonia undergoes oxidation in this zone. Secondary aerobic
zone increases the level of the dissolved oxygen by about 2 to 4 mg/L in the mixed liquor
before its entry into the clarifier. This zone requires greater aeration to promote phosphate
uptake and to maintain good aerobic conditions. Biomass retains phosphorus as long as
aerobic conditions prevail [13]. This zone avoids the development of anaerobic condition
in the clarifier and phosphate release before clarification. Treated wastewater which is free
of organic matter and dissolved solids is released into the clarifier [37,62]. Tirthakar and
Vinaykumar [63] reported the removal of N/P from wastewater during eutrophication. The
SBR is a modification of AS process, which has been successfully used to treat municipal
and industrial wastewaters. The SBR technology developed in the late 1950s and early
1960s has been used for this purpose. Slusarczyk [64] described a biological wastewater
treatment method using a biological reactor. In this method, the processes are conducted
in an alternating and joint, aerobic zone, anoxic zone, and aerobic zone arrangement.

7.4 \Wastewater Effluent Quality and Regulatory
Standards

Biological wastewater treatment is destined to produce effluent that can be used for
agricultural or aquacultural activities. However, if the effluent is not suitable for use in
agriculture or aquaculture it should be suitable for discharge into inland or coastal
waters. Effluent quality standards are determined and set by regulatory agencies
empowered by legislation. Unfortunately, such regulations are not as sensible in many
countries as they should have been [41]. Wastewater treatment systems should be
provided permits from appropriate authorities [65]. For example, discharge from
a treatment plant into a stream in the US requires a National Pollutant Discharge
Elimination System (NPDES) permit. The NPDES permit is a manifesto that specifies the
maximum allowable level of total SS, nutrients, bacteria, BOD, and the minimum level of
dissolved oxygen present in the effluent that can be discharged into a stream. NPDES
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permits are often changed every 5 years since water quality concerns change throughout
[65]. Water bodies and soil are approaching toward a serious pollution threat and
therefore, it is the need of the hour to control the quality of the effluents mainly with
regard to the polluting power (BOD, TOC, SS, and COD) and nutrient contents (phos-
phate, nitrate, and ammonium). Toxins like solvents, heavy metals, phenols, and chlo-
rinated compounds are also controlled depending on the type of the industry [65].

7.5 Efficiency of Biological Wastewater Treatment

The emergence of certain new challenges has significantly limited the effectiveness of
biological wastewater treatment processes over the last few decades [37]. As per the
reports by Zhou and Smith, increased knowledge of the consequences of water pollution
and the desire of public for better water quality promoted the implementation of strict
regulations by expanding the scope of regulated contaminants and lowering their
maximum contaminant levels [62]. The rapid population growth, industrial development,
and diminishing water resources are also contributing factors [6]. Today’s wastewater
treatment sector faces several key challenges like old and worn-out collection facilities
which require further improvement, replacement, or repair to maintain their useful life;
the quantity and character of contaminants are far more complex than those that in the
past; population explosion is in demand of creating new plants; increasing urbanization
and farm runoff provide additional sources of pollution which are not controlled by
conventional wastewater treatment [41]. Depending on the level of treatment, the treat-
ment plants can provide, varying amounts of contaminants from wastewater are removed
[7]. Over the years, disinfection techniques like chlorination, UV irradiation, and ozona-
tion have shown varying degrees of success for the removal of pathogens from wastewater
[66]. However, inadequacies of these techniques in the removal of certain pathogens from
wastewater have been pointed out by the recent literature. Chemical disinfection with
chlorine and irradiation by UV radiations have been reported to be ineffective against
some viruses and some bacterial spores like Acanthamoeba, Cryptosporidium, and Giar-
dia spp. [67]. For limiting the formation of bromate, ozone applied at low CT (concen-
tration and contact time) was reported to have relatively little effect on the infectivity of the
protozoan cysts [9]. Advancement of wastewater treatment technology notwithstanding,
treated sewage may still contain some harmful identities irrespective of thoroughness and
sophistication of the treatment process, although in smaller quantities than in raw sewage.

7.6 Consequences of Inadequate Wastewater
Treatment
Discharge of untreated or inadequately treated wastewater into the environment puts

diverse hazardous effects on the overall living systems. Municipal wastewater often
results in eutrophication, algal blooms; depleted dissolved oxygen, fish extinction;
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sedimentation leading to destruction of aquatic habitats and increased water flow.
Moreover, aquatic life suffers from acute and chronic toxicity as well as bioaccumulation
and biomagnification of chemicals in the food chain is observed [68,69]. Releasing
untreated or inadequately treated municipal wastewater effluents into the environment
puts public health at risk from drinking water contaminated with pathogenic bacteria,
protozoans (such as Giardia and Cryptosporidium spp.), and several toxic substances
[70]. Moreover, consuming fish and shellfish and engaging in recreational activities in
contaminated waters also become mandatory to avoid activity [68,69]. It has been
established that carcinogenic and endocrine disrupting substances and some pharma-
ceuticals can pass through even the most advanced wastewater treatment systems [71].
Naturally occurring hormones are disrupted by endocrine disrupting substances and,
therefore, have harsh effects on the growth, reproduction, or development of many
wildlife species [72]. According to Goodland and Daly (1996) the natural capital is
comprised of intact ecosystems and ecosystem services (structurally and functionally).
Wastewater pollution considerably affects the ecosystem; causing depletion of plant
biomass, high rate of wetland destruction, drastically affecting aquatic wildlife habitats,
and the decrease in freshwater access, the ecosystem services provided by these
components will continue to degrade [72]. All these processes deplete the natural capital
of the earth and as a result ecosystem loses its capacity to provide the usual vital services.
Therefore, implementing a high wastewater effluent standard will maintain the natural
capital to ensure that adequate resources are available for natural benefits [73].

7.7 Recent Developments in Biological Wastewater
Treatment Methodologies

In order to eradicate the problems (biomass washout, wastewater discharges into
freshwater bodies, etc.) that are usually encountered while carrying out wastewater
treatment by biological methods; a considerable development has been witnessed in
biological wastewater treatment methods recently. Duran et al. [74] during the last
decade studied the effects of oxygen on the removal of polymeric resins in upflow
anaerobic sludge blanket (UASB) reactor in a biological wastewater treatment process.
Two UASB reactors (A and B) were used. Reactor A was used as methanogenic control
during the study and both reactors were operated under methanogenic conditions.
Reactor A had reduction in COD removal efficiency from 75 +4% to 37 +5%, by the
increase of polymeric resin compounds (PRC) loading rate from 750 to 1125 mg COD/L.
However, there was no styrene elimination in this reactor. In reactor B, the COD removal
efficiency was between 73 + 5% and 80 + 2%, even with the addition of O, and increase of
the PRC loading rate, owing to oxygen being used in the partial oxidation of these
compounds. Recently, Zhang et al. [75] reported a wastewater treatment system for the
ethanol fermentation industry. The authors demonstrated that the waste was able to be
recycled for the next fermentation after being treated with bio-flocculation process.



Chapter 7 « Wastewater Treatment by Biological Methods 197

Moreover, this new process was confirmed to have stable operation over 10 recycles.
Furthermore, bio-flocculation was shown to be an effective way to diminish the content
of inhibitory compounds (SS, volatile acid, and Fe ions inhibited fermentation) drastically
when the waste was recirculated. Robles-Vargas et al. [76] recently described an elec-
trochemical AOPs which resulted in highest toxicity and COD removals (96% for both
parameters) in comparison to biological and physicochemical treatments. Adsorption
with zeolite and chelex ion-exchange resins and activated carbon lead to a removal of 60—
90% of COD and 60-99% toxicity. Ishii et al. [77] recently reported published from a MFC
(microbial fuel cell) that was operated for over 300 days using only primary clarifier
effluent collected from a municipal wastewater treatment plant as the microbial resource
and substrate. The reactor solution was replaced once every 2 weeks with new primary
effluent (containing different microbial and chemical compositions with every batch
exchange). The authors observed that the turbidity of the primary clarifier effluent
solution decreased notably, and 97% of BOD was removed after an 8- to 13-day residence
time for each batch cycle. Furthermore, it was very interesting to note that the electro-
chemical performance and BOD removal rates were very reproducible throughout MFC
operation regardless of the sample variability associated with each wastewater exchange.
While MFC performance was very reproducible, the phylogenetic analyses of anode-
associated electricity-generating biofilms showed that the microbial populations
temporally fluctuated and maintained a high biodiversity throughout the yearlong
experiment. These results suggest that MFC communities are self-selecting and self-
optimizing, thereby able to develop and maintain functional stability regardless of fluc-
tuations in carbon source and regular introduction of microbial competitors. These
results contribute significantly toward the practical application of MFC systems for long-
term wastewater treatment as well as demonstrating MFC technology as a useful device
to enrich for functionally stable microbial populations. Matos et al. [78] in 2012 reported
the effect of organic loading rate on the growth of filamentous fungi. High amounts of
fungal filaments were observed in the SBR operating at higher organic loading rate, as
ascertained by direct microscopic inspection, while at lower organic loading rates,
overabundance of fungal filaments was not observed. Sequence retrieved from the iso-
lated fungal filaments presented high similarity (99%) to Galactomyces geotrichum.
Alturki et al. [79] quite recently reported the potential and several challenges in the
development of a novel osmotic membrane bioreactor (OMBR) process for the treatment
of municipal wastewater. Following the initial gradual decline, a stable permeate flux
value was obtained after approximately 4 days of continuous operation. There was
evidence of continuous deterioration of biological activity of the OMBR system, possibly
due to the buildup of salinity in the reactor. The removal of 25 of 27 trace organic
compounds with molecular weight higher than 266 g/mol was above 80% and was
possibly governed by the interplay between physical separation of the FO membrane and
biodegradation. In contrast, the removal efficiency values of the other 23 trace organic
compounds with molecular weight less than 266 g/mol were very scattered. The removal
efficiency of these low molecular weight compounds by OMBR treatment appears to
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depend mostly on biological degradation. Sui et al. [80] carried out the monthly studies of
the occurrence of 12 pharmaceuticals and personal care products (PPCPs) in two
wastewater treatment plants in Beijing over the course of 1 year. The authors reported the
comparison of the removal of PPCPs by three biological treatment processes viz
conventional AS (CAS), biological nutrient removal (BNR), and membrane bioreactor
(MBR) during different seasons. Discrepant seasonal variations of PPCPs in the waste-
water influent were noted while most PPCPs had lower concentrations in the wastewater
effluent, during summer than during winter. The performance of MBR was demonstrated
to be more stable for PPCPs than CAS or BNR particularly during winter months.
However, pharmaceuticals like diclofenac, trimethoprim, metoprolol, and gemfibrozil
could be moderately removed by MBR, while their removal by CAS and BNR was much
lower or even negligible. Finally, the authors came to the conclusion that the toxic tank
was the most important unit, whereas membrane filtration made a negligible contribu-
tion to their elimination. Jagadevan et al. [81] reported a novel hybrid nano zerovalent
iron (nZVI)-initiated oxidation—biological degradation approach for remediation of
recalcitrant waste metalworking fluids. The authors performed laboratory scale batch
studies for the testing of degradation ability of a semi-synthetic metalworking fluid
(MWEF) wastewater (which was found to be resistant to initial bacterial treatment in
specifically established bioreactors) by employing a novel hybrid approach. The main
purpose of the approach was to combine the synergistic effects of nZVI-induced oxida-
tion which was followed by biodegradation, specifically for the remediation of recalci-
trant components of MWF effluent. The method reported an overall COD reduction of
95.5% demonstrating that nZVI oxidation can be exploited for enhancing the biode-
gradability of a recalcitrant wastewater in treatment processes. Buth et al. in 2011 [82]
described a method for the formation and removal of chlorinated triclosan derivatives in
wastewater treatment plants using chlorine and UV disinfection. Wastewater influent,
secondary (pre-disinfection) effluent, and final (post-disinfection) effluent samples were
collected from two AS wastewater treatment plants. One of the wastewater plants was
using chlorine disinfection and the other was using UV disinfection on two occasions. Li
et al. [83] described dynamics of functional gene copy number and overall bacterial
community during microcystin-LR (MCLR) degradation by a biological treatment facility
in a drinking water treatment plant. The authors reported that MCLR effectively bio-
degraded within 5.5 days in biofilm cultures sampled in winter. Seasonal variations in the
MCLR-degradation potential of the biofilm were closely related to the initial MCLR-
degrader population in the biofilm as revealed by the quantitative polymerase chain
reaction (qQPCR). The qPCR assay indicated that MCLR may be a primary substrate for the
degraders in the presence of another labile organic carbon associated with the biofilm
under the present study conditions. This study can be very helpful in understanding the
microbial degradation of MCs and could facilitate the bioremediation of MCs in polluted
habitats. Di et al. [84] described a method for tannery wastewater treatment. The authors
reported that the method met the present discharge limits when the biologically treated
wastewater was recirculated through an adjacent reactor where a specific ozone dose of
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120 mg Os/L (influent) was used. The final effluent of the process looked like tap water
which was indicative of the benefits of the process. The proposed method was able to
reduce the sludge production by 25-30 times and to save 60% of operating costs in
comparison to the conventional methods. Coma et al. [85] reported the effect of cycle
changes on biological nutrient removal in a SBR. Their results indicated that the key
factors in stabilizing the system for long-term periods with high nutrient removal (88%,
93%, and 99% of carbon, nitrogen, and phosphorus, respectively) are the length of phases
and the optimization of influent distribution.

Conclusion

Biological wastewater treatment is one of the frontier areas of research in the present
scenario. The sewage after treatment may still contain some harmful entities irrespective
of the sophistication and ruggedness of the treatment process. Water which was once
regarded as the most abundant natural resource is increasingly becoming one of the
scarcest resources now. Recent advances in wastewater treatment methodologies suggest
encouraging developments in the treatment systems in near future. Still, a broad spec-
trum of pathogens happen to occur in wastewater. The numbers and types of such
pathogens present are highly dependent on the socioeconomic conditions and customs
of the communities creating the wastewater. It is the need of the time to understand the
hazardous environmental impacts posed by the untreated or inadequately treated
wastewater that enters the nearby ecosystems. In view of the above-summarized facts, it
becomes the duty of the environmental scientists all over the world to work for the
development of highly efficient and low-cost wastewater treatment methods to ensure
safe wastewater treatment for the welfare of the mankind.
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8.1 Introduction

Water is the most important and essential component of this universe and plays a vital
role in the proper functioning of the Earth’s ecosystems. In spite of this, safe drinking
water is not available in many parts of the world. The quality of water resources is
deteriorating exponentially due to their contamination. Both point and nonpoint sources
are polluting our water resources due to geometrical growth of population, modern
industrialization, civilization, domestic and agricultural activities and other geological,
environmental and global changes. Nowadays, water pollution is a serious issue as it
affects our lives and is expected to get worse over coming decades [1-3].

Because of the utmost importance of water the need of its quality improvement and
preservation is growing continuously. By 2020, the global population is suppose to reach
up to 7.9 billion [4] and because of this the world may be under great fresh water scarcity.
Our water resources are limited and under such circumstances water recycling and
treatment technologies are the only alternatives to fulfill water demand in coming few
decades. Therefore, there is a great need for the development of the suitable, inexpensive
and rapid wastewater treatment, remediation and recycling or conservation methods in
the present century [5,6]. The benefits of water reuse in industries are supplemental and
reliable water source to enhance and replace existing water supplies. Water recycling is
increasingly practiced throughout the world for various purposes; particularly in arid
environments. Therefore, attempts have been to assess the future of wastewater treat-
ment, remediation and recycling methodologies. Efforts have also been carried out to
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present a systematic approach for water treatment and recycling methods, which involve
the understanding, evaluating and selecting parameters. A comparison of the technolo-
gies has been presented by discussing their performance, sludge production, life period
and operations.

8.2 Water Recycling

Water recycling is not a new concept but it has emerged in ancient time in China and
Egypt due to irrigation requirements. But in fact water is recycled by nature through
hydrological cycle since the existence of the earth. First attempts for water reuse was in
USA in 1940s when chlorinated domestic wastewater was used in the steel industry [7].
But water recycling started in last quarter of the twentieth century; in USA and Euro-
pean countries. From 1930 to 1970, the amount of reused water in Sweden increased by
six times. In Japan (1951), a program for recycling of water of the Mikawashima
Wastewater Treatment Plant in Tokyo was started. The recycled water was used for
a paper mill. It was observed that the water quality of recycled water was better than
the quality of any other available water source. The growing economy of Japan in this
period resulted in a competition between industry and agriculture for available water,
which made water recycling more important. Today, about eight percent water in
industries in Japan is recycled. Nowadays, water recycling and reuse are being carried
out throughout the whole world including America, Europe, Africa, Asia and Australia
continents. A survey on municipal wastewater reclamation depicted the order of
recycling as Japan > USA > Europe > Australia [8]. Japan and Singapore are the most
prominent water recyclers in Asia with 150 GL water recycled annually. The success of
water reuse depends on many factors such as local communities, companies and other
rules and regulations. According to Bixio et al. [8], the applications of recycled water
are agricultural irrigation, urban, recreational, environmental uses (recharge, process
water for industry, direct and indirect potable water production) and combinations
of all these.

8.3 Water Recycling Considerations

Basically, water recycling is the need of the urbanization and the types of recycled water
and management influence the water cycle balance. The performance of the water cycle
system is based on environmental management and issues, water cycle infrastructure
and quantity and quality needs of the different receiving environments. The considerable
environmental issues are salinity, soil contamination, public health, water quantity and
quality constraints, downstream water infrastructure issues and recycling rainwater/
storm waters. Besides, social and economical implications are also responsible for water
recycling and reuse. BASIX is a web-based sustainability tool that is currently used to
reduce water consumption for residential developments up to 50%. The introduction of
BASIX is an important step to promote the use of recycled water for new residential
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developments. But, nowadays, scientist are also considering many other issues like total
water cycle performance, regulatory guidelines and broadening the criteria for sustain-
ability to account for social and environmental objectives.

8.4 Water Recycling and Health

Recycled waters are being used for irrigation, industrial and domestic supplies. Recycled
water requires proper treatment prior to supply. The treatment should be as per the
requirement of the supply. Treatment should be capable to remove contaminants that
may be harmful to health and wealth. The removal of microbes and toxic metal ions is
necessary as these cause serious side effects and, sometimes, are carcinogenic too. The
level of treatment requires as per the potentiality of risk. It has been observed that
pathogens can be removed effectively by using optimum dose of chlorination. Besides,
for some specific purposes, UV radiation and reverse osmosis methods are more effective
for providing safe recycled water. For the removal of toxic metal ions, several methods
such as adsorption, electrochemical and membrane filtration are available. The appli-
cation of a particular method depends on the type of recycled water and its use. The detail
about these techniques have already discussed in various chapters of this book. The
benefits of water recycling include the followings.

1. If the treatment of wastewater is done in such a way that the treated water contains
various nutrients essential for plant growth, so it can reduce the use of fertilizers and
manure.

2. The treated wastewater can be used in various urban and semi-urban activities like
providing water for parks, wildlife refuges, fire fighting, and toilet flushing etc.

3. The untreated discharge of wastewater into various water bodies destroys the quality
of the water and affects the flora and fauna of the water body.

4. The use of treated wastewater decreases the load of freshwater for agriculture.

5. Usage of treated wastewater would reduce the discharge of untreated wastewater into
the environment so reducing water pollution and the contamination of drinking water
bodies.

8.5 Water Recycling Techniques

Generally, all techniques available have been used for recycling wastewaters and the most
important include adsorption, electrochemical and biological methods, membrane
filtration and disinfection. The selection of the suitable technique depends on the quality
of wastewater being treated. For example, membrane technologies and adsorption can be
used for any type of wastewater while electrochemical and biological methods are
selective. These techniques are being used worldwide for wastewater recycling, i.e. USA,
Australia, Japan, Singapore and other European countries. Besides, ultraviolet and
hydrogen peroxide disinfection (advanced disinfection) is supposed as the best approach
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to make water health risk free. Water recycling is carried out in a systematic and scientific
way. The most common water recycling scheme is shown in Figure 8-1.

8.6 Future Perspectives of Water Recycling

As discussed above, the population of the world is increasing continuously and the
expected populations of the world in the near future are shown in Figure 8-2. In 2050, the
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expected population of the world may reach up to 9.5 billion. To fulfill the requirements
of this population, there will be the growth in agriculture and industrial sectors. All these
factors, i.e. increase in population, industrial and agriculture growth will results into an
increase in fresh water supply. Of course, the quantity of fresh water on this planet is fixed
and the increasing demand in the future may be filled by wastewater recycling and reuse.
At present many countries are using water recycling but in the future whole world will
depend on this technology. Today, water recycling methodologies are not cost effective
and cannot be undertaken by developing and underdeveloped countries. Therefore, there
is a great need to develop more economic methods of water recycling so that the
underdeveloped countries can use water recycling in the future. Briefly, water recycling is
becoming an important part in our lives and will be the need of future.

Conclusion

Nowadays, the treatment of wastewater and recycling are well accepted throughout the
world due to fresh water scarcity. The technologies for producing clean water from
wastewater are also well developed and available. Besides, the future of recycling is also
dependent on awareness and education in public. Of course, water recycling is being
done well in developed countries but has not achieved good reputation in developing
countries. It is due to the lack of infrastructures required and awareness in people.
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