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This book is for the coming generations, to
make them aware about the ‘cost’ of water.

– Sanjay K. Sharma and Rashmi Sanghi





Preface

Anyone who can solve the problems of water will be worthy of
two Nobel prizes – one for peace and one for science.

John F. Kennedy

When the well is dry, we learn the worth of water.

Benjamin Franklin

The mighty words of John F. Kennedy and Benjamin Franklin underline quite
simply, and yet very powerfully, how important water is for the survival of our planet
and its species and invite us to take measure against the dramatic consequences of
water shortage.

Editing this book has been a very special experience for us because it has meant
posing ourselves a crucial question: ‘how could we live without water?’

Nowadays, the world water crisis has assumed alarming proportions and certainly
two causes in particular have played a crucial role in its intensification:

• The World’s growing population, and the consequent increase in water consump-
tion and sanitation problems

• The fast-growing process of industrialization and development activities, which
has led to water shortage and water pollution

The latter has been especially challenging because of its tangible and dramatic
impact on ecosystems, human well-being and economies. And it is on the effects
of water pollution that this book focuses its attention, examining what preventive
measures can be taken against water pollution and stressing the need to implement
greener water treatments.

The high quality chapters gathered in this volume make Advances in Water
Treatment and Pollution Prevention a valuable resource to academic researchers,
students, institutions, environmentalists, and anyone interested in environmental
policies aimed at safeguarding both the quality and the quantity of water. We are
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viii Preface

positive that the book will provide an insightful analysis of Water Pollution and
of its treatments as well as of the processes that have been studied, optimized and
developed so far to sustain our environment.

We sincerely welcome feedback from our valuable readers and critics.

Jaipur, India Sanjay K. Sharma
Kanpur, India Rashmi Sanghi
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Chapter 1
Green Practices to Save Our Precious
“Water Resource”

Sanjay K. Sharma, Rashmi Sanghi, and Ackmez Mudhoo

Water is H2O, hydrogen two parts, oxygen one but there is
also a third thing, that makes it water and nobody knows
what that is.

–D.H. Lawrence (1885–1930)

1.1 Introduction

Water is one of the world’s most precious resources without which life is not
possible on Earth. It is equally important for agriculture and industry. We cannot
imagine any “crop” or any “product” without the involvement of water. Apart from
its necessity for life, it has many unusual properties. Water is the only element
known to man that exists naturally in all three states of matter. For example, it has
exceptional ability to store heat and can modify the earth’s temperature. In its solid
form as ice, it has the ability to float on water allowing aquatic life to survive in
winter. Water has a very significant role in chemistry as an excellent solvent that
can dissolve many ionic and polar substances. That is why it is an effective medium
for carrying nutrients to plants as well as to animals. Water in its liquid state can be
classed as “strange” and “eccentric.”
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2 S.K. Sharma et al.

Water makes up more than 70% of every adult human body and 50–90% of all
plants and animals, and without water, we would die in a few days. The human
body is comprised mostly of water: the brain is made up of 95% water, blood 82%
water, and lungs 90% water, and furthermore our blood mineral content is strikingly
similar to saltwater. A mere 2% drop in our body’s water supply can trigger signs
of dehydration. Water is also the major component of all living things, available in
the form of surface water, underground water, rainwater, and seawater. However,
the total quantity of water on our planet Earth is very nearly constant and it keeps
circulating through the hydrologic cycle. So, the water strictly is a fixed resource and
the total quantity of water on our planet is estimated at 1.36 � 109 km3. Water from
land and sea evaporates into the atmosphere, forms clouds, falls back to earth as
rain or snow, and then into rivers and streams and back to the sea and air. The total
availability of water on earth can be understood by the fact that 97.4% of earth’s
water is available as seawater and rest includes 1.98% ice caps and glaciers, 0.59%
groundwater, 0.014% freshwater lakes and other forms of water [1]. Roughly 99%
of water available on earth is not useful for us. Only 1% water is available as Earth’s
freshwater for all our day-to-day uses and out of this more than one-third of it is used
for agricultural, industrial, and domestic uses [2].

Our earth initially had clean water. Crystal clean water bubbled forth from every
spring. Since ancient times, people settled near sources of water and thus most of the
cultures and communities grew along rivers and lakes in the area where some water
source in the form of spring or well was available. People often drank the water from
the same lake or river in which they disposed of their wastes. In the same water, they
washed themselves and their animals. Consequently, they often became ill because
of the water contaminated with dangerous microbes from the waste of human and
animals. Centuries later, as water became more contaminated, people took steps
to ensure they were drinking clean water. The ancient Greeks and Romans lined
their drinking pottery with silver, believing that would ensure clean water. Later,
they used boiling to ensure clean water. As recently as 1905, people used copper
vessels exposed to sunlight as holding tanks that led to charcoal filters that produced
fairly clean water. Although, the waterborne diseases have been controlled up to a
satisfactory level, they are still very common in less developed and underdeveloped
countries due to inadequate waste disposal systems. Major problems that humanity
is facing in the twenty-first century are related to water quantity and/or water quality
issues [2, 3] and will be more critical in future with issues such as global warming,
climate change [4] resulting in floods and droughts [5]. Today, quality and pollution
of surface water is a not only an issue for scientists, but also for policymakers,
politicians, and the public in general.

Many reviews have appeared in the scientific literature that covers various aspects
of waterborne diseases arising due to chemical pollution [6]. Pollutants have been
present since time immemorial, and life on the earth has always evolved amidst
them. Chemical pollutants construct a wide range of pollutants including nutrients
such as nitrogen [7] and phosphorous compounds [8] and organic pollutants [9].
Industrialization and intensive use of chemical substances such as petroleum oil,
hydrocarbons (e.g., aliphatic, aromatic, polycyclic aromatic hydrocarbons (PAHs),
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BTEX (benzene, toluene, ethylbenzene, and xylenes), chlorinated hydrocarbons like
polychlorinated biphenyls (PCBs), trichloroethylene (TCE), and perchloroethylene,
nitroaromatic compounds, organophosphorus compounds), solvents, pesticides, and
heavy metals are contributing to environmental pollution. Presently, large-scale
pollution due to man-made chemical substances and to some extent by natural
substances is of global concern. Seepage and run-offs due to the mobile nature and
continuous cycling of volatilization and condensation of many organic chemicals
such as pesticides have even led to their presence in rain, fog, and snow [10].
The thousands of inorganic and organic trace pollutants occurring at the nanogram
to microgram per liter concentration are called “micropollutants.” The sources of
such micropollutants are diverse ranging from industries and municipalities [11]
to agriculture [12, 13]. Though people are very much aware about their increasing
concentration, designing sustainable treatment technologies is still a challenge for
scientists worldwide [14–18].

Water is the oil of the 21st century.

–Andrew Liveris, CEO Dow Chemical, cited in “Running Dry,”
The Economist, 21 Aug 08

1.2 Some Common Pollutants

1.2.1 Persistent Organic Pollutants (POPs)

POPs have been and continue to be of greatest environmental concern worldwide.
Some prominent POPs (“legacy POPs” or “the dirty dozen”) have been listed in the
Aarhus Protocol and the Stockhome Convention [19]. They are highly chlorinated
compounds like DDT (dichlorodiphenyltrichloroethane) and polycyclic aromatic
hydrocarbons (PAHs). The list of POPs is much longer [20] and allows new
additions to it. The recent additions are polybrominated diphenyl ethers (PBDEs)
used as flame retardants [21, 22] and perfluoroalkyl chemicals (PFCs) used in
several industrial applications [23, 24]. These additional POPs are called “emerging
POPs” [25]. While many POPs have been present in the atmosphere for decades,
they could not be detected due to analytical limitations [26, 27]. POPs are dangerous
for health because of their bioaccumulation and biomagnification potential in
aquatic food web [28–31].

1.2.2 Pollutants from Agricultural Sector

Agriculture is also a common pollution source [32], because several million tons of
chemicals and pesticides are being used for it globally. Use of such chemicals to
increase the crop production causes numerous health hazards to biota and human
beings [33–36]. Acute poisoning from direct exposure to pesticides is risky for
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agricultural workers, resulting in at least 20,000 deaths per year [37]. This is more
frequent in developing countries [38–40] as monitoring and assessing practices are
often limited [41] and enforcement of regulations are neglected [42]. The banned
POPs like DDT and HCHs (hexachlorocyclohexanes) are used extensively in
developing countries in agriculture and sanitation, because of their low cost and
higher effectivity [43, 44].

1.2.3 Arsenic

Arsenic is a naturally occurring element that can be found in atmospheric, marine,
mining, freshwater, groundwater [45], and terrestrial environments [46]. It is mobi-
lized by dissolution in water and emission into the atmosphere. This is accomplished
naturally through weathering of minerals and igneous rock, biological processes
[47], and volcanic activities (including submarine volcanism). Human activities
also introduce arsenic into the environment via agriculture, and through aerial and
wastewater discharge from mining and industry.

In Bangladesh, over 35 million of 130 million inhabitants are at increased risk
for cancer, cardiovascular, neurologic, and other diseases due to naturally occurring
arsenic in drinking water [48]. The Bangladesh government and international aid
organizations, spearheaded by United Nations Children’s Fund (UNICEF), then
began installing tube wells that tapped into pathogen-free aquifers as an alternative
water source. The convenience and low cost of installing tube wells led millions
of people to install their own private well [49]. This access to groundwater, as
well as the introduction of oral rehydration therapy, was apparently effective in
decreasing mortality rates. The unintended consequence, an epidemic of arsenicosis
due to chronic arsenic exposure, became apparent in the 1990s. The Dhaka
Community Hospital (DCH) and the School of Environmental Studies (SOES),
Jadavpur University, Kolkata, India, monitored water quality from 0.1 million tube
wells covering 64 districts of Bangladesh. The results showed that water samples
from 53 districts had arsenic concentration above the maximum permissible limit
(0.05 mg L�1). The arsenic situation in the Chandipur village (7.2 km2 and 7,430
inhabitants) for 1998–2004 showed that the situation had deteriorated. Out of 628
hand tube wells samples analyzed, 537 (85.5%) samples had arsenic in excess
of 0.01 mg L�1 and 73.9% of the samples had arsenic in concentrations more
than 0.05 mg L�1. Also, the severity of the arsenic pollution in groundwater was
confirmed when 93% of the 970 people surveyed on a preliminary basis showed
arsenic levels more than the normally accepted levels in hair, nail, and urine samples.

Arsenic concentrations in natural water and wastewater are a worldwide problem
and often referred to as a calamity of the twentieth and twenty-first centuries. Today,
the chronic exposure to arsenic is also known to have an adverse effect on human
health. Chronic arsenic ingestion from drinking water has been found to cause
carcinogenic and noncarcinogenic health effects in humans [50]. An example of
vascular effects of arsenic exposure is the so-called blackfoot disease which was
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found to be endemic in the southwestern coast of Taiwan associated with arsenic
exposure form drinking water [51]. The primary exposure route of inorganic arsenic
is ingestion from drinking water due to natural contamination in groundwater from
dissolution of natural mineral deposits, industrial effluents and drainage problems
[52], and of geogenic origin and caused by natural anoxic conditions in the aquifers
[53]. While being a highly toxic element, arsenic has been studied to a lesser
degree than other toxic elements such as lead, cadmium, or mercury. Despite its
application in complete leukemia treatment, arsenic is constantly seen as a potential
environmental pollution source on a large scale. As of now, ongoing research
strongly evokes the polluting nature of arsenic. The pressing need for environmental
protection from excessive levels of arsenic has led to the development of arsenic
removal processes all over the world [54]. Existing arsenic removal technologies
reported in the literature range from oxidation, precipitation, coagulation, membrane
separation, ion exchange, biological treatment and removal systems, chemisorp-
tions, filtration, to adsorption. Most of the established technologies for arsenic
removal make use of several of these processes, either at the same time or in
sequence. All of the removal technologies have the added benefit of removing other
undesirable compounds along with arsenic – depending on the technology, bacteria,
turbidity, color, odor, hardness, phosphate, fluoride, nitrate, iron, manganese, and
other metals can be removed [55].

1.2.4 Heavy Metals

Rapid industrialization and urbanization have resulted in elevated emission of
toxic heavy metals entering the biosphere. Various anthropogenic activities such
as mining and agriculture have polluted extensive areas throughout the world
[56]. The release of heavy metals in biologically available forms may damage or
alter both natural and man-made ecosystems [57]. Although some heavy metals
ions are essential micronutrients for plant metabolism but if present in excess
concentration in soil, groundwater, and some aqueous waste streams can become
extremely toxic to the receiving living micro and macro environments. Wastewater
from various industries, such as metal finishing, electroplating, plastics, and pigment
mining, contain several heavy metals of health and environmental concern, such
as cadmium, copper, chromium, zinc, and nickel [58]. The term “heavy metals”
refers to metals and metalloids having densities greater than 5 gcm�3 and is usually
associated with pollution and toxicity although some of these elements (essential
metals) are required by organisms at low concentrations [59]. Heavy metal toxicity
and the danger of their bioaccumulation in the food chain represent one of the
major environmental and health problems of our modern society. Primary sources of
pollution is from the burning of fossil fuels, mining, and melting of metallic ferrous
ores, municipal wastes, fertilizers, pesticides, and sewage sludge [60]. The most
common heavy metals contaminants are: Cadmium (Cd), chromium (Cr), copper
(Cu), lead (Pb), nickel (Ni), and zinc (Zn).
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1.2.4.1 Cadmium

Cadmium (Cd) is one of the most toxic heavy metals and is considered nonessential
for living organisms. Cadmium has been recognized for its negative effect on the
environment where it accumulates throughout the food chain posing a serious threat
to human health. Cadmium pollution has induced extremely severe effects on plants
[61]. Cadmium, which is widely used and extremely toxic in relatively low dosages,
is one of the principal heavy metals responsible for causing kidney damage, renal
disorder, high blood pressure, bone fraction, and destruction of red blood cells [62].

1.2.4.2 Chromium

Chromium (Cr) is one of the most important chemical contaminants of concern. It
exists in a series of oxidation states from �2 to C6 valence; the most important
stable states are 0 (element metal), C3 (trivalent), and C6 (hexavalent). Cr3C and
Cr6C are released to the environment primary from stationary point sources resulting
from human activities. Acute and chronic adverse effects of chromium to warm-
blooded organisms are caused mainly by Cr6C compounds. Most investigators agree
that chromium in biological materials is probably always in the trivalent state, that
greatest exposures of Cr3C in the general human population are through the diet,
and that no organic trivalent chromium complexes of toxicological importance
have been described. Hexavalent chromium is present in the effluents produced
during the electroplating, leather tanning, cement, mining, dyeing, fertilizer, and
photography industries and causes severe environmental and public health problems
[63]. Its concentrations in industrial wastewater range from 0.5 to 270 mg/L and the
tolerance limit for Cr6C for discharge into inland surface water is 0.1 mg/L and in
potable water is 0.05 mg/L.

1.2.4.3 Copper

Copper, one of the most widely used heavy metals, is mainly employed in electrical
and electroplating industries, and in larger amounts is extremely toxic to living
organisms. The presence of copper (II) ions causes serious toxicological concerns; it
is usually known to deposit in brain, skin, liver, pancreas, and myocardium. Copper
toxicity is a much overlooked contributor to many health problems, including
anorexia, fatigue, premenstrual syndrome, depression, anxiety, migraine headaches,
allergies, childhood hyperactivity, and learning disorders.

1.2.4.4 Nickel

Nickel is a naturally occurring element that exists in various mineral forms. It is used
in a wide variety of applications including metallurgical processes and electrical
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components such as batteries. Nickel contamination of the environment occurs
locally from emissions of metal mining, smelting, and refining operations; from
combustion of fossil fuels; from industrial activities, such as nickel plating and alloy
manufacturing; from land disposal of sludges, solids, and slags; and from disposal as
effluents. Nickel toxicity reduces photosynthesis, growth, and nitrogenase activity
of algae; fermentative activity of a mixed rumen microbiota; growth rate of marine
bacteria; metabolism of soil bacteria; and mycelial growth, spore germination, and
sporulation of fungi. Toxic effects of nickel to humans and laboratory mammals
are documented for respiratory, cardiovascular, gastrointestinal, hematological,
musculoskeletal, hepatic, renal, dermal, ocular, immunological, developmental,
neurological, and reproductive systems.

1.2.4.5 Lead

Lead is one of the most dangerous contaminants which is released to the environ-
ment by various anthropogenic activities [64]. Lead poisoning is a medical condition
caused by increased levels of the metallic lead in the blood. Lead may cause
irreversible neurological damage as well as renal disease, cardiovascular effects,
and reproductive toxicity. Humans have been mining and using this heavy metal
for thousands of years, poisoning themselves in the process due to accumulation,
exposure, and direct contact.

1.2.4.6 Zinc

Zinc is an essential and beneficial element for human bodies and plants. Complete
exclusion of Zn is not possible due to its dual role, an essential microelement
on the one hand and a toxic environmental factor on the other [65]. However,
Zn can cause nonfatal fume fever, pneumonitis, and is a potential hazard as an
environmental pollutant. Zinc is an essential nutrient in humans and animals that
is necessary for the function of a large number of metalloenzymes.

1.2.5 Dyes

Dyes are highly dispersible aesthetic pollutants contributing to aquatic toxicity.
Reminiscent or unspent dye materials are mainly responsible for the colored
effluents from industries and its removal is therefore a necessary and inevitable
step for the recycling and disposal of the textile industrial effluents prior to it
being discharged into sewers. Dyes can be classified according to the procedures
used in the dying processes or on the basis of the chromophoric groups (see
Chap. 9). Synthetic dyes classified by their chromophores have different and stable
chemical structures to meet various coloring requirements. Color removal from

http://dx.doi.org/10.1007/978-94-007-4204-8_9
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wastewater is as important as the removal of soluble colorless organic substances,
which contribute the major function of chemical oxygen demand. Synthetic dyes
containing various substituents like nitro and sulfonic groups are not uniformly
susceptible to decomposition by activated sludge in a conventional aerobic process.

Water is the basis of life and the blue arteries of the earth!
Everything in the non-marine environment depends on
freshwater to survive.

–Sandra Postel, “Sandra Postel, Global Water Policy Project,”
Grist Magazine 26 Apr 04

1.3 Green Practices to Save the “Precious Water Resource”

Remediation, whether by biological, chemical, or a combination of both means,
is an effective technology for combating water pollution. Remediation of the
polluted sites by conventional approaches based on physicochemical methods can
be both technically and economically challenging in terms of time and cost.
Besides, it is very important not to cause further secondary pollution. There is a
need to come up with eco-friendly and sustainable treatment technologies using
renewable resources. Most of the organic pollutants are degraded or detoxificated
by physical, chemical, and biological treatments before being released into the
environment. Although the biological treatments are a removal process for some
organic compounds, their products of biodegradation may also be hazardous. This
chapter selectively examines and provides a critical view on the knowledge gaps and
limitations in utilizing greener technologies as a viable solution to the problem of
pollution without transferring secondary pollution to the future. It discusses the field
application strategies, approaches such as biosorption, bioremediation, microwave,
and ultrasonic technology for monitoring and testing the efficacy of remediation of
polluted sites.

1.3.1 Biosorption of Heavy Metals

Industrial wastewater containing heavy metals is a threat to public health because
of the accumulation of the heavy metals in the aquatic life, which is transferred
to human bodies through the food chain. All the more, nowadays, an increasing
number of hazardous organic compounds together with variable levels of heavy
metals ions are also being discharged into the environment [66]. Conventional
methods for the removal of the heavy metals ions from wastewater include chemical
precipitation, electrofloatation, ion exchange, reverse osmosis, and adsorption onto
activated carbon. But due to operational demerits, high cost of the treatment, and the
generation of toxic chemical sludges, some new technologies have been tried for a
long time. Recently attention has been diverted toward the biomaterials which are
by-products or the wastes from large-scale industrial operations and agricultural
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waste materials. Among them, less expensive, nonconventional adsorbents like
apple waste, peanut hull carbon, agricultural wastes, and red mud are being
investigated for the removal of ions like the Cd and Ni ions. Adsorption of heavy
metals onto suspended particles has been studied as a model of transportation of
metals in rivers and sea. The effects of chemical composition and particle size on
adsorption by suspended particles has also been studied. Attention had mostly been
on carbon as adsorption materials.

Biosorption is the binding and concentration of adsorbate(s) from aqueous
solutions (even very dilute ones) by certain types of inactive, dead, microbial
biomass. Some biosorbents can bind and collect a wide range of heavy metals
with no specific priority, whereas others are specific for certain types of metals.
In the concept of biosorption, several chemical processes may be involved, such
as bioaccumulation, bioadsorption, precipitation by H2S production, ion exchange,
and covalent binding with the biosorptive sites, including carboxyl, hydroxyl,
sulphydryl, amino, and phosphate groups of the microorganisms. Research on
biosorption shows that it is sometimes a complex phenomenon where the metallic
species could be deposited in the solid biosorbent through various sorption processes
such as complexation, chelation, microprecipitation, and oxidation/reduction. There
is a significant research and practical interest to develop the methods that can
effectively remove the heavy metals and at the same time recover them in their
pure form for the potential reuse to avoid the secondary pollution problems of these
heavy metals. The major advantages of biosorption over conventional treatment
methods include low cost, high efficiency, minimization of chemical or biological
sludge, regeneration of biosorbents, and possibility of metal recovery. Another
powerful technology is adsorption of heavy metals by activated carbon for treating
domestic and industrial wastewater. Active research on biosorption of heavy metals,
intrinsically guided by the emerging concept of Green Chemistry, has led to the
identification of a number of microbial biomass types that are extremely effective
in concentrating metals. Green chemistry (environmentally benign chemistry) is
the utilization of set of principles that reduces or eliminates the use or generation
of hazardous substances in the design, manufacture, and application of chemical
products [67]. The sections to follow highlight the pollution and toxicity character-
istics of some selected heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn) and summarize
some selected biosorbents studied for their ability to remove heavy metal ions
from synthetic and/or natural contaminated aqueous media (Table 1.1). Heavy metal
removal through biosorptive pathways is also discussed in Chap. 7.

1.3.2 Bioremediation

Bioremediation, which is defined as a process that uses microorganisms, green
plants, or their enzymes to treat the polluted sites for regaining their original
condition has considerable strength and certain limitations. Bioremediation that
involves the capabilities of microorganisms in the removal of pollutants is the
most promising, relatively efficient and cost-effective, economic, versatile, and
environmentally sound solution [83] technology.

http://dx.doi.org/10.1007/978-94-007-4204-8_7
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1.3.2.1 Microbial Remediation

The use of microbial biomass for the removal of toxic pollutants like heavy metal
ions from wastewater has emerged as an alternative to the existing conventional
methods as a result of the search of low-cost, innovative methods. The disadvantages
of conventional methods such as incomplete removal, high cost due to high reagent
and energy requirements, and generate toxic sludge or other waste products that
requires disposal can be eliminated by the microbial remediation green methods.
Microorganisms, which are capable of transforming metals from one oxidation state
to another, facilitate detoxification and/or the removal of metal ion, and have thus
received recognition.

Because of the ubiquitous nature of microorganisms, their numbers and large
biomass, wider diversity and capabilities in their catalytic mechanisms [84], and
their ability to function even in the absence of oxygen and other extreme conditions,
the search for pollutant-degrading microorganisms like bacteria and fungus, and
developing methods for their application in the field have become an important
human endeavor. Their capabilities to degrade organic chemical compounds can
be used to attenuate the polluted sites. Many biomaterials such as seaweed micro-
algae fungi and various other plant materials [85, 86] have been studied for their
metal binding abilities. Among these, fungi have the advantage of producing small
residual volume, fast removal, and easy installation of the process and possibility of
valorization of fungal waste biomasses from industrial fermentations. Particularly,
fungal biomass can be cheaply and easily procured in rather substantial quantities,
as a by-product from established industrial fermentation processes. Live or dead
microbial cells can be used as an adsorbent material for the removal of toxic metal
ions from aqueous solutions. The efficiency of dead cells in biosorbing metal ions
may be greater, equivalent to, or less than that of living cells and may depend on
factors such as the microbe under consideration, pretreatment method used, and
type of metal ion being studied.

Many azo dyes, constituting the largest dye groups may be decomposed into
potential carcinogenic amines under anaerobic conditions in the environment.
Attempts to develop suitable biological methods to decolorize these effluents have
not been very successful.

Because synthetic dyestuffs are resistant to biological degradation, color removal
by bioprocessing is difficult. Moreover, the frequently high volumetric rate of
industrial effluent discharge in combination with increasingly stringent legislation
makes the search for appropriate treatment technologies an important priority. By
far, the class of microorganisms most efficient in breaking down synthetic dyes
are the bacteria and fungus. Bacterial anaerobic reduction of azo dyes generates
colorless, dead end, and aromatic amine, which can be more toxic than the parent
dye. Bacterial aerobic dye degradation has been confined to chemostat-enriched
cultures adapted to a single dye. Besides, decolorization by aerobic bacteria occurs
mainly by adsorption of dyestuff on the cell surface rather than biodegradation;
therefore, low color removal efficiencies have been obtained by conventional
aerobic biological treatment systems. Expensive chemical or physical steps prior
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to aerobic biological treatment are currently used. Abiotic means of reduction of
azo and other dyes exist but require highly expensive catalysts and reagents [87]. A
number of biotechnological approaches have been suggested by recent research as of
potential interest toward combating this pollution source in an eco-efficient manner,
including the use of bacteria or fungi, often in combination with physicochemical
processes [88–91].

The White-rot fungi (WRF) constitute a diverse ecophysiological group com-
prising mostly basidiomycetous (and, to a lesser extent, litter-decomposing) fungi
capable of extensive aerobic lignin depolymerisation and mineralization. This
property is based on the WRF’s capacity to produce one or more extracellular lignin-
modifying enzymes (LME), which, thanks to their lack of substrate specificity, are
also capable of degrading a wide range of xenobiotics. White-rot fungi (WRF) can
degrade a wide variety of recalcitrant compounds like lignin by their extracellular
lignolytic enzyme system. The enzymes which allow WRF to degrade lignin
also allows them to degrade a wide range of hazardous xenobiotics [92] ranging
from polycyclic aromatic hydrocarbons (PAHs) [93], chlorophenols polychlorinated
biphenyls [94], organochlorine pesticides [95], nitrotoluenes, fuel additives [96],
and dyes. WRF offer significant advantages as the ligninolytic enzymes produced
by them are substrate nonspecific, and therefore can degrade a wide variety of
recalcitrant compounds, especially complex aromatic pollutants like Creosote and
Aroclor all the way to carbon dioxide. WRF do not require preconditioning to
particular pollutants, because enzyme secretion depends on nutrient limitation
nitrogen or carbon rather than the presence of a pollutant. In addition, because
the enzymes are extracellular, the substrate diffusion limitation into the cell,
generally observed in bacteria, is not encountered and also they enable the WRF
to tolerate higher concentration of pollutants such as cyanide. Besides, the fungi
can even degrade very insoluble chemicals and hazardous environmental pollutants.
WRF have a remarkable ability to degrade lignin, the complex three-dimensional
structural polymer found in woody plants. The stereo irregularity of lignin makes
it very resistant to attack by enzymes. The chiral carbons existing in both L and
D configurations in lignin make it impossible for lignin to be absorbed and/or
degraded by intracellular enzymes. White rot fungi produce oxidase enzymes that
utilize glucose, glyoxal, methyl glyoxal, and other products of cellulose and lignin
degradation as substrates for the production of hydrogen peroxide from molecular
oxygen. Interestingly, white rot fungi do not use lignin as a carbon source for
growth, but degrade the lignin to obtain the cellulose found in the wood fiber.
Very inexpensive growth substrates such as corn cobs or other crop residues, wood
chips, or surplus grains can be used to cultivate WRF in soil. White rot fungi can be
easily grown in liquid culture too. Wastewater treatment with concomitant bioenergy
production using microbial fuel cells has been discussed in more detail in Chap. 18
of this book.

http://dx.doi.org/10.1007/978-94-007-4204-8_18
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1.3.2.2 Phytoremediation

Phytoremediation has been suggested as an effective and low-cost method to clean
up contaminated soils and aquifers. The term phytoremediation (“phyto” meaning
plant, and the Latin suffix “remedium” meaning to clean or restore) refers to a
diverse collection of plant-based technologies that use either naturally occurring,
or genetically engineered, plants to clean contaminated environments. Some plants
which grow on metalliferous soils have developed the ability to accumulate massive
amounts of indigenous metals in their tissues without symptoms of toxicity [97, 98].
The idea of using plants to extract metals from contaminated soil was reintroduced.
Several comprehensive reviews have been written, summarizing many important
aspects of this novel plant-based technology [99–105]. The use of plants for reme-
diation of metals offers an attractive alternative because it is solar-driven and can
be carried out in situ, minimizing cost and human exposure. Phytoremediation pro-
motes the use of plants for environmental cleanup. Phytoremediation is a relatively
new approach to the cost-effective treatment of wastewater, groundwater, and soils
contaminated by organic xenobiotics, heavy metals, and radionuclides. Phytoreme-
diation uses the green plants and their associated microbiota, soil amendments,
and agronomic techniques to remove, contain, or render harmless environmental
contaminants. It is an emerging technology which offers a potentially cost-effective
and environmentally sound alternative to the environmentally destructive physical
methods which are currently practiced for the cleanup of contaminated groundwater,
terrestrial soils, sediments, and sludge.

Phytoremediation can be used to improve the quality of the secondary effluent
depending on plant species. The interested plant species characteristics should
be the native-salt resistance species and easy to find in the area. In addition, it
will be very beneficial if these plant species can be used as raw materials for
local handicraft (www.chaipat.or.th) and for enhancing landscape management
of the factories for recreation area. Operation of phytoremediation is simple,
uncomplicated, with low maintenancecost. The phytoremediation process consists
of four steps: soil physical properties conditioning, soil chemical and biological
properties conditioning, sustainable soil property improvement by using plants, and
monitoring of contaminant migration. The mechanisms and effectiveness of the
system can be evaluated from the effluent, groundwater discharges from the area
and soil properties. In addition, a mathematical model to predict the contaminant
transport in the system can be developed to enhance the theoretical knowledge of
the process.

Constructed Wetland Treatment Technology

Constructed wetlands are artificial wastewater technology (CWs) consisting of
shallow ponds or and energy savings, CWs have other features related to channels
which have been planted with aquatic plants the environmental protection such as

www.chaipat.or.th
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promoting and which rely upon natural microbial, biological, physical biodiversity,
providing habitat for wetland organisms and chemical process to treat wastewater.

Phytoremediation is marginally different from the constructed wetland treatment
technology, as it involves the use of living green plants for in situ risk reduction
of contaminated soil, sludge, sediment, and groundwater through contaminant
removal, degradation, limited to in situ cleanup areas that have been contaminated
by past use. In contrast, the constructed wetland treatment technology is the involve-
ment of living plants for ex situ cleanup of a steady flow of wastewater. In a broader
sense, however, wetland treatment technology also falls under phytoremediation,
since both technologies take advantage of primary producers (i.e., photosynthetic
plants or other autotrophic organisms in either terrestrial or aquatic forms) to
clean up and manage hazardous and nonhazardous contaminants, regardless of the
fashion (i.e., in situ or ex situ) of application. Actually, the first documented plant-
based system installed in Germany over 300 years ago was designed to remove
contaminants from municipal wastewater. Since then, common designs such as reed-
bed filters, natural and constructed wetlands, and floating plant treatment systems
have been actively developed; these designs were primarily intended for purifying
municipal sewage. In the past two decades, the initial concept of using plants
in wastewater treatment has been expanded to remediate contaminated shallow
groundwater, air, soil, and more recently, sediment and sludge. Phytoremediation
integrated with Wetland treatment has been also proposed to remove total dissolved
solids contaminated in the effluent discharged from the pulp and paper mill
wastewater treatment plant.

Use of Macrophytes in Water Purification

Macrophytes are potent tools in the abatement of heavy metal pollution in aquatic
ecosystems receiving industrial effluents and municipal wastewater. They are
preferred over other bio-agents due to low cost, frequent abundance in aquatic
ecosystems, and easy handling. Some aquatic plants (macrophytes) including
Eichhornia crassipes, Ludwigia sp., Salvinia, Hydrilla sp., Egeria, Typha sp., and
Phragmtes are very useful in the purification of the water and may be used as an
eco-friendly alternate because they have excellent capacity of absorbing nutrients
and other substances from the water [106]. Aquatic macrophytes in natural and
constructed wetlands proved to be a potent tool for the treatment of heavy metals
from industrial effluents. Several studies had been conducted globally by many
researchers using the same fundamental [107–113]. Many of them experimentally
proved the use of plants to remove organic contamination from water. Macrophytes
are very useful in nutrient and heavy metal recycling of various ecosystems [114]
and they are present in water bodies globally. Roots and leaves of aquatic plants take
part in removing heavy metals and nutrients from water and wastewater. Eichhornia
crassipes (a free-floating microphyte) is present in a great abundance throughout
the world and one of the worst types of weeds. It is quite reliable for removing
heavy metals and nutrients from water and wastewater [115–120] by reducing BOD,
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removing heavy metals like Pb, Cr, Cu, Cd, and Zn. Its roots act like filters removing
suspended particles from water and decreasing turbidity [121–124].

Both live and dead biomass of macrophytes may be used in phytoremediation,
though dead biomass is generally preferred in the treatment of industrial effluents
due to reduced cost, easy disposal, and lack of active biochemical machinery leading
to metal toxicity and death of plants. Biomass disposal problem and seasonal growth
of aquatic macrophytes are some of the limitations in the transfer of phytoremedia-
tion technology from the lab to the field. Disposed biomass of macrophytes may be
used for many fruitful applications. Genetic engineering, biodiversity prospecting,
and X-ray diffraction spectroscopy are promising future prospects regarding the
use of macrophytes in phytoremediation studies. A multidisciplinary and integrated
approach may enable this embryonic technology to become the new frontier in
environmental science and technology [125].

1.3.3 Photocatalytic Water Treatment Technology

Rural wastewater or treated municipal water may be used for agricultural and
industrial activities [126, 127]. But, recycled wastewater is normally infected
by the presence of suspended solids, dangerous coloforms, and soluble organic
compounds that are expensive and tedious job to treat [128]. Current water treatment
technologies like adsorption and coagulation are not useful for complete elimination
of the pollutants [129], and sedimentation, filteration, membrane technology, etc. are
expensive and generate toxic secondary pollutants to the water bodies [130]. On the
other hand, the disinfection by-products generated in chlorination are mutagenic and
carciogenic to human being [131–133]. This scenario has led to the promotion of
advanced oxidation processes (AOPs) as innovative water-treatment technologies.
In this connection, semiconductor photocatalytic process has proved itself a great
mean as a low-cost, eco-friendly, and sustainable treatment technology producing
zero waste in water/wastewater treatment science by employing semiconductor
catalysts like TiO2, ZnO, Fe2O3, CdS, GaP, and ZnS. Producing zero waste
proves this technique as the greenest technology. To date, the most widely used
photocatalyst in the water treatment is the Degussa P–25 TiO2 catalyst [134].

1.3.4 Ultrasound Technology for Pollutant Degradation

Ultrasound is an attractive technology used in water and wastewater treatment for
degradation of recalcitrant anthropogenic organic contaminants and natural organic
matter, disinfection, and control of membrane fouling in water-filtration processes.
The effects of ultrasound are combinations of both sonochemical and sonophysical
effects. For sonochemical effects, cavitational bubble collapse produced hot spots
can thermolyze contaminants along water vapor and generate •OH radicals to
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oxidize contaminants. For sonophysical effects, the turbulence produced by sound
waves (acoustic streaming and vibration), cavitational bubbles (microstreaming and
microstreamers), and bubble collapse (shock waves and microjets) can enhance
mixing, cleaning, and break down particles and macromolecules. The mechanisms
of ultrasound make it unique compared with other physical and chemical processes.
The advantages of ultrasound include potential chemical-free and simultaneous
oxidation, thermolysis, shear degradation, and enhanced mass transfer processes
together.

Ultrasound is a longitudinal wave with a frequency typically between 16 kHz
and 500 MHz [135, 136]. When ultrasound is introduced into liquid (e.g., water),
it creates oscillating regions of positive and negative pressure. Correspondingly,
the liquid molecules experience periodic compression and expansion cycles. When
the pressure amplitude exceeds the tensile strength of liquid during the rarefaction
of ultrasonic waves, cavitational bubbles are formed. Cavitational bubbles col-
lapse during the compression cycle of ultrasonic wave. Localized hot spots are
formed which reach temperatures and pressures around 5,000 K and 500 atm,
respectively [137], depending on factors such as ultrasonic power, frequency,
hydrostatic pressure, temperature, solvent property, and dissolved gas. According
to the temperature profile, there are three zones associated with a cavitational
bubble: (i) Thermolytic center, which is the core of the bubble with localized
hot temperature (�5,000 K) and high pressure (�500 atm) during final collapse
of cavitation. The high temperature results in thermolysis of volatile chemical
compounds and water vapor producing radical species including •OH and •H
radical. The reactions between volatile chemical compounds and •OH radicals
in gaseous phase also happen in this region. (ii) Interfacial region between the
cavitational bubble and bulk liquid. In this region, the thickness of the liquid is
estimated about 200 nm from the bubble surface to the bulk and a lifetime is less
than 2 �s. The temperature is about 2,000 K at the final cavitational collapse [138].
There are vast gradients of temperature and pressure. Thermolysis and oxidation
by •OH radicals of hydrophobic, nonvolatile, and hydrophilic compounds occur in
the region. In this interfacial region, hydrophobic compounds are more concentrated
than bulk solution, and hydrophilic compounds have the same concentration as the
bulk solution. (iii) The bulk region with ambient temperature and pressure. The self-
combination of •OH radicals produces hydrogen peroxide in the solution (reaction
given below) along with a small amount of •OH radicals that react with hydrophilic
compounds including ionic compounds in bulk region.

2 � OH ! H2O2

•OH radicals can oxidize broad organic pollutants in water, similar to advanced
oxidation processes (AOPs). Since •OH radicals are produced as a result of
cavitational collapse, they spatially concentrate inside the bubble and in the region
of bubble�bulk interface during collapse. Consequently, volatile and hydrophobic
compounds or parts are exposed to more •OH radicals in addition to thermolysis
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than hydrophilic ones and thus subject to more rapid degradation, because they tend
to accumulate in these two regions.

Recently, more research has been directed toward ultrasound application in or-
ganic pollutant remediation at a laboratory scale and the results are very promising.
Degradation kinetics, reaction rate, concentration range, pollution composition,
reactor configuration, tested frequency, temperature, pressure, intensity, bubbling
gas, chemical used, conversion path way, treatment time, and achieved removal
efficiency have been reported for many pollutants. Table 1.2 presents the degradation
performance of certain selected organic pollutants under ultrasonic enhanced
degradation. It clearly shows that almost a large variety of organic pollutants can be
remediated by using ultrasound at the laboratory scale under various experimentally
imposed degradation conditions.

Perfluorinated chemicals such as perfluorooctane sulfonate (PFOS) and per-
fluorooctanoate (PFOA) are globally distributed, bioaccumulative, metabolically
and photochemically inert, and oxidatively recalcitrant [145, 146]. In the research
conducted, 200 kHz sonication cleaved the perfluorocarbon chains [145]. The
half-life of PFOS and PFOA degradations was 43 and 22 min, respectively,
under the atmosphere of argon. Because PFOS and PFOA molecules have both
hydrophobic (perfluoroalkyl group) and hydrophilic group (acid group), they behave
like an anionic surfactant: The hydrophobic groups migrate and accumulate in
the bubble � bulk interfacial region and are subject to pyrolysis (or thermolysis)
and •OH radical attack. Since PFOS and PFOA are nonvolatile, the pyrolysis in
the gaseous phase of cavitation should be ruled out. A faster degradation rate of
CCl4 occurred at 500 kHz than 20 kHz [147]. Sonication led to almost complete
mineralization of CCl4 for a relatively short irradiation time. Radical trap addition
did not change the reaction rate, since thermolysis is the mechanism of sonolytic
degradation. Similarly, [148] confirmed addition of t � BuOH, a hydroxyl radical
scavenger did not affect the degradation rate of carbon tetrachloride.

Ultrasound can also be used to degrade environmental emerging contaminants,
such as pharmaceutical and personal care products, especially endocrine disruptor
compounds. The conventional microbiological processes used in municipal wastew-
ater treatment plants are not designed or capable to remove these contaminants.
The sonolytic destruction of estrogen hormones in aqueous solution, including 17’-
estradiol, 17“-estradiol, estrone, estriol, equilin, 17’-dihydroequilin, 17’-ethinyl
estradiol, and norgestrel was investigated [149]. The results showed that 20 kHz
sonolysis destructed 80–90% of individual estrogens at an initial concentration of
10 �g L�1 within 40–60 min of reaction. The first-order degradation rate constant
of individual estrogen increased with higher power intensity. However, the energy
efficiency of the reactor was higher at lower power density. As a result, the choice
of reactor and ultrasonic power were important to achieve optimized kinetics and
energy efficiency.

The sonolysis of pharmaceutical compounds of levodopa and paracetamol in
aqueous solutions was investigated [150]. In a study, the degradation kinetics and
intermediate by-products of MTBE degradation were investigated with 20 kHz
ultrasound [151]. The observed pseudo first-order rate constant decreased from
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1.25 � 10�4 to 5.32 � 10�5 s�1 as the concentration of MTBE increased from
2.84 � 10�2 to 2.84 � 10�1 mmol L�1. The rate of degradation of MTBE increased
with increasing power density of ultrasound and also with the rise in system tem-
perature. In the presence of an oxidizing agent, potassium persulpfate, the sonolytic
degradation rate of MTBE was accelerated substantially. Tert-butyl formate and
acetone were found to be the major intermediates of the degradation of MTBE.
It was also found that the ultrasound coupled with Fenton reagent (Fe2C/H2O2)
effectively degraded more than 95% of MTBE (2.84 � 10�2 mmol L�1) along with
its intermediate products in 5 h, which was much more efficient than sonolysis alone.

Ultrasonic irradiation involves generation of intense ultraviolet wavelength light
which can cause the transition of an electron from the valence band into the conduc-
tion band in the TiO2 semiconductor, leaving a positive hole charge responsible
of dissociation of water molecules to form hydroxyl free radicals. Addition of
hydrogen peroxide to the US/TiO2 system could promote further benefits to the
degradation efficiency. It was proposed that under ultrasonic irradiation, hydrogen
peroxide can modify the TiO2 surface promoting the formation of titanium peroxide
(TiO3) into the solution, which is active for oxidation reactions [152]. It was
demonstrated that the degradation of methylene blue by an US/TiO2 system occurs
by hydroxyl radicals generated in the process and the addition of H2O2 accelerated
the degradation of the dye for the TiO2-containing system up to an optimum value
[153]. Recently, Abdullah and Ling [154] found that anatase TiO2 with certain
amount of rutile phase exhibited better sonocatalytic performance than pure anatase.
It was attributed to the role of rutile to avoid hole–electron recombination. Authors
also remarked that the physical effect of ultrasound for the disintegration of the TiO2

particles might reduce the micro and mesoporosity leading to lower surface area.
On the other hand, the above-mentioned reactivation of the sonocatalyst particles
due to the cleaning effect of the ultrasonic streams enhances the efficiency of the
degradation. The net effect of both is accounted for the activity of the US/TiO2

system [154].
Most of the oxidation technologies for wastewater degradation is barely used

individually for cost-effective operations, and this also includes sonocatalysis.
Although photocatalysis and sonolysis have been extensively employed individually
for the degradation of several organic species in water, their combined use (i.e.,
sonophotocatalysis) has received noticeably less attention. This combination is
especially attractive as ultrasound irradiation seems to overcome some drawbacks
associated to photocatalysis such as the mass transfer limitations and fouling of
the solid catalyst. Promising results of synergistic effects of the integrated US–
UV processes have been obtained in the degradation of model pollutant, such
as salicylic acid, 2–chlorophenol, acid formic, methyl tert-butyl ether, and diazo
dyes. As previously mentioned, the action of US toward UV is summarized by the
increment of the catalyst surface area due to the de-aggregation action of US, the
improvement of mass transfer of organic compounds between the liquid phase and
the catalysis surface, and the promotion of additional hydroxyl radicals due to the
residual hydrogen peroxide generated.
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1.3.5 Microwave Technology for Pollutant Degradation

Microwaves (frequencies of 0.3–300 GHz and wavelengths of 1 m to 1 mm) lie
between radio wave frequencies and infrared frequencies in the electromagnetic
spectrum. Microwaves can be reflected, transmitted, and/or absorbed. The absorbed
MW energy is converted into heat within the material, resulting in an increase in
temperature. Gases, liquids, and solids can interact with microwaves and be heated.
An important characteristic of microwave heating is the phenomenon of “hotspot”
formation, whereby regions of very high temperature form due to nonuniform
heating [155]. The formation of standing waves within the microwave cavity
results in some regions being exposed to higher energy than others. This results
in an increased rate of heating in these higher energy areas due to the nonlinear
dependence.

Microwave energy has been widely used in several domestic, industrial, and
medical applications such as food sterilization, organic/inorganic syntheses, poly-
merization, dehydration, analyses and extraction, and biological destruction [156].
The potential applications of microwave energy as remedial alternatives for various
types of wastes and diverse contamination of soils, sludge, or wastewater have also
been a growing field of research during the last decade [157]. The application of
microwave energy has proven to be superior to the use of conventional heating on
accelerating rates of biochemical/chemical reactions, improving yields, selectively
activating or suppressing reaction pathways, allowing for greater control of the heat-
ing or drying process, and reducing equipment size and wastes and environmental
remediation [158].

Microwave power has been applied widely in the remediation of contaminated
soils, treatment of wastes, oil and water separation, reduction of nitrogen oxides
and sulfur dioxide, polymer synthesis, organic reactions, and regeneration of
activated carbon. Research carried out so far in this respect and with regard to the
applicability of microwave irradiation has shown that microwave technology may
be effective in treating wastewater at the various stages of the treatment process
and hence improving the degradation of a variety of organic pollutants. A survey of
the literature shows that there are three major types of research areas in the use of
microwave irradiation for the degradation of organic pollutants. These are stand-
alone microwave-assisted degradation processes, combined microwave-assisted
degradation processes, and microwave-assisted catalytic degradation processes. In
stand-alone processes, the microwave irradiation is the only kind of treatment
conditions imposed on the contaminants. In the combined process (hybrid process),
microwave irradiation is coupled or performed in the presence of other degradation
processes like ozonation, electrokinetic remediation, advanced oxidation, ultraviolet
illumination, or sonolysis [159]. In the microwave-assisted catalytic degradation
processes, the contaminants are degraded in the presence of a catalyst, either
hetereogeneous or homogeneous. Most of the studies in this category have reported
the use of hetereogeous catalysts coupled with photocatalysis. Other researchers
have also reported some salient findings and inferences on the advantages and
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possible mechanisms involved in the use of microwave irradiation for organic
pollutant degradation. More elaborate discussions on the application of microwave
in the degradation of pollutants in wastewater are presented in Chap. 10.

1.3.6 Nanotechnology and Wastewater Treatment

Nanotechnology, the engineering and art of manipulating matter at the nanoscale
(1–100 nm), offers the potential of novel nanomaterials for treatment of surface
water, groundwater, and wastewater contaminated by toxic metal ions, organic
and inorganic solutes, and microorganisms. Due to their unique activity toward
recalcitrant contaminants and application flexibility, many nanomaterials are un-
der active research and development [160]. In the environmental technology
industry alone, nanomaterials (nanostructured catalytic membranes, nanosorbents,
nanocatalysts, and bioactive nanoparticles) will enable new means of reducing the
production of industrial wastes, using resources more sparingly, and remediating
industrial contamination, providing potable water, and improving the efficiency
of energy production [161]. Nanoscale control of membrane architecture may
yield membranes of greater selectivity and lower cost in both water treatment
and water fabrication. Fullerene-based oxidant nanomaterials such as C60 have a
high electron affinity and reactivity, and are capable of producing reactive oxygen
species such as singlet oxygen and superoxides. Fullerenes might be used in
engineered systems to photocatalytically oxidize organic contaminants, or inhibit or
inactivate microbes. As nanochemistry emerges as an important force behind new
environmental technologies, the responsibility of considering the environmental
implications of an emerging technology at its inception and taking every precaution
to ensure that these technologies develop as tools of sustainability rather than
becoming future liabilities are of major concern.

Sorbents are widely used in water treatment and purification to remove organic
and inorganic contaminants. Examples are activated carbon and ion-exchange
resins. The use of nanoparticles may have advantages over conventional materials
due to the much larger surface area of nanoparticles on a mass basis. In addition,
the unique structure and electronic properties of some nanoparticles can make them
especially powerful adsorbents. Many materials have properties that are dependent
on size. Hematite particles with a diameter of 7 nm, for example, adsorbed Cu
ions at lower pH values than particles of 25 or 88 nm diameter, indicating the
uniqueness of surface reactivity for iron oxides particles with decreasing diameter.
However, another study found that normalized to the surface area, the nanoparticles
had a lower adsorption capacity than bulk TiO2. Several types of nanoparticles have
been investigated as adsorbents: metal-containing particles, mainly oxides, carbon
nanotubes (CNTs) and fullerenes, organic nanomaterials, and zeolites.

http://dx.doi.org/10.1007/978-94-007-4204-8_10
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1.3.6.1 Carbon Nanotubes

Carbon nanotubes (CNTs) have attracted a lot of attention as very powerful
adsorbents for a wide variety of organic compounds from water. Examples include
dioxin, polynuclear aromatic hydrocarbons (PAHs), DDT and its metabolites,
chlorobenzenes and chlorophenols, phthalate esters, dyes, pesticides, and herbicides
such as atrazine. Cross-linked nanoporous polymers that have been copolymerized
with functionalized CNTs have been demonstrated to have a very high sorption
capacity for a variety of organic compounds such as trichloroethylene. Carbon
nanotubes and nanofibers exhibit extraordinary mechanical strength, electrical,
chemical, and thermal characteristics, allowing for several potential applications
[162]. Among all these applications, the use of carbon nanotubes and nanofibers
as a catalyst or as a support seems to be most promising. The results published
to date confirm that nanostructured carbon can represent a new class of advanced
materials for catalytic applications due to specific metal support interactions given
by their graphitic structure [163]. The small size of these carbon nanostructured
materials, characterized by high specific surface areas of mesoporous nature,
significantly contribute to the final catalytic performance of the system, since many
catalytic heterogeneous reactions are governed by mass and heat transfer phenom-
ena between the catalyst particles and the bulk medium [164]. When compared
with the traditional activated carbons, characterized by very high specific surface
areas, the mesoporous nature of the nanostructured materials is advantageous and
encourages further exploration in applications that typically are well established
with activated carbon catalysts. Multi-walled carbon nanotubes (MWCNT) can be
efficiently used as support of ruthenium catalysts for the catalytic wet air oxidation
of high-strength wastewater containing aniline. Garcia et al. [165] prepared catalysts
using different ruthenium precursors, ruthenocene [Ru(�5–C5H5)2], ruthenium (1,5-
cyclooctadiene, 1,3,5-cyclooctatriene) [Ru(cod)(cot)], and ruthenium trichloride
(RuCl3�xH2O), different impregnation methods (excess solution and incipient wet-
ness impregnation), and different MWCNT support surface chemistry (nitric acid-
oxidized MWCNT–COOH and Na2CO3 ion-exchanged MWCNT–COONa). The
efficiency of the aniline removal obtained with the catalysts prepared with different
precursors decreases in the order [Ru(cod)(cot)]>RuCl3�xH2O> [Ru(�5–C5H5)2],
100% aniline conversion being obtained after 45 min of reaction with the catalyst
prepared with [Ru(cod)(cot)]. ZnO nanocrystals were prepared by precipitation
method [166]. After aging, washing, and drying, solids were calcined at 300ıC
and examined as photocatalyst for UV-induced degradation of organophosphorus
insecticide, diazinon in aqueous solution. The effects of some operational parame-
ters such as pH value, nanocatalyst loading, and initial insecticide concentration on
the degradation efficiency were discussed through the photocatalytic experiments
using prepared ZnO nanocrystals as the photocatalyst. Daneshvar et al. [166]
observed that the diazinon photodegradation quantum yield in UV/ZnO process
increased with decreasing the diameter size of ZnO from 33 to 14 nm, and the
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quantum of results showed that the photocatalysis process in the presence of ZnO
with mean size of 14 nm offered the best energy efficiency. Accordingly, 80%
removal of the insecticide, after selecting desired operational parameters could
be achieved in a relatively short time. The batch removal of dye from textile
dyeing wastewater by using nanooxide-decorated multiwalled carbon nanotubes
under electron beam conditions has recently been studied [167]. The effect of
different nanooxide-decorated multiwalled carbon nanotubes content and irradiation
dosage was also investigated. The color removal efficiency was 94.9% in dose of
17.5 kGy. The color removal efficiency with Fe2O3-decorated multiwalled carbon
nanotubes was similar to TiO2-decorated multiwalled carbon nanotubues. The COD
removal efficiency was 52.5% in the dose of 14.0 kGy. With the irradiation dose of
17.5 kGy, the COD removal efficiency was 98.2% with TiO2-decorated multiwalled
carbon nanotubes. It was concluded that nanooxide-decorated multiwalled carbon
nanotubes could effectively remove color and COD from aqueous solution under
irradiation [167].

1.3.6.2 Nanocrystals

Chemically modified nanomaterials have also attracted a lot of attention, especially
nanoporous materials due to their exceptionally high surface area. The particle
size of such materials is, however, not in the nanorange but normally 10–100 mm.
Another option is to modify chemically the nanoparticle itself. TiO2 functionalized
with ethylenediamine was, for example, tested for its ability to remove anionic
metals from groundwater. Hierarchical CeO2 nanocrystal microspheres were syn-
thesized [168] with a nonaqueous sol-gel method at a low temperature of 120ıC and
tested with the batch removals of typical pollutants of Cr(VI) and rhodamine B from
simulated wastewater. It was found that the nanostructured CeO2 could effectively
remove Cr(VI) without pH preadjustment. Moreover, these nonaqueous sol-gel syn-
thesized hierarchical CeO2 nanocrystal microspheres exhibited remarkable ability
to remove rhodamine B, suggesting they are promising absorbents for wastewater
treatment.

1.3.6.3 Magnetic Nanomaterials

With the latest developments in nanotechnology, various types of magnetic nanopar-
ticles have also been successfully synthesized and have received considerable
attention to solve environmental problems, such as accelerating the coagulation
of sewage, removing radionuclides, adsorption of organic dyes, and remediation
of contaminated soils. Apparently, the magnetic nanoparticles possess the ad-
vantages of large surface area, high number of surface active sites, and high
magnetic properties, which lead to high adsorption efficiency, high removal rate
of contaminants, and easy and rapid separation of adsorbent from solution via
magnetic field. In addition, it is possible that after magnetic separation by the
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external magnetic field, the harmful components can be removed from the magnetic
particles, which can be reused [169]. This study investigated the applicability
of maghemite (”-Fe2O3) nanoparticles for the selective removal of toxic heavy
metals from electroplating wastewater. The maghemite nanoparticles of 10 nm
were synthesized using a sol-gel method and characterized by X-ray diffraction
and transmission electron microscopy. The surface area of the nanoparticles was
determined to be 198 m2/g using the Brunauer–Emmett–Teller method. Batch
experiments were carried out to determine the adsorption kinetics and mechanisms
of Cr(VI), Cu(II), and Ni(II) by maghemite nanoparticles. The adsorption process
was found to be highly pH dependent, which made the nanoparticles selectively
adsorb these three metals from wastewater. The adsorption of heavy metals reached
equilibrium rapidly within 10 min and the adsorption data were well fitted with the
Langmuir isotherm. Regeneration studies indicated that the maghemite nanoparti-
cles undergoing successive adsorption–desorption processes retained original metal
removal capacity. Mesoporous carbon capsules have been prepared and encapsu-
lated with Fe3O4 nanoparticles by the successive coating of a silica layer and a
subsequent mesoporous silica/carbon layer on the surface of Fe3O4 nanoparticles
followed by chemical etching with NaOH solution [170]. These nanocomposites
were superparamagnetic at room temperature with a saturation magnetization of
5.5 emu g�1, which provided the prerequisite for the fast magnetic separation in
wastewater treatment application. Water treatment experiments indicated that the
as prepared samples exhibited higher adsorption rates and more effective removal
capacity of organic pollutants compared with commercial activated carbon (AC),
and their maximum adsorption capabilities for methylene blue (MB), congo red
(CR), and phenol reached 608.04, 1656.9, and 108.38 mg g�1, respectively. It was
thus inferred that the multifunctional nanocomposites could hence be potentially
used as absorbents for fast, convenient, and highly efficient removal of pollutants
from the wastewater, which would play important roles in the purification or
desalination of natural water and industrial effluents [170].

1.3.6.4 Nanofiltration Membranes

Nanofiltration membranes (NF membranes) are used in water treatment for drinking
water production or wastewater treatment [171]. NF membranes are pressure-driven
membranes with properties between those of reverse osmosis and ultrafiltration
membranes and have pore sizes between 0.2 and 4 nm. NF membranes have
been shown to remove turbidity, microorganisms, and inorganic ions. They are
used for softening of groundwater (reduction in water hardness), for removal of
dissolved organic matter and trace pollutants from surface water, for wastewater
treatment (removal of organic and inorganic pollutants and organic carbon), and for
pretreatment in seawater desalination.

A submerged nanofiltration membrane bioreactor (NF MBR) has been tested
[172] using cellulose acetate membranes for 240 days to examine the performance
of the NF membrane in domestic wastewater treatment. The workers observed that
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degradation of each water quality parameter over operation time could be attributed
to the qualitative deterioration of the NF membrane caused by the hydrolysis
of cellulose acetate, which leads to an increase in pore size and porosity, and
decrease in surface charge and hydrophobicity of cellulose acetate membranes.
Five different kinds of dye aqueous solutions (Direct Red 75, 80, and 81, and
Direct Yellow 8 and 27) were treated [173] with nanofiltration (NF) polyamide
(PA) composite membranes to obtain basic information on the dyeing wastewater
reuse. The separation of dyes by the NF PA membrane appeared to be a good
process for the effective removal of dyes from dyeing wastewater. The extent of
the separation of dyes by the membrane was almost 100% for all of the dyes used,
producing colorless water. When artificial dyeing wastewater containing Direct
Red 75, PVA, NaCl, and Na2SO4 was used as a feed solution for the membrane
separation process, it was observed [173] that separation efficiency turned out to
be good, especially when one of the chemical coagulants, alum, was used for
the pretreatment of the artificial dyeing wastewater. An integrated nanofiltration–
membrane crystallization (NF-MC) system has been tested [174] for the removal
of sodium sulfate from aqueous wastes originated by the production process
of base raw materials (Ni–H) for special rechargeable batteries. Nanofiltration
experiments on NF90–2540 FilmTec™ modules showed high rejection values to
sodium sulfate (>99%) when operated at a pressure of 3.45 � 106 Pa; it was possible
to achieve a maximum permeate recovery factor of 50% when starting from 60 g L�1

Na2SO4 feed solution. The membrane crystallizer, operated downstream to the pre-
concentrated NF unit, was able to produce thenardite crystals (the anhydrous form
of sodium sulfate) grown from slurry with density up to 21 kg m�3; the solid product
exhibited narrow size distribution (coefficient of variation 30%). Polypropylene
hollow fiber membranes showed a hydrophobic character stable over 2 days of
continuous operation.

1.4 Concluding Remarks

Water is the element most essential to sustain human life; therefore, it is necessary
to create better understanding of water resources and foster public understanding
through water education. Water education should not be only about water types,
sources, uses, treatment, management, and its associated problems. It must include
people’s perceptions of water, the level of their consciousness toward water usage,
awareness of their civic responsibilities toward water, and cultural beliefs and
practices in relation to water [175]. Awareness should also be raised among people
by taking the help of media and NGOs regarding conservation of water. Formation
of new policies for sustainable development of water resources, regulating water
prices for water conservation, conservation education, pollution prevention, as well
as effective information management will help in satisfying the demand [175].
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157. Nüchter M, Ondruschka B, Bonrath W, Gum A (2004) Microwave assisted synthesis – a

critical technology overview. Green Chem 6:128–141
158. Jones DA, Lelyveld TP, Mavrofidis SD (2002) Microwave heating applications in environ-

mental engineering—a review. Resour Conserv Recycl 34:75–90
159. Cravotto G, Di Carlo S, Tumiatti V (2005) Degradation of persistent organic pollutants by

Fenton’s reagent facilitated by microwave or high–intensity ultrasound. Environ Technol
26:721–724

160. Theron J, Walker JA, Cloete TE (2008) Nanotechnology and water treatment: applications
and emerging opportunities. Crit Rev Microbiol 34(1):43–69

161. Bottero JY, Rose J, Wiesner MR (2006) Nanotechnologies: tools for sustainability in a new
wave of water treatment processes. Integr Environ Assess Manag 4(2):391–395

162. Terrones M (2003) Science and technology of the twenty-first century: synthesis, properties
and applications of carbon nanotubes. Ann Rev Mater Res 33:419–501

163. Tribolet P, Kiwi–Minsker L (2005) Carbon nanofibers grown on metallic filters as novel
catalytic materials. Catal Today 102:15–22

164. Sato S, Takahashi R, Sodesawa T, Nozaki F, Jin XZ, Suzuki S (2000) Mass–transfer limitation
in mesopores of Ni–MgO catalyst in liquid–phase hydrogenation. J Catal 191(2):261–270

165. Garcia J, Gomes HT, Serp Ph, Kalck Ph, Figueiredo JL, Faria JL (2006) Carbon nanotube
supported ruthenium catalysts for the treatment of high strength wastewater with aniline using
wet air oxidation. Carbon 44:2384–2391

166. Daneshvar N, Aber S, Seyed Dorraji MS, Khataee AR, Rasoulifard MH (2007) Photocatalytic
degradation of the insecticide diazinon in the presence of prepared nanocrystalline ZnO
powders under irradiation of UV–C light. Sep Purif Technol 58:91–98



36 S.K. Sharma et al.

167. Shi WY, Gu JZ, Wu WJ (2011) Removal of dye from textile dyeing wastewater by using
oxidized multiwalled carbon nanotubes. Adv Mater Res 193:343–344

168. Xiao H, Ai Z, Zhang L (2009) Nonaqueous sol � gel synthesized hierarchical CeO2

nanocrystal microspheres as novel adsorbents for wastewater treatment. J Phys Chem C
113(38):16625–16630

169. Hu J, Chen G, Lo IMC (2006) Selective removal of heavy metals from industrial wastewater
using maghemite nanoparticle: performance and mechanisms. J Environ Eng 132(7):709–715

170. Zhang Y, Xu S, Luo Y, Pan S, Ding H, Li G (2011) Synthesis of mesoporous carbon capsules
encapsulated with magnetite nanoparticles and their application in wastewater treatment. J
Mater Chem 21:3664–3671

171. Lau WJ, Ismail AF (2009) Polymeric nanofiltration membranes for textile dye wastewater
treatment: preparation, performance evaluation, transport modelling, and fouling controls —
a review. Desalination 245:321–348

172. Choi JH, Fukushi K, Yamamoto K (2007) A submerged nanofiltration membrane bioreactor
for domestic wastewater treatment: the performance of cellulose acetate nanofiltration
membranes for long–term operation. Sep Purif Technol 52:470–477

173. Mo JH, Lee YH, Kim J (2008) Treatment of dye aqueous solutions using nanofil-
tration polyamide composite membranes for the dye wastewater reuse. Dyes Pigments
76(2):429–434

174. Curcio E, Ji X, Quazi AM, Barghi S (2010) Hybrid nanofiltration–membrane crystallization
system for the treatment of sulfate wastes. J Membrane Sci 360:493–498

175. Misra AK (2011) Impact of urbanization on the hydrology of Ganga Basin (India). Water
Resour Manag 25:705–719



Chapter 2
Water Pathways Through the Ages: From Early
Aqueducts to Next Generation of Wastewater
Treatment Plants

Giusy Lofrano Ph.D., Jeanette Brown, and Giovanni De Feo

2.1 Introduction

As stated by philosopher Thales from Miletus (ca. 636–546 B.C.), “Hydor (Water)
is the beginning of everything”. Thales understood that water is life and without
water no living thing will survive.

The availability of high-quality water as well as management of wastewater
is a prerequisite for every urban development in every part of the world. People
have always had to deal with the need of having enough water for their use and
subsequently manage wastewater for the protection of public health and the
environment [1].

Over the centuries, civilizations developed structures to bring drinking water to
the population centers, especially through the use of aqueducts. There are many
historical records on the purpose and design of aqueducts. Many of these aqueducts,
though thousands of years old, are still standing. But, there is limited historical
information on how wastewater was removed from population centers. This is
surprising since the lack of sanitation affects human development to the same or
even greater extent as the lack of clean water. Although there is typically a stigma
to discussing waste treatment, in reality as sanitation improved so did public health,
economic conditions, and the evolution of man [2].
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For centuries, wastewater management was not given much, if any, consideration.
The importance of proper sanitation for the protection of public health was not
understood by cities until the nineteenth century [3–5]. However, some early
cultures did understand that wastewater had to be managed and furthermore could
be used beneficially. For example, the early civilizations of Syria and Palestine had
water filtering techniques and channels which conveyed wastewater to farm fields
for use as a fertilizer.

In most early cultures, wastewater was disposed of in the streets and near
population centers creating serious impacts on public health and the environment.
Numerous epidemics occurred throughout Europe until the nineteenth century
[3, 6–8]. Sadly, when it came to waste management and sanitation, even countries
those that suffered epidemics, tended to have short memories.

Throughout history, wastewater management has presented people and gov-
ernments with far-reaching technical and political challenges. The story of water
and wastewater management is at once a story of human ingenuity and human
frailty [7, 9].

A number of keystone events defined the speed at which environmental man-
agement evolved through the ages. Some of these events were scientific, such as
stream purification models, while others were socioeconomic such as two world
wars [4, 10, 11]. However, according to the recent Human Development Report [7],
the lesson from the past is that progress in wastewater management and sanitation
was driven above all by political coalitions uniting industrialists, municipalities, and
social reformers. This means that if on one side developing new technologies as well
as appropriate strategies for wastewater management is required, on the other side
there must be an urgent need to overcome the stigma of a polluted environment [2].

Although several historians and economists have described the evolution of
wastewater management through the ages [9, 12–15], they, as it is normal, often
lack an engineering perspective. Several studies have reconstructed traces of ancient
dams, aqueducts, and pipes [16], which provided water for human consumption
but archaeological research has largely neglected the difficulty of wastewater
management [17]. Sewers and primitive treatment is omitted from archaeology and
historical research and forgotten. This chapter intends to highlight those sanitation
systems as well as wastewater management strategies that were developed in
different periods and cultures, why they were developed and where we are today.
As stated by Walker (1971, cit. in [18]): “Analysis of many problems is generally
simplified by putting them into historical perspective”.

2.2 Water Pathways from Aqueducts to Sewer

2.2.1 Aqueducts

Today, the most popular image of aqueducts is associated with those designed by
the Romans who elevated them throughout their entire length on lines of arches.
However, the Romans were not the first to construct aqueducts. In Persia, India,
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Egypt, and other areas of the Middle East, there were systems to convey water
hundreds of years before the Romans began building them [19]. For example,
around 691 B.C., the Assyrians built an 80 km long limestone aqueduct 10 m high
and 30 m wide that brought fresh water to the city of Nineveh.

Aqueducts were also built by Greeks before the Romans since Minoan Era [20].
One of the most famous aqueducts in ancient Greece is the tunnel (underground
aqueduct) of Eupalinos for the water supply of Samos [21].

2.2.1.1 Aqueducts During Minoan Era

Angelakis and coworkers [21–23] published studies carried out on aqueducts
built during the Minoan era. Their studies date a systematic evolution of water
management in Crete to early in the Bronze Age, i.e., the Early Minoan period
(ca. 3500–2150 B.C.). Usually, aqueducts were used to collect water from springs
located apart from settlements [22]. Water was transported through aqueducts by
closed or opened terracotta pipes and/or opened or covered channels of various
dimensions and sections. Remains of aqueducts can be seen in Gournia, Karfi,
Knossos (Mavrokolympos), Malia, Mochlos, Minoa, and Tylissos. Minoan hydrol-
ogists and engineers were aware of some of the basic principles and practices of
water sciences which are still used today. With their knowledge, they emphasized
construction and operation of aqueducts as a means to supply water to the
people [21].

Most knowledge of how Minoan cities were supplied with potable water is
mainly acquired from the Palace of Knossos. The water distribution system at
Knossos, as well as the mountainous terrain and available springs, made aqueducts
possible [24, 25]. According to studies by Angelakis et al. [23] and Mays et al.
[25], the Minoan inhabitants of Knossos depended partially on wells, but mostly on
water provided by the Kairatos River to the east of the low hill of the palace, and
on springs. Indications suggest that the water supply system of the Knossos palace
initially relied on the spring of Mavrokolybos, a limestone spring located 450 m
southwest of the palace [26]. Due to growth in population, it was necessary to use
springs from longer distances to meet the increased demand. Thus, an aqueduct
made of terracotta pipe provided a conduit to convey water from a perennial spring
on the Gypsadhes hill to meet the needs of the community [24, 27] as well as the
aqueduct of Tylissos and the aqueduct of Manlia. The remnants of the aqueduct of
Tylissos, which was 1.4 km long and extended from the spring Saint Mamas located
northwest of the palace, suggests that part of the aqueduct was constructed from
closed pipes and part of it was a curved channel [23]. At the end of the conduits,
a stone-made tank was used for water pretreatment, mainly to remove sediments
and/or suspended solids, perhaps the first water treatment plant on record. The
aqueduct of Manlia was 2.4 km long and probably fed by a spring located west of the
hilly area of Profitis Elias “Holly Hillock.” This aqueduct was also a combination
of closed terracotta pipes and opened channels [23].
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Fig. 2.1 Flow sheet and components of a Roman aqueduct: (1) source – caput aquae; (2) steep
chutes (dropshafts); (3) settling tank; (4) tunnel and shafts; (5) covered trench; (6) aqueduct
bridge; (7) inverted siphon; (8) substruction; (9) arcade; (10) distribution basin/castellum aquae
divisorium; (11) water distribution system (Reprinted from De Feo and Napoli [15] with kind
permission of © IWA Publishing)

2.2.1.2 Romans Aqueducts

The Romans were brilliant managers and engineers, and their systems rivaled
modern technology [2]. Rome’s water system is one of the marvels of the ancient
world. The aqueducts represented an outward symbol of all that Rome stood for and
all that Rome had to offer [28]. Regarding it, Pliny wrote in the Naturalis Historia,
“the greatest wonder the world has ever seen” (XXXVI, 24, 123). Figure 2.1 is a
diagram showing the components of a typical Roman aqueduct.

One of the largest Roman aqueducts is the Augustan Aqueduct Serino-Naples-
Miseno (Serino aqueduct) in the Campania Region, Southern Italy, which was
originally 96 km long [16]. However, about 49 km of branches were added making
the total length of the Serino aqueduct complex around 145 km. After two millennia,
the Fontis Augustei still continues to supply clear and freshwater for the inhabitants
of Naples using the headwaters from Acquaro-Pelosi at 380 m above sea level
and the Urciuoli at 330 m. De Feo and Napoli [16] investigated the historical
development of “Serino Aqueduct,” dating its construction between 33 and 12 B.C.,
when Marcus Vipsanius Agrippa was curator aquarum in Rome. Its principal use
was to furnish the Roman fleet of Misenum with freshwater and also to supply water
for the increasing demand of the important commercial harbor of Puteoli as well as
drinking water for big cities such as Cumae and Neapolis.

The Aegean island Lesvos preserves one of the most impressive Roman aque-
ducts in Roman Greece dating to about the second or third century A.D. It was used
as the water supply of Mytilene, the capital of the island, and for water supply and
irrigation for the south eastern area of the island. The aqueduct was fed by the lake of
Megali Limni (big lake), at the Olympus Mountain, and by other secondary springs,
such as in the Agiassou area (i.e., Karini). The aqueduct passed through a varied
landscape; thus, it includes sections built on the soil surface, as well as, tunnels,
and bridges [26]. The Lesvos aqueduct was 22 km long, with a uniform slope of
0.0096 m/m, 0.65–1.10 m deep and 0.35–0.64 m wide (Karakostantinou 2006 cit.
in [26]). It had a maximum capacity of about 127,000 m3 per day. A 170 m section
of the aqueduct still remains at the village of Moria. The section is 27 m high and
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Fig. 2.2 (a) Remains of the Roman aqueduct in Moria, a Lesvian village at 6 km from Mytilene
town; (b) Pillars and the arcs of the arches

consists of 17 arches, also called “Kamares” laying on their column (Fig. 2.2a). Each
of the openings is comprised of three arches which are supported by a pillar. The
tops of the pillars each have cymatium and abacus architectural details. The walls are
built in the “emplekton” system, with two parallel rows of stone filled with rubble.
The pillars and the arcs of the arches (Fig. 2.2b) are built of local marble which was
readily available (Karakostantinou 2006 cit. in [26]).

One of the most complex and least studied aspects of Roman water supply is
the urban distribution system. The study of the ruins of Pompeii gives a clearer
understanding of a typical Roman urban water distribution and treatment system.
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Fig. 2.3 (a) Plan of distribution arrangements inside castellum divisorium (or castellum dividicu-
lum) at Porta Vesuvii: plan et elevation; (b) Pompeii water tower or castellum secondarium
(Source: Refs. [25, 29])

A branch of Serino aqueduct ran from Sarno to Pompeii, terminating in the
castellum divisorium, a large water tower at the highest point of the town near Porta
Vesuvii.

The entire castellum divisorium was housed inside a large brick building and
consisted of a shallow circular basin (Fig. 2.3a). After passing two coarse and fine
screens to remove the worst impurities, the water then flowed through three parallel
exit distribution channels; the entrance to each was regulated by wooden gates which
would control water supply in case of drought [28]. The high water pressure was
alleviated by smaller secondary water towers called castellum secondarium through
a series of lead pipes (Fig. 2.3b). The water towers were lead tanks positioned on
top of brick masonry pillars and were 6 m high.
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2.2.2 Ancient Sewers

The water that was collected from springs, conveyed by aqueducts and used by
humans was now contaminated with various impurities thus becoming wastewater.
Wastewater caused odor, disease, attracted pests, and polluted the environment. In
most places, wastewater just flowed into the streets or in ditches, but some cultures
actually developed a system of sewers.

2.2.2.1 Roman Sewers

As stated above, much is known and has been written about Rome’s water supply
[4, 16, 28]. Much less has been said of the impact of wastewater management
on Roman lifestyle. Although sewer and water pipes were not inventions of the
Romans, since they were already present in other Eastern civilizations, they were
certainly perfected by the Romans. The Romans resumed the engineering works of
the Assyrians and turned their concepts into major infrastructure to serve all the
citizens [2]. In addition to the famous aqueducts for supply of freshwater, ancient
Rome had an impressive sewage system. The most famous as well the largest known
ancient sewer is the Cloaca Maxima.

Cloaca Maxima

The Cloaca Maxima was built during the dynasty of Tarquin (VI century B.C.),
nearly three centuries before the first aqueduct (Aqua Appia 312 B.C.). Initially
constructed to drain the marsh on which Rome was later built, it originally stretched
more than 100 m through the center of the Forum Romanum, between the Basilica
Aemilia and Julia. It was 4.5 m wide and 3.3 m high, and was about 12 m below the
present ground elevation [30]. It was built so solidly and with such foresight that it
was used by the Romans for over 2,500 years and a section close to the “Torre dei
Conti” is still working today [2].

The Cloaca Maxima spread throughout the city center. New shafts drained each
of the imperial fora, the area around the Carcer, Temples of Saturn and Castor, and
a large duct running alongside the Via Sacra fed into the main channel in front of
the Basilica Aemilia [31].

West Colosseum Drainage Channel

As is often the case, drainage channels and sewer systems were found by accident
at the archaeological excavation of the West Collector’s Colosseum. The super-
intendent of Antiquities and the Fine Arts in Rome had ordered the cleaning of
the floor below the arena of the Colosseum, as part of routine maintenance work.
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Fig. 2.4 West Collector in the architectonic system of the Coliseum

Superintendent Gianfilippo Carettoni invested funds to excavate the West Collector
and found it completely blocked. Archaeologists determined the duct was 130 cm
across and made of brick paving stones which dated to the time of Domitian, first
emperor of the Flavian Dynasty (81–96 B.C.). The walls of the duct were originally
built in oak planks wedged between the floor and the foundations, which were
later covered with concrete. The position of the West Collector in the architectonic
system of the Colosseum is shown in Fig. 2.4.

2.2.3 After the Fall of Roman Empire

The end of the Roman Empire led to the deterioration of the aqueducts and sanitation
systems. Drainage and water supplies as well as the coastal road were no longer
usable [2]. When the Roman Empire collapsed, the sanitary dark ages began and
lasted for over 1,000 years (476–1800). People would toss waste into the streets,
wastewater would run in open trenches along the walkways, and chamber pots
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would be emptied out of windows A few medieval cities, particularly in central and
northern Italy including Milan, Arezzo, Bologna, and Florence had well intentioned
programs using municipal statutes to control environmental conditions to improve
city life and some cities in England also practiced good sanitation but these were
the exceptions.

2.2.3.1 Black Plague

During the middle age, epidemics raged through the majority of European cities.
Waste leached into the groundwater and wells. Rivers in London and Paris were
open sewers. Waste provided food for rats and although the Black Plague in 1349
was not directly caused by poor sanitation, it had to be an indirect cause. Where
there was good sanitation, such as at the Christchurch Monastery in Canterbury,
England, no one contracted the Black Plague.

After the plague, scientists in England began to understand the connection
between disease and sanitation practices and convinced the leaders of the country
they must control the random disposal of waste products. In 1372, Edward III
forbade throwing waste into the Thames River. In 1388, there was an act of
Parliament which “forbade the throwing of waste into ditches, rivers, and water
courses.” During the fifteenth century, Henry VI established a Commission of
Sewers. The word “sewer” comes from old English and means seaward from the
fact that the drains in London were open ditches which pitched toward the Thames
River and then to the sea.

2.2.3.2 Sewers of Paris

Around 1200, Phillipe Auguste had Parisian streets paved, incorporating a drain for
wastewater in the middle. The first underground sewers were built in Paris in 1370
beneath Rue Montmartre and drained to a tributary of the Seine River. During the
reign of Napoleon, 130 km of vaulted sewers were constructed and by 1805 there
were over 182 miles of sewers. In 1850, the prefect for the Seine Baron Haussmann
and the engineer Eugene Belgrand designed the present Parisian sewer and water
supply networks. They built a double water supply network (one for drinking water
and one for non-drinking water) and a sewer network which was 600 km long by
1878 [2].

2.3 Wastewater Treatment Technology Evolution

Today, wastewater treatment is performed through a series of processes which
include preliminary treatment, primary treatment, secondary (biological treatment),
and advanced treatment. Preliminary treatment removes rags, pieces of wood, grit,
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and other items which cannot be treated and will cause problems with further
downstream units. Primary treatment is a physical separation of solid and liquids
with heavier solids settling to the bottom of a tank and removed for further treat-
ment. Secondary treatment is a biological treatment used to remove carbonaceous
pollutants, and advanced treatment is used primarily to remove nutrients and trace
organics.

In the nineteenth century, there were outbreaks of cholera which brought about
the first centralized wastewater treatment technology which were early versions of
primary treatment such as:

• 1860 – Septic Tank
• 1868 – Trickling sand filter
• 1893 – Septic tanks effluent treated with sand filters

2.3.1 Septic Tanks and Primary Treatment

The septic tank system is believed to have originated in France. In 1860, L.H.
Mouras of Vesoul designed a cesspool in which the inlet and outlet pipes dipped
below the water surface thus forming a water seal. Successively, Donald Cameron
in 1895 patented septic tanks. The process gained great popularity and one observer
commented, “Since the septic tank idea gained favor, every designer of sewage tanks
has used the name septic for his tank, and apparently with good reason, for originally
the word septic meant simply bacterial, just as the word anti-septic means anti-
bacterial” (Melosi 2000 cit. [4]).

One problem connected with the settling methods for wastewater treatment right
from the beginning was the disposal of the resulting sludge. The solution to this
problem was the Imhoff Tank, patented in 1906, which consisted of a cylindrical
settling tank and a digestion tank directly underneath. The Imhoff Tank, being
the model for other so-called two-storied facilities, introduced anaerobic sludge
digestion as the most commonly used method of sludge treatment in Germany. In
the process of sludge treatment, digestion was followed by dewatering on drying
beds and transportation for agricultural purposes [10]. In the United States, primary
treatment was the most common form of wastewater treatment until 1972 when the
passage of the Clean Water Act mandated secondary treatment.

2.3.2 Trickling Sand Filter

Up to 1900, virtually all sewage treatment, where it existed, was carried out by
land treatment (irrigation). As the population continued to expand, it became more
and more difficult to find sufficient areas of land on the fringes of the towns and
cities [4]. The idea that there was a way to purify wastewater through the use
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of microorganisms gradually began to emerge around the end of the nineteenth
century [2]. The first experiments carried out by Frankland in 1870 on filtration
through soil, led to the concept of the tricking filter which is an attached growth
(biofilm) process. In one of his experimental filters containing coarse porous gravel
at Beddington Sewage Farm in Croydon, south of London, it was found that the
wastewater loading rate of 0.045 m3/m3 of bed per day produced a well-nitrified
(conversion of ammonia to nitrate) effluent and that the “filter” showed no signs of
clogging after 4 months of operation (Stanbridge 1976 cit. in [4]). These early forms
of attached growth secondary treatment were never patented but were commonly
used throughout the United Kingdom. Around the turn of the century, trickling filters
were introduced as the first artificial biological treatment method. Compared with
irrigation fields, they were characterized by a much smaller need of space.

2.3.3 Activated Sludge Processes

Wastewater treatment has significantly evolved since early in the twentieth century.
We have progressed from simply removing solids to producing high-quality effluent
for direct water reuse. In 1900, Wigand patented a type of attached growth process,
and in 1916, Poujoulat developed a second patent which was the predecessor to
Rotating Biological Contactors (RBCs) [32].

In November 1912, Dr. Gilbert Fowler of the University of Manchester visited
the United States in connection with the pollution of New York harbor [4]. Coming
back to England, he described to his colleagues, Edward Ardern and William
Lockett, some experiments that he had seen at the Lawrence Experimental Station
of the Massachusetts State Board of Health, in which sewage was aerated in a
bottle which had been internally coated with green algae. Ardern and Lockett
published the results of their studies in 1914 on Journal of the Society of Chemical
Industry [33]. Since that time, suspended growth (activated sludge) processes were
developed in England and then brought to the United States. As secondary treatment
became common, public health and the environment improved significantly. By the
mid-1980s, almost every treatment plant in the United States used some form of
biological treatment.

2.3.4 Advances in Treatment: Submerged Aerated
Biofilters (BAFs)

Submerged aerated biofilters capable of removing solids and organic matter without
requiring additional sedimentation did not appear until the end of the 1980s [34, 35].
The origins of BAFs can be tracked back to contact aerators, which have been used
for more than 50 years [36]. Mendoza and Stephenson [37] dated the first report of
these reactor types to 1913, where aerated tanks containing layers of slate supporting
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a biofilm were employed for sewage treatment. In the 1930s, work was carried out
using the tank filter, otherwise known as the “Emscher Filter”. These reactors used
coarse slag instead of slate layers as the support medium, which led to an increase
in dissolved oxygen content of the sewage and hence better treatment. The first
submerged contact aeration process was developed in 1939 (Wilford and Conlon
1957 cit. in [37]). This introduced the concept of using two stages of biological
treatment with rock and media. Griffith [38] reported that by 1943, submerged
contact aeration units with sedimentation tanks were capable of achieving greater
than 80% removal of BOD5 at 74 plants treating domestic sewage in the United
States. Modality and process conditions of submerged biological aerated filters are
shown in Fig. 2.5.

2.3.5 Alternatives to Mechanical Treatment Processes

Capital investments and maintenance costs have been the most common constraints
to wastewater treatment plant installation in small communities and in developing
countries. This situation gave rise to widespread interest worldwide in using “natural
systems” for wastewater treatment. The U.S. EPA established the Small Flows
Research Program in 1973 to help support viable alternative wastewater treatment
systems in areas where site conditions precluded the use of conventional systems.
Among them, constructed wetlands represent a very promising technology. From
the technical point of view, constructed wetlands consist of low deep basins, with
long Hydraulic Retention Time (HRT), filled up with sand, gravel, and earth on
a protective coating of waterproof sheath and planted with macrophytes [39, 40].
Constructed wetlands are usually classified according to the different types of
macrophytes and hydraulic regime (Fig. 2.6).

First studies were carried out at pilot scale at the Max Planck Institute, Germany,
in 1952. Today, constructed wetlands are found commonly in Great Britain, Canada,
the United States, Mexico, India, South Africa, Brazil, Australia, Italy, and many
European countries ranging in size from small single-family residential systems
to major facilities treating up to 12 million gallons per day of wastewater. These
systems are becoming more acceptable to local and regional regulators as the data
on their performance continue to prove the cost-effective nature of their operation.

2.3.6 Advanced Wastewater Treatment

With greater understanding of the impact of wastewater on the environment and
more sophisticated analytical methods, advanced treatment is becoming more
common in developed countries, primarily for the removal of nitrogen, phosphorus,
or both. In 1962, Lutdzack and Ettinger put forward the use of an anoxic zone
to achieve biological denitrification in an activated sludge process, introducing a
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Fig. 2.6 (a) Aquaculture; (b) Free water surface (FWS); (c) Subsurface flow system-horizontal
(SFS-H); (d) Subsurface flow system-vertical (SFS-V)

practice that is now commonly applied [41]. Studies carried out by Downing et al.
[18] are now incorporated into design methods of biological nitrification. Ten years
later, James Barnard developed and patented the biological removal of nitrogen and
phosphorous in a single sludge system [8–10]. The MLE (modified Lutdzack and
Ettinger) process and the five-stage Bardenpho process are widely used throughout
the world for both nitrogen and phosphorus removal and can achieve effluent total
nitrogen less than 4 mg/L and effluent total phosphorus of less than 0.1 mg/L.

2.3.7 Disinfection Practices, Nineteenth Century
and Twentieth Century

In the nineteenth century, many scientists believed that odor was the cause of
disease, so chemicals such as chlorine were used as deodorants [21]. In 1854,
chloride of lime was used to deodorize London’s sewage. In 1859, the Metropolitan
Board of Works, London, showed that a dosage of 400 lbs/MG of Calcium Chloride
could delay purification of raw sewage for as much as 4 days. By 1880, scientists
began to understand pathogenic bacteria and their association with specific disease.
For example, calcium chloride was used to treat feces from typhoid patients before
disposal to sewers.

In 1893, in Hamburg, Germany, chlorine was first used on a plant scale for
disinfection of wastewater and in 1906, ozone was used in France as a disinfection
agent. In 1909, compressed, liquefied chlorine was commercially available and
by 1914, equipment had been designed for metering and applying chlorine gas to
wastewater. The first recorded use of ultraviolet light for disinfection was in France
in 1916. By the early twenty-first century, ultraviolet disinfection has become the
most common disinfection process in use.
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2.3.8 Next Generation of Wastewater Treatment

2.3.8.1 Advanced Oxidation Processes

Once advanced treatment and the reduction of nitrogen and phosphorous as well
as the prevention of eutrophication was employed at most treatment plants, the
removal of biorecalcitrant and emerging contaminants became the next goal for
wastewater treatment and reuse. Although biological treatment processes are, at
present, the cheapest and the most environmental friendly, their potential for
removal of nonbiodegradable COD and micro-pollutants is limited. Therefore
there is an increasing need to focus on new treatment technologies. Advanced
oxidation processes (AOPs) are promising methods for wastewater contaminated
by biorecalcitrant compounds. AOPs are based on the generation of highly reactive
hydroxyl radicals (HO•) which are powerful oxidants (E D 2.8 V) that are able to
mineralize quickly and unselectively a broad range of organic compounds.

They are produced on-site most commonly by combinations of ultraviolet irradia-
tion (UV), ozone, hydrogen peroxide, and (photo) catalysts (mainly transition metal
salts) forming rather compact, homogenous oxidation systems. The heterogeneous
type of AOPs particularly involve TiO2-mediated semiconductor (photo) catalytic
processes.

2.3.8.2 Decentralized Systems

Decentralized systems are also being developed and include urine source separation
[27, 41], although this practice is rather ancient considering that Romans usually
separate urine for laundry (fullonica), wool laundry (officinal lanifricatoria), dyeing
(officina infectoria), and tannery (officina coriariorum) [1].

Decentralized systems have both advantages and disadvantages in cost and
performance, but they have their place in the overall management of wastes [50].

2.4 Evolution of Pollutant Identification
and Characterization

Since 1880, scientists began to understand pathogenic bacteria and their association
with specific disease and to understand that waterborne pathogens had a significant
effect on public health. Once bacterial pollution of water was understood, there also
became an understanding that there were other pollutants in wastewater but unable
to measure those pollutants.

A milestone in pollution control was the concept of biochemical oxygen
demand (BOD). This test is used globally to determine the carbonaceous and
nitrogenous demand on a system for oxygen and is the universal measure of
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pollution. The significance and use of this test has evolved over many years.
According to Baird and Smith [18], the history of BOD can be subdivided in
three main periods. The first is characterized by the discovery and description of
oxygen utilization in wastewater treatment. Pasteur’s pioneering microbiology and
Winkler’s development of dissolved oxygen measurement in water afforded early
sanitary scientists an understanding and ability to measure the relationship between
organic substances and dissolved oxygen in receiving water bodies. In 1912, the
Eighth Report of the Royal Commission on Sewage Disposal of London established
the first standards and tests for BOD analysis to be applied to sewage and sewage
effluents. These standards were copied by many other countries [2]. The second
period was characterized by the development and refinement of the measurements of
dissolved oxygen and BOD and the third period began in 1972 and is characterized
by the use of BOD5 test for regulatory compliance and process control.

Since the development and refinement of the BOD test, other tests have been
developed which allow for much more detailed characterization of wastewater
pollutants. Atomic absorption, gas chromatography, mass spectroscopy, liquid
chromatography, and other techniques allow determination of metals, organic com-
pounds, and nutrients at very low concentrations [20]. There is currently technology
available to examine DNA of various microorganisms used in the treatment process
and will allow for better process optimization. With instrumentation, pollutants can
be determined in very low concentrations (nanogram); therefore, their impact on
receiving waters can better be defined and treatment technologies developed. This
is especially important for those pollutants that are endocrine disruptors such as
pharmaceutical and hormones.

2.5 Conclusion

In 2005, the British Medical Association and the American Medical Association
declared modern wastewater treatment as having the greatest positive impact on
public health and longevity. Without modern wastewater treatment technologies,
life expectancy would be less than 40 years. By reviewing the history and evolution
of waste treatment, it is easy to understand its importance. But as we develop
technology to better analyze for pollutants, we must also continue to develop
technology to manage those pollutants.

This history will continue to evolve as long as there are human beings on
Earth. “And so this process must continue in a never-ending cycle” (Aristotle,
Metereologica II, 3).

Acknowledgment The authors wish to thank Dr. Anna Carrafiello for the redaction of Fig. 2.3.
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Chapter 3
The Removal of Illicit Drugs and Metabolites
During Wastewater and Drinking Water
Treatment

Alexander L.N. van Nuijs and Adrian Covaci

3.1 Introduction

An increasing concern has been raised in recent years about the occurrence of
pharmaceutically active compounds in the aquatic environment. Since they have
been detected in a wide variety of water samples (drinking water, groundwater,
surface water, influent and effluent wastewater) in concentrations ranging from
the ng/L to the �g/L level, these compounds have been recognized as emerging
contaminants [1]. For some compounds, an association has been made with their
environmental concentration and negative effects on aquatic organisms [2], but
for most compounds, little is known about the long-term effects derived from
simultaneous exposure of these compounds on the aquatic environment.

While the occurrence, removal, and fate of pharmaceuticals was investigated in
several papers, the presence of illicit drugs and their metabolites in water samples
has not been intensively investigated. However, these substances are widely used
worldwide and as a consequence, it is likely that, comparable with pharmaceuticals,
these compounds are present in the water cycle. In general, municipal WWTPs have
not been designed to remove residues of pharmaceutically active compounds and
the ability of such compounds to pass through WWTPs depends on various factors,
including the chemical and biological persistence of the individual compound, its
sorption behavior, its evaporation via water vapor, and the technology used for
sewage purification.

The presence of illicit drugs and their metabolites has been evidenced in (influent
and effluent) wastewater, surface water, and drinking water in concentrations
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up to �g/L levels, with the highest concentrations observed for cocaine (COC)
and its most important metabolite benzoylecgonine (BE) [3]. In analogy with
pharmaceuticals, illicit drugs and their metabolites enter the aquatic cycle mainly
through excretion after human consumption in wastewater. If an incomplete removal
of these compounds during wastewater treatment and drinking water treatment is
obtained, they may reenter surface water (via effluents) and drinking water (via
surface or ground water), respectively.

Since illicit drugs (and their metabolites) are often highly pharmaceutically
active, their presence in the aquatic environment can lead to risks comparable with
pharmaceuticals. However, until now, this has not been investigated for illicit drugs.
To decrease the risk of negative effects on the aquatic environment, research could
also be oriented to optimize wastewater and drinking water treatment procedures
for the removal of these substances. Consequently, the concentrations of these
compounds in surface and drinking water will be low or negligible, leading to lower
exposure levels.

In this chapter, an overview of the current knowledge of the removal of illicit
drugs and their metabolites during wastewater and drinking water treatment is given
together with a critical discussion regarding future research needs in this field.

3.2 Removal of Illicit Drugs and Metabolites During
Wastewater Treatment

3.2.1 Cocaine and Metabolites

For this group of illicit drugs, the removal during wastewater treatment of the
two compounds that are in the highest concentrations measured in surface water,
COC and BE, was investigated by several research groups. Different wastewater
treatment technologies, conventional activated sludge (CAS), trickling filters, and
biological filtration have been investigated together with wastewater treatment
plants (WWTPs) applying just primary treatment [4–10].

The majority of the removal experiments were done in WWTPs working with
the CAS technique. The results of these studies showed that the application of CAS
allowed an average removal percentage higher than 90% for COC and BE. Only in
Croatia, decreased removal efficiencies (�50%) were observed [9], probably due to
a short residence time in this WWTP. A high removal of cocainics (>93%) was also
observed in one Spanish WWTP [8] (Fig. 3.1). Overall, we can conclude that the
CAS technique works efficient in removing COC and BE from influent wastewater.

Metcalfe et al. compared the working of the CAS technology for the removal of
COC and BE with a WWTP that applies only primary treatment [7]. Their results
showed that in the case of only primary treatment, removal efficiencies were lower
than 40% for COC and BE compared with the earlier mentioned values of>90% for
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Fig. 3.1 Average removal of illicit drugs during CAS wastewater treatment (Reproduced from
Postigo et al. with kind permission of © Elsevier [8])

the CAS technique. It has to be pointed out that the residence time in the WWTP
working only with primary treatment is five times lower which can also contribute
to lower removal efficiencies.

In two studies, the CAS technology was compared with a treatment based on
biological filters [5, 8]. Both experiments concluded that the removal efficiencies
in the WWTPs working with biological filters were lower than the CAS-based
WWTPs, but no absolute values were given. Karolak et al. did not conclude if the
lower removal of COC and BE with biological filters is due to the technology itself
or due to the lower residence time in the WWTP that is accompanied with this kind
of treatment [5].

Kasprzyk-Hordern et al. evaluated the use of trickling filters for the removal
of COC and BE from wastewater. With observed removal efficiencies lower than
25%, and for BE even higher concentrations in effluent than in influent, this kind of
wastewater treatment technology seems not efficient for removing both compounds
from wastewater [6].

In conclusion, the most applied CAS technique is efficient in removing COC
and BE from wastewater (>90% removal). Other techniques, such as biological
filters and trickling filters, show removal efficiencies lower than 50% and as a result
relatively high loads of COC and BE can be released in surface water through
effluents.
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3.2.2 Amphetamine-like Stimulants

In the amphetamine-like stimulant (ALS) group, removal experiments were
executed for the following compounds: amphetamine (AMP), methamphetamine
(METH), methylenedioxymethamphetamine (MDMA), methylenedioxyamphet-
amine (MDA), and methylenedioxyethylamphetamine (MDEA) [4–9, 11, 12].
Following wastewater treatment technologies were evaluated: CAS, biological
filters, trickling filters, reverse osmosis, return activated sludge (RAS), and just
primary treatment.

Highly variable removal rates for all ALS compounds were observed for WWTPs
applying the CAS technology (Fig. 3.1). In general, removal efficiencies were the
highest for AMP, in most cases higher than 90%. For MDMA, METH, and MDA,
the average removal was lower (on average 50%). However, it has to be pointed out
that high ranges for removal rates were reported and that in some cases even higher
concentrations in effluent than in influent were observed. A possible explanation
for this phenomenon is the transformation from one compound into another during
wastewater treatment together with deconjugation processes.

Three studies concluded that the use of the biological filters or just a primary
treatment significantly decreased the removal efficiency for the ALS [5, 7, 8].
Loganathan and coworkers briefly mention in their paper that the use of RAS is
efficient in removing METH from wastewater [12]. However, no numbers are given
and as a consequence it is difficult to compare RAS with other techniques. The
use of trickling filters in the treatment of wastewater containing AMP seems as
efficient as CAS, as was observed by Kasprzyk-Hordern and colleagues. For both
technologies, removal efficiencies higher than 90% were observed [6].

Boleda et al. [11] evaluated the use of reverse osmosis for the removal of ALS
from wastewater. They observed that for MDMA, AMP, and METH this technique
works well with removal >80%. Moreover, they observed less variability in the
removal compared with the CAS technology. For MDA and MDEA, the removal
was lower (between 50% and 60%), but the variability was again low.

Except for biological filters, all techniques that were evaluated for the removal of
ALS showed rather high removal rates. Important to point out is that for CAS, highly
variable removal rates were observed, probably related to transformation process
from one compound to another during this treatment. The application of reverse
osmosis seems to overcome this problem and is the most efficient technique for the
removal of ALS from wastewater.

Only a limited number of papers have reported on the occurrence of ALS in
sewage sludge and biosolids resulting from WWTPs. Kaleta et al. [13] measured
concentrations of AMP ranging between 5 and 300 ng/g dry weight in Austrian raw
and treated sewage sludge. In US sludge, Jones-Lepp and Stevens [14] have detected
and quantified METH at lower levels up to 4 ng/g dry weight.
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3.2.3 Opiates and Related Compounds

Experiments show that morphine (MOR) and 6-monoacetylmorphine (6-MAM) are
fairly well removed during CAS wastewater treatment, with an average removal
rate of 80% for MOR and 90% for 6-MAM [8, 9, 15] (Fig. 3.1). For MOR, large
variations in removal efficiencies were observed which can be related with the
cleavage of morphine conjugates during the treatment process. Biological filters
showed less efficient removal of the two compounds in comparison with CAS [8].

Methadone (MTD) and its major metabolite 2-ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine (EDDP) were not well removed during wastewater treatment
based on CAS. Only 30% and 2% were removed for MTD and EDDP, respectively
[9, 15]. These two compounds fairly withstand CAS wastewater treatment and as a
result they can easily enter surface water.

For codeine (COD), a similar removal as for MTD was observed, with only
33% retained during CAS treatment [15]. Also for this compound, an important
input in surface water can be expected. However, Boleda also evaluated the use of
reverse osmosis for the removal of COD from wastewater and they concluded that
this technique is highly efficient in removing this compound from wastewater [11].

3.2.4 Cannabinoids

In this group, the removal of tetrahydrocannabinol (THC), 11-hydroxytetrahydro-
cannabinol (OH-THC), and 11-nor-9-carboxytetrahydrocannabinol (THC–COOH)
during wastewater treatment were investigated [8, 15] (Fig. 3.1). Similar results
were found in both studies with an excellent removal of THC (>97%) and OH–
THC (90%), but low removal rates (40% on average) for THC–COOH. A possible
explanation for this is the cleavage of conjugates (glucuronides and/or sulfates)
of this metabolite during wastewater treatment, similarly with what was earlier
mentioned for the opiates.

3.2.5 Other Compounds

One study investigated the removal of ketamine during wastewater treatment based
on the CAS technique and found removal rates higher than 80%, concluding that it
is efficiently removed [4].

N-desmethyl lysergic acid diethylamide (nor-LSD) showed very low or no
removal during CAS wastewater treatment, as was observed by Postigo et al. [8].
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3.3 Removal of Illicit Drugs and Metabolites During
Drinking Water Treatment

3.3.1 Cocaine and Metabolites

The behavior of COC and BE during different drinking water treatment steps
was evaluated [16] (Fig. 3.2). In the first step consisting of prechlorination,
coagulation/flocculation, and sand filtration, COC and BE were only removed at
13% and 9% from the source water (being surface water). The low observed values
can be explained by the low reactivity of both analytes to chlorine. The following
ozonation step had removal rates of 24% and 43% for COC and BE. These rather
low values can be due to the absence of active sites (e.g., double of triple carbon
bonds) on both compounds that are reactive to ozone. The next treatment with
granulated activated carbon filters (GAC) resulted in high removal rates, most
probably to efficient adsorption. For COC, a complete removal was observed, while
for BE 72% was removed in this step. In the last postchlorination step, another 27%
of the BE was removed. The total removal percentages were 100% for COC and
90% for BE, and as a result concentrations of BE up to 130 ng/L were found in the
processed drinking water.

3.3.2 Amphetamine-like Stimulants

AMP, MDMA, METH, and MDA were followed through the treatment process
of surface water to drinking water [16] (Fig. 3.2). AMP, METH, and MDA were
completely removed in the first step of the treatment (prechlorination, coagu-
lation/flocculation, sand filtration), because of their high reactivity to chlorine.
MDMA was only removed in small amounts (23%) in this step. Future research
is needed to investigate why this compound is behaving different compared to the
other strongly related compounds. MDMA is removed in the next steps (ozonation,
GAC filtration, and postchlorination) for 28%, 88%, and 100% respectively. As a
result, no ALS compound could be detected in the processed drinking water.

3.3.3 Opiates and Related Compounds

The behavior of MOR, COD, MTD, and EDDP was investigated during drinking
water treatment [15]. The drinking water treatment plant treats surface water in
four steps: (1) Prechlorination, flocculation/coagulation, and sand filtration, (2)
ozonation, (3) GAC filtration, and (4) postchlorination. In the first step, MOR
and COD were efficiently removed with removal percentages of 96% and 88%,
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respectively. For MTD and EDDP, lower removal rates were observed (54% and
28%), resulting from a different reactivity for chlorine. The following ozonation
step resulted in a complete removal of MOR. COD, MTD, and EDDP were only
removed for 56%, 44%, and 37%. The GAC filtration then completely removed
COD, while MTD and EDDP surprisingly resisted during this treatment step (59%
and 52% removal). In the last postchlorination step, 54% of the MTD concentrations
and 28% of the EDDP concentrations were removed. This elimination resulted in
the absence of COD and MOR in the finished drinking water (100% removal), while
MTD and EDDP could be identified in drinking water (91% and 88% removal).

3.3.4 Cannabinoids

THC and THC–COOH were already completely removed in the first drinking water
treatment step (prechlorination, flocculation/coagulation, and sand filtration), and as
a result these compounds were not detected in finished drinking water [15].

3.4 Conclusions and Future Research

This chapter documents that experiments have been carried out to investigate the
removal of a wide range of illicit drugs during wastewater and drinking water
treatment. For wastewater treatment, the application of the CAS technology revealed
in most experiments high removal percentages for some compounds (COC, BE,
MOR, 6-MAM, ketamine, THC, OH–THC), while for other compounds (THC–
COOH, COD, MTD, EDDP, nor-LSD) low removal rates were observed. In the ALS
group, highly variable removal was seen. Other wastewater treatment techniques
than CAS were also investigated, including reverse osmosis, trickling filters,
biological filters, and RAS. Only reverse osmosis showed a better performance than
CAS for ALS and COD; other techniques showed to be less or equally efficient. The
removal of illicit drugs during drinking water treatment was only investigated in
one drinking water treatment plant and showed complete removal of all compounds
except BE, MTD, and EDDP. However, the concentrations of these compounds
found in finished drinking water were low, up to 130 ng/L for BE. Yet it is not
known if such concentrations can affect human health during prolonged and chronic
exposure through drinking water.

Future research in the removal of illicit drugs is however still needed. All
studies executed until now were only based on simple experiments comparing
influent and effluent concentrations. However, in order to better understand the
processes occurring during wastewater treatment, biodegradation studies should be
conducted under laboratory-controlled conditions simulating WWTPs and DWTPs.
The following processes should be investigated more in detail: (1) The disposal of
illicit drugs and metabolites onto sludge, (2) deconjugation reactions of conjugates
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to parent compound or metabolite which could lead to higher effluent concen-
trations, (3) transformation reactions of metabolites and parent compounds. To
further decrease the input of illicit drugs and metabolites into surface water and
drinking water, alternative and new treatment techniques should also be investigated,
such as membrane bioreactors, ozonation and photocatalytic processes, constructed
wetlands, advanced sorbents, and nanotechnology.
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Chapter 4
Removal of Dyes and Pigments from Industrial
Effluents

Tjoon Tow Teng and Ling Wei Low

4.1 Introduction

4.1.1 Dyes and Pigments

Colour is introduced into dyeing materials using substances known as dyes and
pigments [1]. Dyes can be defined as soluble coloured substances which can be
applied mainly to textile materials from solution in water, whereas, pigments are
insoluble compounds integrated by a dispersion process into products such as paints,
printing inks, and plastics [1].

Dye molecules comprises of two main components: chromophores and aux-
ochromes. Chromophores are known as group of atoms principally responsible for
the colour of dye. The most important chromophores are the azo (–NDN–), carbonyl
(CDO), methine (–CHD), and nitro (–NO2) groups. Auxochromes are useful in
providing an essential “enhancement” of the colour [1]. Common auxochrome
groups (include hydroxyl (OH) and amino (NR2) groups) normally increase the
intensity of the colour and shift the absorption to longer wavelengths of light [1, 2].

According to Bogacki et al. [3], pigments can be classified into two categories:
homogenous pigments and mixtures. Homogenous pigments contain similar type of
pigments particles, e.g., colourful metal oxides and metallic powders. On the other
hand, mixtures are obtained by chemical coating the stain of a suitable carrier such
as the active, highly dispersed silica, precipitated calcium carbonate. Mixtures can
also be obtained by mechanical mixing of intensely staining pigment with filler.

T.T. Teng (�) • L.W. Low
School of Industrial Technology, Universiti Sains Malaysia, Penang 11800, Malaysia
e-mail: ttteng@usm.my; low lingwei@yahoo.com

S.K. Sharma and R. Sanghi (eds.), Advances in Water Treatment and Pollution
Prevention, DOI 10.1007/978-94-007-4204-8 4,
© Springer ScienceCBusiness Media Dordrecht 2012

65



66 T.T. Teng and L.W. Low

4.1.2 Application of Dyes and Pigments

Mankind has used dyes for thousands of years. About 180,000 years ago, Nean-
derthal man was believed to be the earliest mankind to use colourant. In 1856,
the world’s first commercially successful synthetic dye was discovered by William
Henry Perkin and by the end of the nineteenth century, 10,000 new synthetic dyes
had been developed and manufactured [1].

Synthetic dyes are solely recalcitrant organic compounds that are extensively
used in various branches of textile industries [4–9], pulp and paper industries
[10, 11], leather tanning industries [12–14], food industries [15–18], agricultural
research [19, 20], hair colourings [21], light-harvesting arrays [22], etc. Synthetic
dyes have been used to control the efficacy of sewage [23], groundwater tracing
[24], and determination of surface area of activated sludge [25].

The chemical classes of dyes used more frequently at industrial scale are the azo,
anthraquinone, sulphur, indigoid, triphenylmethyl, and phthalocyanine derivatives
[26]. All dyes used in industries are designed to resist fading upon exposure
to sweat, water, light, and chemicals including oxidizing agents, and microbial
attack [27].

There are more than 100,000 commercial dyes with a rough estimated production
of 7 � 105 to 1 � 106 tons per year [28–30]. The exact data on the quantity of dyes
discharged to the environment are unknown. A loss of 1–2% in production and
1–10% loss in use are assumed [26]. From the statistics, extensive application of
synthetic dyes can cause considerable environmental pollution and are dangerous to
the health of living organisms.

The impact and toxicity of dyes containing wastewater have been extensively
studied. The dye classes, dye description, and typical pollutants associated with
various dyes are listed in Table 4.1.

From Table 4.1, types of pollutants associated with various dyes are colour,
organic acids, and unfixed dyes. Most of the dyes are water soluble, except
disperse dye.

Dyeing effluents are hardly decolourised by conventional wastewater treatment
methods [27, 33]. In addition to their visual effect and their adverse impact in
terms of chemical oxygen demand (COD), biochemical oxygen demand (BOD), and
total organic carbon (TOC), many synthetic dyes may cause the formation of toxic
carcinogenic metabolites (high concentration of nutrients, presence of chlorinated
phenolic compounds, sulphur, and lignin derivatives).

High volumetric rate of industrial effluent discharge and increasing stringent
legislation make the search for appropriate treatment technologies. This is an
important task for a greener tomorrow [34].
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Table 4.1 Typical characteristics of dyes used in textile dyeing process

Dye class Description
Types of pollutants associated
with various dyes Reference

Acid Anionic compounds with high
water solubility

Colour; organic acids; unfixed dyes [31]

Basic Very bright dyes, water-soluble
cationic dyes, applied in
weakly acidic dyebaths

Colour; organic acids; unfixed dyes [31]

Direct Water-soluble, anionic compounds
can be applied directly to
cellulosics without mordants
(a substance that will form a
coordination complex with the
dye. Useful in setting dyes on
fabrics)

Colour; salt; unfixed dye; cationic
fixing agents; surfactant;
defoamer; leveling and
retarding agents; finish; diluents

[31, 32]

Disperse Water insoluble Colour; organic acids; carriers;
leveling agents; phosphates;
defoamers; lubricants;
dispersants; diluents

[32]

Mordant Final colour largely dependent on
the choice of mordant. An
example of mordant is
potassium dichromate

Mordants (particularly in heavy
metals categories) will cause
hazardous to health

[31]

Reactive Water-soluble, anionic compounds,
largest dye class

Colour; salt; alkali; unfixed dye;
surfactants; defoamer; diluents;
finish

[31]

Sulphur Organic compounds containing
sulphur or sodium sulphide

Colour; alkali; oxidizing agents;
reducing agent; unfixed dye

[32]

Vat Oldest dyes, more chemically
complex, water insoluble

Colour; alkali; oxidizing agents;
reducing agent

[31, 32]

4.2 Technologies Available for Colour Removal

Industrial wastewater treatment consists of four processes [35], namely, pretreat-
ment, primary treatment, secondary treatment, and tertiary treatment. Pretreatment
process includes equalization and neutralization where industrial wastewater is
pretreated with equalization and neutralization before being discharged to municipal
sewerage systems or to a central industrial sewerage system [36]. After pretreatment
step, physical or chemical separation techniques (primary treatment) are applied to
remove suspended solids in the wastewater [36], followed by a secondary treatment.
Secondary treatment/biological treatment uses microorganisms to stabilize the
waste components before going to tertiary treatment. The tertiary treatment (phys-
ical chemical treatment) processes include adsorption, ion-exchange, stripping,
chemical oxidation, and membrane separations. The final steps for the wastewater
treatment process are the sludge processing and disposal steps.

Generally, the methodologies adopted to treat dye wastewater can be clas-
sified into three categories: (1) physical (2) physicochemical or chemical, and



68 T.T. Teng and L.W. Low

(3) biological. These methods can be used either singularly or together in various
combinations. Many treatment processes combine two or more treatment technolo-
gies to provide a better or more efficient treatment.

4.2.1 Physical Methods

Physical treatment involves particle separation processes; no gross chemical or
biological changes are involved. Examples of physical treatment processes are
adsorption and ion exchange. These processes are particle size dependent [37].

4.2.1.1 Adsorption

Adsorption process has been widely used in industrial dye wastewater treatment,
because adsorption is a well-known equilibrium separation process and is effective
in wastewater treatment [38–40]. The term adsorption refers to a process where
molecules of gas, liquid, or dissolved solids (adsorbate) adhere to a surface (ad-
sorbent) [41]. There are two types of adsorption processes, namely, physisorption
and chemisorption. Physisorption involves the attraction between the solid surface
and the adsorbed molecules via weak van der Waals forces. It is a readily reversible
process and includes both mono and multilayer coverage of adsorbate molecules
on the adsorbent’s surface [42]. Chemisorption involves higher strength chemical
bonding which is difficult for the removal of chemisorbed species from the solid
surface [36]. It is an irreversible reaction and includes monolayer coverage of
adsorbate molecules on the adsorbent’s surface [43].

Transportation of adsorbate to the porous media adsorbent usually occurs through
four main steps [44, 45], namely, bulk solution transport, external diffusion,
intraparticle diffusion, and adsorption. Bulk solution transport process involves
transportation of the adsorbate from bulk solution to hydrodynamic boundary layer
(liquid–solid interphase) surrounding the adsorbent [45]. After the transportation
of adsorbate to the hydrodynamic boundary layer surrounding the adsorbent, the
adsorbate must then pass through the layer to the adsorbent surface (external diffu-
sion). This transportation process is caused by molecular diffusion. The distance
the adsorbate travels is largely dependent on the velocity of the bulk solution.
The thickness of the boundary layer affects the rate of transportation. The thicker
the boundary layer, the lower the rate of transportation becomes [44, 45]. After
the adsorbate has passed through the boundary layer to the active site, intraparticle
diffusion takes place. There are two types of diffusion that affect the intraparticle
transportation, namely, pore diffusion and surface diffusion. Pore diffusion takes
place when molecules diffuse from the solution into the pores of the adsorbate,
whereas surface diffusion takes place along the adsorbent surface [45]. Lastly, the
adsorbate is attached onto the available active sites on the adsorbent surface. This
step occurs very fast; therefore, one of the preceding diffusion steps controls the rate
of mass transfer.
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Few years ago, use of activated carbon as adsorbent in adsorption process was
found to be effective in wastewater treatment, but the cost of activated carbon is
too high. Therefore, there is a need to search for cheaper and effective adsorbents.
Recently, a number of studies have focused on low-cost adsorbent that is capable
in degrading and adsorbing dyes from wastewater. A material could be assumed to
be low cost if it is abundant in nature, inexpensive, requires little processing, and is
effective in the treatment process [46, 47]. Low-cost adsorbents could be obtained
from any agriculture and industry by-products, natural materials, and biosorbents
that contain high surface area and porosity [47]. Adsorption of dyes onto low-cost
adsorbents is largely dependent on dye properties such as molecular structure and
type, number and position of substituent in the dye molecule [48], source of raw
materials used, preparation and treatment conditions such as pyrolysis temperature
and activation time, surface chemistry, surface charge, pore structure, and surface
area of the adsorbent [49].

Non-conventional Low-Cost Adsorbents

Non-conventional low-cost adsorbents can be divided into three different categories,
i.e., agriculture and industry waste, natural materials, and bioadsorbents.

Agriculture and Industry Waste Materials

Agriculture and industry waste materials are assumed to be low-cost adsorbents
because they are abundant and require less processing [49]. Bagasse, a by-product
of sugar milling process, is the crushed remnant of sugarcane stalks left after the
extraction of juice. Bagasse consists of three components namely, pith, fibre, and
rind mixed in different proportions [50]. Low et al. [51, 52] studied the adsorption
of a basic dye (methylene blue (MB)) on various acid-modified bagasses. A novel
bagasse pretreatment method was used that could effectively remove organic
compounds from the bagasse that contribute to chemical oxygen demand (COD)
in the dye aqueous solution. Pretreatment with thorough washing of adsorbent
using boiling distilled water was performed instead of conventional washing using
distilled water at room temperature. The highest percentage of colour removal was
99.45% and COD reduction was 99.36% using sulphuric acid-modified bagasse
at pH 9.0. The results showed the removal and reduction efficiency of the colour
and COD, respectively, were almost the same. This is because the dye species that
contributes to the COD has been completely removed. It can be concluded that the
adsorption efficiency of low-cost adsorbent is largely dependent on the adsorbent
pretreatment steps. This adsorption process followed pseudo-second order, and
Langmuir as well as Freundlich isotherms, and was endothermic in nature.

Ofomaja and Ho [53] used palm kernel fibre as adsorbent for the removal of
anionic dye (4-bromoaniline-1,8-dihydronaphthalene-3,6-disodiumsulphate) from
aqueous solutions. The results obtained were well described by Langmuir isotherm.
The equilibrium monolayer capacity of palm kernel fibre for the adsorption of this
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Table 4.2 Adsorption capacities for some agriculture and industry waste materials

Dye Adsorbent

Adsorption
capacity
(mg/g) Working isotherm Reference

Basic dye
MB Teak wood bark 914.59 Langmuir isotherm [54]
MB Papaya seeds 555.55 Langmuir isotherm;

pseudo-second-order
kinetic model

[55]

Basic Red-22 Sugar industry mud 519.00 Langmuir isotherm [56]
MB Grass waste 457.64 Langmuir isotherm;

pseudo-second-order
kinetic model

[57]

MB Pomelo peel 344.83 Langmuir isotherm;
pseudo-second-order
kinetic model

[58]

MB Jackfruit peel 285.71 Langmuir isotherm;
pseudo-second-order
kinetic model

[59]

MB Banana stalk waste 243.90 Langmuir isotherm;
pseudo-second-order
kinetic model

[60]

MB Garlic peel 82.64 Freundlich isotherm;
pseudo-second-order
kinetic model

[61]

MB Rubber seed shell 82.64 Freundlich isotherm;
pseudo-second-order
kinetic model

[62]

Reactive dye
Reactive Blue

171
Fly ash 1.860 Freundlich isotherm;

pseudo-second-order
kinetic model

[63]

Reactive Red Coconut tree flower
carbon (CFC); Jute
fibre carbon (JFC)

CFC D 181.9 Langmuir isotherm;
pseudo-second-order
kinetic model

[64]
JFC D 200

Acid dye
Acid Red 1 Coal fly ash 92.59–103.09 Langmuir isotherm;

pseudo-second-order
kinetic model

[65]

Acid Black 1;
Acid Blue
193

Fly ash Acid Blue
193 D 10.937

Freundlich isotherm;
pseudo-second-order
kinetic model

[63]

Acid Black
1 D 10.331

anionic dye was 0.0705 mmol/g at 297 K and palm kernel dosage of 5 g/dm3. The
thermodynamic analysis showed that the system was exothermic in nature. Up to
66.44% of the dye adsorbed could be desorbed by using distilled water.

The adsorption capacities for some agriculture and industry waste materials are
listed in Table 4.2.
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Table 4.3 Adsorption capacities for some natural materials

Dye Adsorbent
Adsorption capacity
(mg/g) Working isotherm Reference

Basic dye
MB Montmorillonite

clay
289.12 Langmuir isotherm;

pseudo-second-order
kinetic model

[68]

MB Bentonite 151.00–175.00 Langmuir and
Redlich-Peterson
isotherms

[69]

MB Fibrous clay
minerals

85.00 Langmuir isotherm;
pseudo-first-order
kinetic model

[70]

MB Palygorskite 50.80 Pseudo-second-order
kinetic model

[71]

MB Glass wool 2.24 Langmuir and Freundlich
isotherms

[72]

Reactive dye
RY-145;

RB-B
Sorel’s cement RY-145 D 107.67 Langmuir isotherm [73]

RB-B D 103.14
Direct dye
Congo red Australian

kaolin
More than 85%

colour removal
Langmuir isotherm;

pseudo-first-order
kinetic model

[74]

Natural Materials

Recently, there has been a growing interest in utilizing natural materials such
as clay, zeolites, and other siliceous materials as adsorbents. Alpat et al. [66]
studied the adsorption of basic dye, Toluidine Blue O from aqueous solution using
Turkish zeolite (clinoptilolite) as adsorbent. Kinetic studies showed that adsorption
of Toluidine Blue O on clinoptilolite was well fitted to pseudo-second-order kinetic
model. The maximum adsorption capacity of clinoptilolite was 2.1 � 10�4 mol/g
at solution pH 11.0. The results showed the adsorption process fitted to both the
Langmuir and Freundlich models. Other than Turkish zeolite, researchers have also
used other natural materials as adsorbents such as calcined clay materials and lime.
They were used as adsorbents to remove diazo direct dye (congo red) from aqueous
solutions [67]. The results showed that the removal efficiency of congo red dye
using calcined clay materials and lime was more than 94%. The dye removal was
governed by combined physico-chemical reactions of adsorption, ion-exchange,
and precipitation. The adsorption process was well described by pseudo-second-
order kinetic model and Freundlich isotherm mode. Table 4.3 shows the adsorption
capacities of a few natural materials.
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Biomass

The use of biological materials as adsorbents in wastewater treatment is known as
bioadsorption or biosorption. Use of bioadsorbent in adsorption process can reduce
dye concentration to parts-per-billion (ppb) levels. Bioadsorption is a novel, cheap,
and effective process [49].

Recently, the use of dead or living biomass, fungi, and other microbial cul-
tures as bioadsorbents is increasing because bioadsorbents are available in large
quantities and low cost. Yu et al. [75] studied the polymethacrylic acid and
polyamic acid-modified biomass of baker’s yeast to remove MB from aqueous
solution. The results showed the effect of pH and ionic strength on adsorption
capacity of the modified biomass was not significant. The adsorption process
follows Langmuir isotherm with maximum MB uptake capacities of 869.6 mg/g
of polymethacrylic acid-modified biomass of baker’s yeast and 680.3 mg/g of
polyamic acid-modified biomass of baker’s yeast. Table 4.4 shows adsorption
capacities for some bioadsorbents.

Agriculture and industry waste materials (Table 4.2), natural materials
(Table 4.3), and biomass (Table 4.4) have shown to be good alternatives to
expensive commercial activated carbon. Most of the adsorption processes follow
pseudo-second-order kinetic and Langmuir isotherm. In some cases, the adsorption
process follows both Langmuir isotherm as well as Freundlich isotherm, where
the adsorbents contain heterogeneous moieties which are uniformly distributed
on the surface of the adsorbents [52]. Adsorbate concentration, pH, contact time,
adsorbent dosage, shaking speed, and temperature play an important role in the
adsorption process. With the use of these low-cost adsorbents, wastewater treatment
process can become relatively economical. However, the usage of these low-cost
adsorbents is still in the developing stage; more work is needed to investigate on
the mechanisms of the adsorption process. Ion exchange may play an important
role in the uptake of dyes. Comparison on the cost of using activated carbon and
various non-conventional, low-cost adsorbents are strongly recommended in order
to promote the use of low-cost adsorbents in industrial scale. Undoubtedly, low-cost
adsorbents offer a lot of promising benefits for commercial use in future.

4.2.1.2 Ion Exchange

Ion exchange is a process where wastewater is passed over the ion exchange resin
where a constituent in the wastewater exchanges an ion in the resin until the
available exchange sites are saturated. Employing this technique, both cationic and
anionic dyes can be removed from the effluent successfully [86]. The advantage of
ion-exchange resin catalysts over other commonly used solid acid catalysts is their
relatively high concentration of active sites, and it is this factor that makes them
such effective catalysts for facile reaction [87]. The main drawback of ion-exchange
method is that ion exchange cannot accommodate a wide range of dyes [86].
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Table 4.4 Adsorption capacities for some bioadsorbents

Dye Adsorbent

Adsorption
capacity
(mg/g) Working isotherm Reference

Basic dye
MB Caulerpa

lentillifera
417.00 Langmuir isotherm;

pseudo-second-order
kinetic model

[76]

Basic Red 18 Activated sludge
biomass

285.71 Langmuir and Freundlich
isotherm; pseudo-
second-order kinetic
model

[77]

MB Alga Sargassum
muticum
seaweed

279.20 Langmuir and Freundlich
isotherm; pseudo-
first-order kinetic
model

[78]

MB Dead macro
fungi

232.73 Langmuir isotherm [79]

MB Green alga Ulva
lactuca

40.20 Langmuir and Freundlich
isotherm; pseudo-
second-order kinetic
model

[80]

MB The brown alga
Cystoseira
barbatula
Kutzing

38.61 Langmuir isotherm;
pseudo-second-order
kinetic model

[81]

MB Posidonia
oceanica (L)
fibres

5.56 Langmuir isotherm [82]

Reactive dye
Reactive Black 8;

Brown 9;
Green 19;
Blue 38

Rhizopus
nigricans

90–96%
adsorp-
tion of
the
selected
dyes

Langmuir and Freundlich
isotherm

[83]

Reactive Black 5 Klebsiella sp.
UAP-b5

N/A Pseudo-second-order
kinetic model

[84]

Acid dye
Acid Blue 40 Thuja orientalis 97.06 Langmuir isotherm;

pseudo-second-order
kinetic model

[85]

4.2.2 Physicochemical and Chemical Methods

Physicochemical methods and chemical methods are hard to differentiate. Both
methods involve chemical reactions to improve water quality. Coagulation,
membrane filtration, and advance oxidation process (AOP) such as ozonation,
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H2O2/pyridine/Cu system, Fenton’s process, photocatalysis, and ultrasonic
irradiation are some examples of physicochemical or chemical treatment processes.
Generally, physico-chemical and chemical treatment processes are economically
feasible but are sometimes costly due to the cost of chemicals. Large quantities of
concentrated sludge produced and pH dependence are the main drawbacks of these
processes [88, 89].

4.2.2.1 Advance Oxidation Processes (AOP)

Colour dye effluents are more resistant to mild oxidation conditions. There is a need
to use more powerful oxidizing agents in order to achieve higher removal efficiency
[90]. Advance oxidation processes (AOP) are technologies based on intermediacy
of hydroxyl and other radicals to oxidize toxic and non-biodegradable compounds
to various by-products [91].

H2O2/Pyridine/Cu(II) System

H2O2/pyridine/Cu(II) system is one of the AOP that uses a chelating ligand and
a transition metal forming the transition metal complex to produce superoxide
anions (�O2). These anions function in the degradation of wide ranges of polycyclic
aromatic hydrocarbons [92]. Pyridine coordinates with copper to form cupric
complex [93]:

Cu.II/
pyridine����! Cu.II/complex (4.1)

Cupric complex with H2O2 is reduced to cuprous complex [93]:

Cu.II/complex C H2O2 �! Cu.II/.O2H/
� C HC (4.2)

Cu.II/.O2H/
� �! Cu.I/�O2H (4.3)

Cuprous complex then reacts with excess H2O2 degrading them to generate
reactive radicals such as superoxide anions and hydroxyl radicals [93].

Cu.I/�O2H C H2O2 �! Cu.I/C �O2 C �OH C H2O (4.4)

Lim et al. [94] studied the treatment of disperse dye (Terasil Red R) wastewater
using H2O2/pyridine/Cu(II) system. Ninety-nine percent colour removal at the
optimal concentration of 5.5 mM H2O2, 38 mM pyridine, and 1.68 mM Cu(II)
was obtained. The COD reduction of the dye solution was up to 90%. This
treatment system shows good potential in decolourising and reducing COD of the
dye effluents. The main drawback is the sludge production (170 mg/L). Higher
amount of sludge produced would generally mean higher costs for disposal.
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Ozonation

Ozonation is an effective oxidation process which has been widely used to de-
colourise synthetic dyes. Ozone can selectively oxidize molecules with unsaturated
bonds (–CDC– or –NDN–) and aromatic structures [95]. Oxidation using ozone
leads to degradation of chlorinated hydrocarbons, phenols, pesticides, and aromatic
hydrocarbons [96]. Ozone can react in two pathways: direct and indirect. Direct
pathway involves the ozone molecule itself acting as electron acceptor [90]. Tehrani-
Bagha et al. [97] studied the decolourisation of Reactive Blue 19 using ozone.
The most important decomposition products are sulphate, nitrate, formate, and
acetate. Complete decolourisation of RB 19 was achieved. The lower COD reduc-
tion (55.00%) compared with 100% colour removal was attributed to incomplete
oxidation of organic materials [97, 98]. The effect of ozonation on the toxicity
of wastewater effluents has also been determined using nematode Caenorhabditis
elegans. The data showed that the toxicity highly depended on the type of dye to be
decomposed [99].

Ozonation can therefore effectively decolourise dye containing wastewater via
oxidative cleavage of the conjugated system of the dye molecule. This treatment
system does not form any residual or sludge [100] and it leaves the effluent with no
colour and low COD. Another advantage is that ozone can be used as an oxidant in
its gaseous state; this does not increase the volume of wastewater and sludge [96].
The disadvantage of ozonation process is its short half-life, making it an expensive
process [96].

Fenton’s Process

Fenton’s process uses hydrogen peroxide and ferrous ions as Fenton’s reagent for
the oxidation of toxicants present in wastewater. The Fenton system uses ferrous
ions to react with hydrogen peroxide to produce hydroxyl radicals (OH*) with
powerful oxidizing abilities to degrade certain toxic contaminants [101]. Fenton’s
process performs best with high initial dye concentrations and at low initial pH
[102]. Advantages of this process include high ability to remove colour, reduce
COD and toxicity of dye containing wastewater. Since the mechanism involves
flocculation, impurities are transferred from the wastewater to the sludge which is
ecologically questionable. It has conventionally been incinerated to produce power,
but such disposal is far from environment friendly [90].

The Fenton’s process is dependent on the final floc formation and its setting
quality [103]. Cationic dyes do not coagulate at all [103]; acid, direct, vat,
mordant, and reactive dyes usually coagulate, but the resulting floc is of poor
quality and does not settle well [2]. To overcome this problem, Fenton sludge
recycling system was developed, where Fe (III) sludge deposition is eliminated
[90]. A comparative study of the oxidation of disperse dyes by an electrochemical
process, ozone, hypochlorite, and Fenton’s process showed that Fenton’s process
was the best among the oxidation processes in terms of high colour removal and
COD reduction [104].
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Ultrasonic Irradiation

Ultrasonic irradiation has proven to be an effective method for degrading organic
effluents into less toxic compounds [105]. High-power ultrasound produces strong
cavitation in the aqueous solution causing shock wave and reactive free radicals
by the violent collapse of the cavitation bubble [106]. Singla et al. [107] studied the
sonolytic degradation of acid dye (acid orange 24) at various initial concentrations in
water. Pang et al. [108] and Wang et al. [109] studied the sonocatalytic degradation
of organic dyes in the aqueous solutions. The degradation of the dye occurred
through hydroxyl radical attack at the bubble/solution interface.

Photocatalysis

Photocatalysis using TiO2 as the photocatalyst is an emerging technology. This
process could be operated at ambient conditions and the catalyst itself is cheap,
non-toxic, and commercially available at various crystalline forms [110]. Lin and
Lee [111] coated TiO2 powder onto the surface of a dendritic silver (Ag) carrier
to synthesize TiO2/Ag for decolourising Procion Red MX-5B. The photocatalytic
degradation of organic dyes in the presence of nanostructured TiO2 has been
reviewed by Khataee and Kasiri [112].

4.2.2.2 Liquid–Liquid Extraction

Liquid–liquid extraction (LLE) is a process that involves the transport of a solute
from an aqueous phase to an organic phase [113]. LLE is based on the principle that
a solute in the immiscible solvents can distribute itself in a certain ratio between two
immiscible solvents, one of which is usually aqueous phase (water) and the other an
organic phase (organic solvent). Extraction process largely depends on mass transfer
rate [114]. Muthuraman et al. [115] studied the extraction and recovery of MB from
industrial wastewater using LLE. Benzoic acid served as the extractant. Ninety-nine
percent of the dye was extracted from the aqueous solution and the extracted dye in
the organic phase was back extracted into sulphuric acid solutions. Muthuraman and
Teng [116] also studied the recovery of an acid dye, methyl red, from an aqueous
solution by LLE where xylene was used as an extractant (carrier). The extraction
of methyl red from aqueous solution was dependent on initial dye concentration.
Under optimum conditions, dye extraction efficiency varied from 97% to 90% in
5 min at the aqueous to organic phase volume ratio (A/O) from 1 to 10. NaOH was
found to be a suitable medium for the stripping process. It is sometimes not easy
to find a suitable solvent with specific characteristics such as low-cost, non-toxic,
non-flammable, chemically stable, and inert toward other components of the system.

One of the other prominent LLE techniques is supported liquid membrane
(SLM). SLM requires less energy and is simpler to operate compared with LLE,
which involves multi-shaking and solvent recovery steps [115]. SLM is a separation
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Carrier

Membrane Phase

Feed Phase Strip Phase

Dye
OH− Dye+ Dye+ H+

Carrier-Dye

Fig. 4.1 Schematic
description of transport of
dye through liquid membrane

process that uses a thin layer of organic solution absorbed in the pores of a polymeric
support [117]. This membrane acts as an intermediary, separating the feed phase
containing dye species from the strip phase. The dye was then transported to and
recovered from the strip solution. Muthuraman and Teng [117] studied the removal
and recovery of Rhodamine B (basic dye) from an aqueous solution using SLM.
Vegetable oil was used as the liquid membrane. The results showed that vegetable
oil can effectively recover Rhodamine B dye from aqueous solution under optimized
conditions.

The transportation of dyes across the SLM system can be explained in three
suggested mechanisms [117]:

1. In an alkaline medium, the cationic dye remains as unionized dye molecule
(neutral).

2. Diffusion of the unionized dye into the organic phase takes place due to the like
nature of dye and the organic phase (hydrophobic).

3. At the membrane-strip solution interface under acidic condition, unionized dye
molecule is converted into ionized molecule (i.e., stripping of the dye takes
place).

Figure 4.1 shows the schematic description of transport of dye through liquid
membrane.

Other than SLM, emulsion liquid membrane process (ELM) is known to be
one of the effective methods for separation when the material being extracted
is present in very low concentration [118]. Three advantages of ELM are: (1)
relatively low-energy consumption when compared to other separation processes
[119], (2) high efficiency because larger surface area is available for mass transfer
to take place [120], and (3) high selectivity when carrier agents are used in the
membrane phase that bind with target compounds [120]. ELM consists of a stripping
phase encapsulated by an organic phase (membrane), which in turn contains the
extractant and surfactant in organic diluents to stabilize the emulsion droplet. There-
fore, ELM process involves simultaneous extraction and stripping in one step [121].
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4.2.2.3 Coagulation-Flocculation and Chemical Precipitation Method

Coagulation-flocculation process can be applied as a pretreatment, a posttreatment,
or even as a main treatment [31]. Basically, coagulation is a chemical addition and
mixing process. Coagulation achieves charge neutralization or particles destabi-
lization through addition of different charge of ion which allows the particles to
agglomerate and subsequently to be removed [37]. Flocculation is always used in
conjunction with coagulation. Flocculation bridges the stabilized particles together
and forms bigger aggregates (flocs) in size. This process is normally accomplished
by slow mixing because slow mixing allows particles to collide and adhere with
each other until it is heavy enough to settle [122].

The most commonly used coagulant in wastewater treatment is ferric chloride
(FeCl3), ferric sulphate (Fe2(SO4)3), aluminium sulphate (Al(SO4)3), ferrous sul-
phate (FeSO4) and calcium hydroxide (Ca(OH)2), polyaluminium chloride (PACl),
lime, and alum [122, 123]. Flocculants that are used for wastewater treatment can
be classified into three categories [124]:

1. Inorganic flocculants
2. Organic synthetic flocculants
3. Natural flocculants

Short detention time and low capital cost make chemical coagulation a widely
used technique in wastewater treatment [90]. A comparison of the colour removal
efficiency and settling properties among three coagulants, namely, aluminium
sulphate (alum), polyaluminium chloride (PACl), and magnesium chloride (MgCl2)
had been reported by Tan et al. [125]. Flocs formed by MgCl2 treatment were found
to give shorter settling time than the alum and PACl treatment. The presence of
magnesium in the aqueous solution enhances the removal of pollutants. The effec-
tive pH range for the treatment of textile dye wastewater using magnesium chloride
as coagulant is between 10.5 and 11.0. The highest percentage of colour removal
and COD reduction are 97.90% and 88.40%, respectively. Liao and Randtke [126],
Folkman and Wachs [127], and Black and Christman [128] reported that with the
presence of Mg2C ion, good coagulation could be achieved. This treatment process
is pH dependent.

Recently, increasing demand for environmental-friendly technologies has led
to the search for natural, available, and cheap materials to be used as coagulants
in wastewater treatment. The use of inorganic salts such as aluminium chloride,
aluminium sulphate, magnesium chloride, lime, and ferric chloride have received
attention for their potential health impacts [129]. Using these materials as coagulants
may result in several environmental consequences: (1) an increase in metal concen-
tration in water which may cause severe impact to human health; (2) production
of toxic sludge; and (3) dispersion of arylamide oligomers which may also be a
health hazard. Hence, alternative coagulants and flocculants have been considered
for environmental applications [130]. Examples of natural coagulants which can be
applied in dye wastewater treatment are listed in Table 4.5.



4 Removal of Dyes and Pigments from Industrial Effluents 79

Table 4.5 Alternative coagulants to be used in dye wastewater treatment by coagulation-
flocculation method

Natural coagulant Dye Efficiency Reference

Chitosan Acid Blue 92 99.00% colour removal [131]
Sludge Acid Red 119 96.53% colour removal [132]
Moringa oleifera seed Alizarin Violet 3R 95.00% colour removal [133]
Steel industrial

wastewater
Disperse Blue 79 99.00% colour removal and

94.00% COD reduction
[134]

Table 4.5 clearly indicates that the performance of natural coagulants in dye
wastewater treatment is good; more than 90% of colour removal and COD reduction
of dyes were achieved using some natural coagulants. Their non-toxicity and their
biodegradability make them effective and environmental-friendly coagulants for the
removal of dye containing wastewater.

Coagulation-flocculation process is effective, though in some cases it produces
large amount of sludge. More research is needed to search for highly available, low-
cost, non-toxic, and efficient coagulants.

4.2.3 Biological Methods

Biological treatment methods use microorganisms, mostly bacteria to decompose
organic matters in wastewater. This treatment method is relatively inexpensive,
having low running costs and the end products of complete mineralization are not
toxic and stable [36]. Compared to chemical and physical treatments, biological
treatments require less energy and chemicals. Generally, biological treatment
methods can be divided into aerobic (involving oxygen) and anaerobic (without
oxygen) methods. The former involves the usage of free or dissolved oxygen
by microorganisms (aerobes). The microorganisms convert the organic wastes to
biomass and carbon dioxide. The latter involves the degradation process in the
absence of oxygen where complex organic wastes are degraded into carbon dioxide,
methane, and water through three basic steps namely hydrolysis, acidogenesis
(including acetogenesis), and methanogenesis [135].

Aerobic treatment methods are commonly used in the treatment of organic
wastewaters for achieving high degree of treatment efficiency and are suitable
for the treatment of low strength wastewater (biodegradable COD concentrations
less than 1,000 mg/L), while anaerobic treatment is used in waste treatment based
on the concept of resource recovery and utilization. Anaerobic treatment methods
are suitable for the treatment of high strength wastewaters (biodegradable COD
concentrations over 4,000 mg/L) [136]. A comparison of aerobic and anaerobic
treatment systems is shown in Table 4.6.

Table 4.6 shows that both aerobic and anaerobic treatments are able to remove
organic matters in water bodies. However, sludge production in aerobic treatment
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Table 4.6 Comparison of some characteristics of aerobic and anaerobic treatments

Feature Aerobic Anaerobic Reference

Organic removal High efficiency High efficiency [135]
Quality of effluent Good Modest to poor [137]
Sludge production High Low [138]
Nutrient requirement High Low [135]
Alkalinity requirement Low High for certain

industrial waste
[137]

Energy requirement High Low to moderate [135]
Temperature dependent Low High [137]
Start-up time 2–4 weeks 2–4 months [135]
Odour Less opportunity

for odours
Potential odour

problems
[138]

Bioenergy and nutrient
recovery

No Yes [137]

Organic loading rate Modest High [135]

is higher than anaerobic treatment. The combinations of different anaerobic and
aerobic processes have been applied to treat a broad range of industrial wastewater
including textile industry wastewater. For wastewater containing high COD between
25,000 and 100,000 mg/L, the usage of anaerobic-aerobic processes might be
suitable where the processes result in high organic matter removal efficiency, smaller
amount of aerobic sludge produced, and no pH adjustment is needed [139].

4.2.3.1 Aerobic Treatment

Bacterial Treatment

The use of bacteria to degrade azo dyes started in 1970s with reports of Bacillus
subtilis, followed by Aeromonas hydrophila, and Bacillus cereus [90]. A detailed
list of bacteria used by different researchers for decolourisation of industrial effluent
containing azo dye is given in Table 4.7.

Aerobic treatment using bacteria are shown to be effective in decolourising more
than 80% of industrial effluents containing azo dyes.

Fungal Treatment

The main aim of using fungi in wastewater treatment is to purify the effluent by
consumption of organic substances, thus reducing wastewater COD and BOD. The
other aim is to obtain some valuable product, such as fungal biomass for protein-
rich animal feed or some specific fungal metabolite [146]. A few researchers have
studied the capability of fungal strains in decolourising azo and triphenyl methane
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Table 4.7 Bacteria employed for the decolourisation of industry effluents containing azo dyes

Dye Organisms used Efficiency/Conditions Reference

Reactive dye
Hydrolysed Remazol

Brilliant Violet 5R
Sequencing batch

reactor (SBR)
inoculated with
sludge collected in a
full-scale,
continuous activated
sludge plant

90% of colour removal
24 h cycle with a sludge

retention time of 15 days
and an aerated reaction
phase of 10 h

[140]

Remazol Black B Paenibacillus
azoreducens sp. nov

98% Remazol Black B
removed

[141]

24 h at a dye concentration
of 100 mgdm�3 and a
temperature of 37ıC

Reactive azo dyes Pseudomonas luteola 59–99% of colour removal [142]
28ıC static incubator at a

dye concentration of
100 mg/L

Reactive Black 5 Newly isolated
thermophilic
microorganisms

>80% colour removal in less
than 12 h

[143]

Remazol Blue and
Reactive Black B

Immobilized
thermophilic
cyanobacterial strain
Phormidium sp.

Remazol Blue: the highest
dye removal was 50.3%

[144]

Reactive Black B: the highest
dye removal was 60%

Acid dye
Acid Black 172 Pseudomonas sp. DYI Optimal condition for

decolourisation: pH 6.23,
30ıC, 8.0 mM of Fe3C,
and 10.0 g/L of NaH2PO4

[145]

dyes [147–149]. Many genera either in living or dead form of fungi have been
employed for the removal of dye in the aqueous solutions as shown in Table 4.8.

Three possible mechanisms are involved in decolourisation of dye aqueous
solution using fungi [161]: biosorption, biodegradation, and bioaccumulation.
Biosorption does not involve metabolic energy in the binding of solutes to the
biomass [162]. Biodegradation is an energy-dependent process. This process in-
volves breakdown of dyes into various by-products through the action of various
enzymes. Bioaccumulation can be defined as accumulation of pollutants by actively
growing cells by metabolism [163]. Fungi have advantages over bacteria because
fungi are able to degrade more complex and a variety of substrates. The advantages
of fungal treatment are cost-effectiveness, environmental-friendly, toxic compound
removal, and sludge reduction [164].
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Table 4.8 Fungi employed for the decolourisation of industrial effluent

Dye Organism Mechanism Reference

Reactive dye
Remazol Blue, Remazol Black

B, Remazol Red RB
Saccharomyces

cerevisiae
Bioaccumulation [150]

Everzol Turquoise Blue G Coriolus versicolor Biodegradation [151]
Reactive Brilliant Red X-3B Penicillium sp. QQ Biosorption [152]
Reactive Red 2 Modified fungal

biomass
Biosorption [153]

Gemazol Turquoise Blue-G Rhizopus arrhizus Biosorption [154]
Gray Lanaset G Trametes versicolor Biodegradation [155]
Synozol Red HF6N, Synazol

Yellow HF2GR
Aspergillus niger Biosorption [156]

Drimarene Red, Drimarene
Blue

Aspergillus foetidus Biosorption [157]

Basic dye
Astrazon Red Funalia trogii Biosorption and

Biodegradation
[158]

Malachite Green Fomes scerodermeus Biodegradation [159]

Disperse dye
Disperse Orange 3, Disperse

Yellow 3
Pleurotus ostreatus Biodegradation [160]

4.2.3.2 Anaerobic Treatment

The use of anaerobic process in dye wastewater treatment has been investigated
since the early 1970s. This treatment process could be a cheap alternative compared
to aerobic systems as expensive aeration is omitted and problems with bulking
sludge are avoided [36]. This treatment system helps in decolourisation of dyes,
by rendering them amenable to further aerobic treatment and degradation [165].
Typically, anaerobic breakdown yields methane and hydrogen sulphide [166].

Experiments indicated that the decolourisation of reactive water-soluble azo dyes
was achieved under anaerobic conditions using glucose as carbon source [166].
The synthetic dye, tartrazine was found to be readily decolourised in an anaerobic
baffled reactor [167, 168]. Wijetunga et al. [169] reported the effect of organic load
on decolourisation of textile wastewater containing acid dyes in upflow anaerobic
sludge blanket reactor (UASB). Over 85% of colour removal was observed for Acid
Red 131, Acid Yellow 79, and Acid Blue 204. Acid Red 131 and Acid Yellow 79
were decolourised through biodegradation while Acid Blue 204 was decolourised
due to adsorption onto anaerobic granules. Decolourisation of Congo Red (CR)
and real textile wastewater was measured in one-and two-stage anaerobic treatment
system. Two-stage anaerobic treatment system is more stable compared to one-stage
anaerobic treatment. The results also showed that HRT reduction did not affect the
decolourisation of dye. Thus, electron transfer was not a concern in the study [4].
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4.2.4 Thermal Methods

4.2.4.1 Wet Air Oxidation

Wet air oxidation uses high temperature (at 300ıC) and high pressure (>10 MPa) for
the treatment of textile industry effluents that contain high chemical oxygen demand
concentration of 10,000–100,000 mg/L [170–173]. Wet air oxidation converts all
organic contaminants to carbon dioxide and water. This process can also remove
oxidizable inorganic components such as cyanides and ammonia. For industrial
effluent with COD concentration less than 5,000 mg/L, this treatment process is not
recommended, because this process is not cost-effective compared to other chemical
or biological processes.

4.2.4.2 Thermolysis

Thermolysis (catalytic/uncatalytic) is a chemical process where heat is used to de-
compose a substance to another substance which is stable and usable. This process is
reported to have improved the biogasification of biomass due to breakdown of lower
molecular weight compounds [174]. Thermolysis process can be used followed by
coagulation-flocculation-filtration, catalytic wet air oxidation, or aerobic biological
oxidation [170, 171, 175–177].

4.2.5 Combined Treatment Methods

In order to treat dye wastewater that contains high chemical oxygen demand
values and high organic compounds such as phenols, dyes, tensioactives with good
economics and high degree of energy efficiency, a few combined physical, chemical,
and biological processes have been studied and listed in Table 4.9.

4.3 Conclusions

Although a number of successful physical, chemical, and biological processes have
been applied, cost-effective removal of colour from effluents remains a challenge
in industrial dye wastewater treatment. Wide ranges of pH, salt concentrations, and
chemical structure of dye often add to the complication of dye wastewater treatment.
Most of the industrial wastewaters containing anionic and cationic dyes are treated
using adsorption process. Inexpensive, locally available, and effective materials can
be used as adsorbents to replace expensive commercial-activated carbon for the
removal of dyes from aqueous solution. Low-cost adsorbents offer a lot of promising
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Table 4.9 Combination of various treatment methods

Combination method Process Reference

Physical/chemical or chemical/physical
Coagulation/adsorption Coagulation was used as a main treatment

process followed by adsorption for the
removal of reactive dyes (C.I. Reactive
Red 45 and C.I. Reactive Green 8) from
synthetic wastewater

[178]

99.9% of colour removal and 90% of COD
reduction were achieved for both dyes

Coagulation-flocculation/
adsorption

Removal of Black 5 and Orange 16 was
investigated using combined
coagulation-flocculation/ adsorption
method

[179]

The removal efficiencies were 90% for Black
5 and 84% for Orange 16

Coagulation-flocculation/
nanofiltration

FeCl3 was used as coagulant agent for the
removal of Remazol Black 133 B, Procion
Crimson H-EXL, Procion Navy H-EXL,
Procion Yellow H-EXL, Procion Blue
H-EXL

[180]

98% of colour removal for all dyes was
achieved for all dyes except Remazol
Black 133 B that achieved a 90%

Fenton’s process/
nanofiltration

Three combinations of Fenton’s process and
nanofiltration are studied using a synthetic
solution of eosin dye: Scheme 1 is
Fenton’s process followed by
nanofiltration; Scheme 2 is nanofiltration
followed by Fenton’s process; Scheme 3 is
two steps of nanofiltration

[181]

The results showed: Scheme 1 is found
suitable for eosin removal for dye
concentration up to 70 mg/L; Scheme 2 is
not suitable for dye removal; Scheme 3 is
the most suitable among all the three
schemes. It reduces eosin concentration to
less than 1 mg/L

Chemical/biological or biological/chemical
Photocataytic/anaerobic Photocatalytic process based on immobilized

titanium dioxide was used as pre/post-
treatment method to biological anaerobic
treatment for the treatment of azo,
anthraquinone, and phthalocyanine textile
dyes

[182]

Photocatalysis was able to decolourise more
than 90% of dye from the solutions

The end products of this treatment process
were non-toxic toward methanogenic
bacteria

(continued)
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Table 4.9 (continued)

Combination method Process Reference

Ozonation/biological
degradation with
biofilm

Treatment of dye wastewater using ozonation
produces toxic and carcinogenic
by-products

[183]

Therefore, combined treatment of ozonation
and subsequent biological degradation
with a biofilm for colour removal and
COD reduction was investigated. 96% of
colour removal for Remazol Black B dye
was obtained

There is an increase in toxicity level after
ozonation but after submitting the
ozonized synthetic wastewater to
biological treatment with a biofilm the
toxicity level decreases

Thermal/chemical
Thermolysis/coagulation Thermolysis alone resulted in 92.85% of

colour removal and 77.9% of COD
reduction at pH 12

[174]

Coagulation of fresh composite waste using
aluminium potassium sulphate resulted in
95.4% and 88.62% of colour removal and
COD reduction, respectively, at pH 8

Coagulation of the supernatant obtained after
treatment by catalytic thermolysis resulted
in close to 100% colour removal and
97.3% of COD reduction

benefits for commercial use in future. Chemical treatment methods such as advance
oxidation processes (AOP), and coagulation-flocculation are effective in treating a
wide range of dye aqueous solutions, but sludge disposal still remains a problem.
Ozonation, photocatalytic, and sonocatalytic degradation methods are increasingly
used in wastewater treatment because they do not increase the volume of wastewater
and sludge, but production of toxicity by-products prevents its wide acceptance.
Use of combination methods for the removal of dyes containing wastewaters has
received increasing attention.
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Chapter 5
Heavy Metal Removal Through Biosorptive
Pathways

Jinsheng Sun, Yulan Ji, Fang Cai, and Jing Li

5.1 Introduction

Rapid industrialization and urbanization have resulted in elevated levels of toxic
heavy metals. This has been entangled, almost everywhere, in most industrial
activities involving leakage and redistribution of heavy metals, such as mining
and metalliferous smelting, metallurgy, iron and steel, electroplating, electrolysis,
electro-osmosis, leatherworking, photography etc. Subsequently, these courses
result in gradual exhaustion of metal land mineral resources. Especially, wastewaters
produced from these industrial activities not only bring about serious environmental
effect, but also threaten human health and ecosystem. These heavy metals, for the
convenience of analyses, reportedly fall into three families, including toxic metals
(such as Hg, Cr, Pb, Zn, Cu, Ni, Cd, As, Co, Sn, etc.), precious metals (such as Pd,
Pt, Ag, Au, Ru etc.), and radionuclides (such as U, Th, Ra, Am, etc.) [1].

Methods for removing metal ions from aqueous solution mainly consist of phys-
ical, chemical, and biological technologies. Traditional physiochemical methods
include chemical precipitation, oxidation or reduction, filtration, ion exchange,
electrochemical treatment, reverse osmosis, membrane technology, and evaporation
recovery. Most of these are ineffective or excessively expensive when the metal
concentrations are less than 100 mg/L [2, 3]. For example, usual physical pathways
like ion exchange, activated carbon, and membrane adsorption belong to the latter
costly group, especially when treating large amounts of wastewater. In recent
years, in a way of financial convenience, applying biotechnology in controlling and
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removing metal pollution has been paid much attention, and gradually becomes
hot topic, for potential application, in the field of metal pollution control. Further
alternative process is biosorption, which utilizes various certain natural materials
of biological origin, including bacteria, fungi, yeast, algae, etc. These biosorbents
possess instinctive metal-sequestering features to decrease the concentration of
heavy metal ions in solution from ppm to ppb level. It can effectively capture
dissolved metal ions and carry them out of dilute complex solutions with high
efficiency and celerity; sound features as an ideal candidate for treating high volume
and low concentration complex wastewaters [1].

This metabolism-independent mechanism is called biosorption [4]. According to
Volesky and Holan [5], who presented an extensive review on biosorption, the strong
biosorbent behavior of certain types of microbial biomass toward metallic ions is a
function of the chemical makeup of microbial cells. In fact, the biomass in practice
is nonliving and all cells are metabolically inactive. Compared with conventional
treatment methods, biosorption has the following advantages [6–9]:

• High efficiency and selectivity for heavy metals in low concentrations
• Energy-saving
• Broad operational range of pH and temperature
• Easy reclamation of heavy metal
• Easy recycling of the biosorbent

Heavy metal removal by biosorption has been investigated during the last several
decades [10]. The capability of some living microorganisms to accumulate metallic
elements has first been observed from toxicological point of view [10]. However,
further researches revealed that inactive/dead microbial biomass can passively
bind metal ions via various physicochemical mechanisms. This discovery then led
biosorption to the frontier of researches and an active field for the removal of
metal ions. A large quantity of materials has been investigated as biosorbents for
extensive removal of metals or organics. The tested biosorbents can be basically
classified into the following categories: Bacteria (e.g., Bacillus subtillis), fungi (e.g.,
Rhizopus arrhizus), yeast (e.g., Saccharomyces cerevisiae), algae, industrial wastes
(e.g., S. cerevisiae waste biomass from fermentation and food industry), agricultural
wastes (e.g., corn core), and other polysaccharide materials, etc. [11]. The role of
some groups of microorganisms has been given enough concern, such as bacteria,
fungal, yeast, algae, etc.

Some potential biomaterials with high metal-binding capacity have been iden-
tified, such as Sargassum natans, Bacillus subtillis, Rhizopus arrhizus, Saccha-
romyces cerevisae, and waste microbial biomass from the fermentation and food
industries [5, 8, 9, 12–17]. Among these materials or biosorbents, some types bind
and collect the majority of heavy metals with no specific priority, while others can
even be specific for certain types of metals [5].

Researches on biosorption focus on the biosorbents, the biosorption mechanism,
and large-scale experiments. Although many biological materials can bind heavy
metals, only those with sufficiently high metal-binding capacity and selectivity for
heavy metals are suitable for use in a full-scale biosorption process. Mechanisms
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responsible for biosorption are understood to a limited extent, and commercial
application of microbial biomass as a biosorbent suffered from problems associated
with the physical characteristics of this material [18]. Attempts to apply biosorption
process into practice have proved to be futile [19]. So, the biosorption process
is basically at the stage of laboratory-scale study. Also, great efforts have to be
made to improve biosorption process, including immobilization of biomaterials,
improvement of regeneration and reuse, optimization of biosorption process, etc. In
sum, theoretical and practical development about biosorption should be allowed to
forge ahead.

The aim of this chapter is to present the state-of-the-art biosorbent investigation
and to compare results found in the literature. The effects of environmental factors
on biosorption capacities, biosorption mechanisms, advantages of biotechnology,
regeneration/reuse of biosorbents, as well as proposals about improving biotech-
nology are presented and discussed. What is more, current hot topics, trends, and
outlook of this field are also touched upon.

5.2 Brief Review of Physicochemical Removal Technology

Before the introduction, this brief review offers a control to the biological pathways
that will be discussed in the next paragraph.

Conventional physicochemical methods, such as activated carbon, precipitation,
reverse osmosis, membrane separation, chemical oxidation, and ionic exchange
and so on, have been commonly used. However, most of those are less effective,
excessively expensive, and eco-unfriendly when initial metal concentrations are in
the range of 10–100 mg/L [20]. For instance, chemical precipitation and electro-
chemical treatment are not very effective, especially when metal ion concentration
in aqueous solution is among 1–100 mg/L, and also produce large quantity of sludge
required to treat with still more great difficulty [21].

The advantages and limitations in application of these traditional methods are
given below in detail as follows:

5.2.1 Activated Carbon

It is a crude form of graphite with a random or amorphous structure, which is highly
porous, exhibiting abroad range of pore sizes, from visible cracks, crevices, and slits
of molecular dimensions [22]. And with its specific high surface area, microporous
character, and chemical nature of their surface, activated carbons have made them
potential adsorbents for the removal of heavy metals from industrial wastewater
[23, 24]. In spite of its advantages, it also shows many shortcomings such as high
cost to prepare, reactivation resulting in a loss of the carbon, performance type
dependent of carbon, being nonselective, and so on. Although modified activated
carbon [25] can improve the selectivity, its preparation cost roars up subsequently.
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5.2.2 Chemical Precipitation

This pathway is widely used for heavy metal removal from inorganic effluent
[26, 27]. Typically, the metal precipitates from the solution in the form of hydroxide
[28]. Since lime or calcium hydroxide is the most commonly employed precipitant
agent, this method gains availability at most corners of the world. Lime precipi-
tation, another option, can be trusted to effectively treat inorganic effluent with a
metal concentration of higher than 1,000 mg/L with a simple process. For instance,
it helped to remove heavy metals such as Zn(II), Cd(II), and Mn(II) cations with
initial metal concentrations of 450, 150, and 1,085 mg/L, respectively, in a batch
continuous system [29]. In spite of its advantages, chemical precipitation requires a
large amount of chemicals to reduce metals to an acceptable level for discharge [30].
And generally it can hardly be used to handle low concentration of metal wastewater,
which is below 100 mg/L [21]. Other drawbacks are its excessive sludge production
that requires further treatment, the increasing cost of sludge disposal, slow metal
precipitation, and the long-term environmental impacts of sludge disposal [31–33].

5.2.3 Chemical Oxidation and Reduction

Adding oxidizing or reducing agent makes toxic substances in wastewater being
oxidized or reduced to nontoxic or low toxic substances. It has been reported
that heavy metals such as Mn2C, Cu2C, Pb2C, Cd2C, Cr3C, and Hg2C could be
effectively removed using potassium ferrate(VI) as oxidation and co-precipitation
[34, 35]. However, currently chemical oxidation and reduction was generally used
as a pretreatment for wastewater before more powerful procedures.

5.2.4 Membrane Separation

Membrane separation methods like electrodialysis (ED), nanofiltration (NF), ultra-
filtration (UF), and reverse osmosis (RO) [36] have received considerable attention
for the treatment of inorganic effluent, since they are capable of removing not
only suspended solid and organic compounds, but also inorganic contaminants
such as heavy metals [37–39]. Although it can be applied in occasions of low
metal ion concentrations, for example, Tzanetakis’s [40] removal efficiency of
Co(II) and Ni(II) were 90% and 69%, at initial metal concentrations of 0.84 and
11.72 mg/L, respectively. The main disadvantages of these processes are inadequate
selectivity, high energy consumption, and immature technologies, which limit the
popularization of this technology.
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5.2.5 Ion Exchange

This is a method that uses ion-exchange resin or agent to exchange ions in dilute
solution to achieve the purpose of extraction or removal of certain ions in solution.
And it is widely used for the recovery and removal of metals from process and waste
streams in chemical process industries [41–43].

In general, ion exchange is reportedly effective to treat inorganic effluent within a
relatively wide range of metal concentrations from 10 mg/L [44, 45] to 10–100 mg/L
[46–48], or even up to higher than 100 mg/L [49, 50]. Furthermore, unlike chemical
precipitation, ion exchange does not present any sludge disposal problems [51].
Despite these advantages, it also has some limitations in treating wastewater laden
with heavy metals. Suitable ion exchange resins are not available for all heavy
metals, and the capital and operational cost is high [52].

5.3 Biological Removal Technology

In recent decades, more and more attention have been paid to biotechnological
removal of heavy metal and application of natural biological origin, including
bacteria, fungi, yeast, algae, etc. These methods have the advantage over low
operating cost, minimization of the pollutant concentration, and high efficiency in
detoxifying the dilute effluents.

5.3.1 Heavy Metals Removal by Bacteria

5.3.1.1 Introduction

Novel methods of metal removal and recovery based on biological materials have
been considered and widely used. Bacteria are the most abundant and versatile of
microorganisms and constitute a significant fraction of the entire living terrestrial
biomass of �1018 g [53]. In addition, because of their small size, ubiquity, ability to
grow under controlled conditions, and resilience to a wide range of environmental
situations, bacteria were often used to remove heavy metal ions [54]. Certain types
of microbial biomass can retain relatively high quantities of metals on their cell
wall due to its microstructure. Bacteria species such as Bacillus, Pseudomonas,
Streptomyces, Escherichia, and Micrococcus have been tested for uptake metals or
organics. Moreover, many factors such as biomass type and concentration, metal
concentration, pH, and biomass–metal contact time affect removal ratios of heavy
metals.

Table 5.1 summarizes some of the important results of metal biosorption
using bacterial biomasses, according to published references [2, 11]. Metal uptake
capacity does not necessarily reach the maximum values in the field application.
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Table 5.1 Bacterial biomass used for metal removal

Metal ions Bacteria species
Biosorption
capacity (mg/g) References

Pb Bacillus sp. 92:3 [55]
Bacillus firmus 467 [56]
Corynebacterium glutamicum 567:7 [57]
Enterobacter sp. 50:9 [58]
Pseudomonas aeruginosa 79:5 [59]
Pseudomonas aeruginosa 0:7 [60]
Pseudomonas putida 270:4 [61]
Pseudomonas putida 56:2 [62]
Streptomyces rimosus 135:0 [63]

Zn Streptomyces rimosus 30 [64]
Bacillus firmus 418 [56]
Aphanothece halophytica 133:0 [65]
Pseudomonas putida 6:9 [62]
Pseudomonas putida 17:7 [66]
Streptomyces rimosus 30:0 [64]
Streptomyces rimosus 80:0 [64]
Streptoverticillium

cinnamoneum
21:3 [67]

Thiobacillus ferrooxidans 82:6 [68]
Thiobacillus ferrooxidans 172:4 [69]

Cu Bacillus firmus 381 [56]
Bacillus sp. 16:3 [55]
Bacillus subtilis 20:8 [70]
Enterobacter sp. 32:5 [58]
Micrococcus luteus 33:5 [70]
Pseudomonas aeruginosa 23:1 [59]
Pseudomonas cepacia 65:3 [71]
Pseudomonas putida 6:6 [62]
Pseudomonas putida 96:9 [61]
Pseudomonas putida 15:8 [66]
Pseudomonas stutzeri 22:9 [70]
Sphaerotilus natans 60 [72]
Sphaerotilus natans 5:4 [72]
Streptomyces coelicolor 66:7 [73]
Thiobacillus ferrooxidansa 39:8 [69]

Cd Aeromonas caviae 155:3 [74]
Enterobacter sp. 46:2 [58]
Pseudomonas aeruginosa 42:4 [59]
Pseudomonas putida 8:0 [62]
Pseudomonas sp. 278:0 [75]
Staphylococcus xylosus 250:0 [75]
Streptomyces pimprina 30:4 [76]
Streptomyces rimosus 64:9 [77]

(continued)
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Table 5.1 (continued)

Metal ions Bacteria species
Biosorption
capacity (mg/g) References

Fe(III) Streptomyces rimosus 122:0 [78]
Cr(IV) Bacillus coagulans 39:9 [79]

Bacillus megaterium 30:7 [79]
Zoogloea ramigera 2 [80]
Aeromonas caviae 284:4 [74]
Bacillus coagulans 39:9 [79]
Bacillus licheniformis 69:4 [81]
Bacillus megaterium 30:7 [79]
Bacillus thuringiensis 83:3 [82]
Pseudomonas sp. 95:0 [75]
Staphylococcus xylosus 143:0 [75]

Ni Bacillus thuringiensis 45:9 [83]
Streptomyces rimosus 32:6 [84]

Pd Desulfovibrio desulfuricans 128:2 [85]
Desulfovibrio fructosivorans 119:8 [85]
Desulfovibrio vulgaris 106:3 [85]

Pt Desulfovibrio desulfuricans 62:5 [85]
Desulfovibrio fructosivorans 32:3 [85]
Desulfovibrio vulgaris 40:1 [85]

U Arthrobacter nicotianae 68:8 [86]
Bacillus licheniformis 45:9 [86]
Bacillus megaterium 37:8 [86]
Bacillus subtilis 52:4 [86]
Corynebacterium equi 21:4 [86]
Corynebacterium glutamicum 5:9 [86]
Micrococcus luteus 38:8 [86]
Nocardia erythropolis 51:2 [86]
Zoogloea ramigera 49:7 [86]

Th Arthrobacter nicotianae 75:9 [86]
Bacillus licheniformis 66:1 [86]
Bacillus megaterium 74:0 [86]
Bacillus subtilis 71:9 [86]
Corynebacterium equi 46:9 [86]
Corynebacterium glutamicum 36:2 [86]
Micrococcus luteus 77:0 [86]
Zoogloea ramigera 67:8 [86]

Some uptake values were experimentally observed, and some were predicted by
the Langmuir model. Table 5.1 also provides the basic information to evaluate the
possibility of using bacterial biomass for the removal of metal ions.

Large quantities of metals can be accumulated by a variety of processes
dependent or independent on metabolism. Both living and dead biomass as well
as cellular products such as polysaccharides can be used for this purpose. The basic
principle of biosorption lies in biomass which are metabolically inactive [87].
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Investigations from Ziagova et al. [75] proved that nonliving cells are advan-
tageous over living counterparts for operating without an auxiliary cultivation
system, immunity to toxic wastes around, and low storage requirement. A study
[88] demonstrated that living and dead cells of Bacillus sphaericus OT4b31 showed
a biosorption of 25% and 44.5% of Cr, respectively, while B. sphaericus IV(4)10
showed a biosorption of 32% and 45%, respectively. Practically biosorption exper-
iments usually use heat-killed cells or bacterial biomass through heat treatment to
break cell wall, exposing more functional groups, thus achieving maximum binding
capacity [79, 89]. Biosorption is responsible for metal concentration by nonliving
biomass owing to the absence of metabolic activity necessary for intracellular metal
accumulation [90, 91].

5.3.1.2 Effect of Environmental Factors on Biosorption

Many researchers found that some environmental factors, such as pH, biomass con-
centration, metal concentration, and biomass-metal contact time, affected biosorp-
tion process, result in different removal effects. Further, the kinetics of adsorption
has been examined and isotherms models, Langmuir and Freundlich, have been
overwhelmingly used to analyze the equilibrium data.

Effect of pH

For biosorption of heavy metal ions, pH is one of the most important environmental
factors. This value of solution strongly influences not only the site dissociation of
the biomass surface, but also the solution chemistry of the heavy metals: hydrolysis,
complexation by organic and/or inorganic ligands, redox reactions, precipitation,
speciation, and biosorption availability of the heavy metals [92]. Generally, at low
pH values, several cytomembrane functional groups such as amine, phosphonate,
sulfonate, carboxyl, and hydroxyl groups are probably associated with the hydrogen
ions, making the overall surface charge on the microorganisms positive [93]. On
the contrary, rising pH increases the negative charge at the surface of the cells
until all relevant functional groups are deprotonated, which favors electrochemical
attraction and adsorption of cations. However, when pH climbs to a certain value,
for example, as high as 7.0, precipitation of the metal can occur by the formation of
metal hydroxides [94]. The difference in optimum pH values may be attributed to
the different components of the cell wall of these species. Reportedly, this optimum
is organism dependent, due to different adsorptive sites of microorganisms [95].
For example, Ziagova et al. [75] observed that optimum pH values were estimated
to be 1.0 for Staphylococcus xylosus with 36% biosorption yield and between 4.0
and 5.0 for Pseudomonas sp. with 42% biosorption yield in the case of chromium
which exists in the solution as anionic group. They revealed that S. xylosus is a
Gram positive bacterium with its surface consisting of peptidoglycans, teichoic,
and teichuronic acids. These substances provide most of the anionic groups of
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the cell and are protonated at low pH and facilitate the interaction of chromium.
Also, the study of Hancock [96] indicated that the optimum pH value for chromium
biosorption was estimated to be 4.0. However, Gialamouidis [87] demonstrated
that this value for Mn(II) biosorption was 6.0 for both of Pseudomonas sp. and
S. xylosus, which suggested that the adsorption of metals onto the biomass could be
ruled by ionic attraction.

Effect of Biomass Concentration

Most studies reported that high biomass concentrations result in low metal sorption
due to electrostatic interactions between cells, which protect binding sites from
metal occupation [97]. However, increase of the biomass concentration results in
reducing the equilibrium concentration of metal solution owing to the fact that there
are more available sites for interaction on biomass. The study of Gialamouidis et al.
[87] showed that the biosorption capacity of metal ions is inversely proportional to
biomass concentration, when the initial concentration of metal ions is kept constant
with Pseudomonas sp. concentrations over 4.0 g/L. Ziagova et al. [75] observed
that chromium removal with Pseudomonas sp. does not change significantly at
higher than 1.0 g/L biomass concentrations. However, in the case of chromium,
there is a significant increase in the metal uptake around 40% by altering biomass
concentration of S. xylosus from 1.0 to 8.0 g/L. This may be attributed to the
higher number of available binding sites, which interact with chromium ions of the
solution, as it has been reported before [98, 99]. At higher than 8.0 g/L biomass
concentration, there is no further positive effect on chromium removal, which
probably results from limitations in metal ion mobility.

Effect of Contact Time

The kinetics of metal uptake, assumed to be a passive physical adsorption at the
cell surface, is very rapid and occurs in a very short time after the microorganisms
have come into contact with metal ions [100]. The adsorption speed of uranium
by Citrobacter freudii was very fast in the first 20 min and then slowed down
gradually and reached equilibrium after 50 min [101]. In the study of Ziagova
et al. [75], the amount of adsorbed Cd(II) reached the highest value, 50%, within
the first 30 min with Pseudomonas sp. and 55% after 1.0 h with S. xylosus.,
respectively. Gialamouidis et al. [87] indicated that the biosorption capacities of
Pseudomonas sp. and S. xylosus for Mn2C increased with contact time rapidly
and thereafter it proceeded at a lower rate and finally attained equilibrium within
10 min. This result is important because equilibrium time is one of the parameters
for economical wastewater treatment plant application [24]. This behavior suggests
that in the initial stage adsorption takes place rapidly on the external surface of the
adsorbent followed by a slower internal diffusion process, which may be the rate-
determining step.
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5.3.1.3 Biosorption Models

Kinetics Model

In order to examine the mechanism of biosorption process such as mass transfer and
chemical reaction, a suitable kinetic model is needed to describe the data. The linear
pseudo-first-order equation is given as follows [102]:

log.qeq � qt / D log qeq � k1

2:303
t (5.1)

where qt and qeq are the amounts of metal ions adsorbed at time t and equilibrium
(mg/g), respectively, and k1 is the rate constant of pseudo-first-order adsorption
process (min�1).

The linear pseudo-second-order equation is given [102]:

t

qt
D 1

k2q2eq
C 1

qeq
t (5.2)

where k2 is the equilibrium rate constant of pseudo-second-order biosorption
(g/mg min).

These results of Gialamouidis et al. [87] strongly suggest that the biosorption of
Mn(II) onto Pseudomonas sp. and S. xylosus cells is most appropriately represented
by a pseudo-second-order rate process. In the study of Xie et al. [101], the
adsorption kinetics of uranium by C. freudii showed that the pseudo-second-order
model fitted the absorption curve much better than the pseudo-first-order model,
which indicated the adsorption rate was proportional to the number of unoccupied
sites. Song et al. [103] demonstrated that the equilibrium of Au(III) biosorption
was achieved within 5 min and the adsorption yield reached 100%, whereas that
of Cu(II) was only 66.61% after 30 min in the binary system of Au(III) and
Cu(II) by magnetotactic bacteria. They suggested that the first-order equation of
Lagergren in most cases does not fit well for the whole range of contact time
[104]. The pseudo-second-order equation can be used in this case assuming that
the measured concentrations are equal to cell surface concentrations, and it is more
likely to predict behavior over the whole range of adsorption and is in agreement
with an adsorption mechanism being the rate controlling step. Consequently, they
demonstrated that the experimental data were fitted well into the pseudo-second-
order kinetic model in the single and binary component situations.

Isotherm Models

Langmuir and Freundlich isotherm equations were frequently used to describe the
equilibrium state for single-ion adsorption experiments. The theoretical basis of
Langmuir equation relies on the assumption. That is, there is a finite number of
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Table 5.2 Adsorption isotherm parameters in the different conditions

Langmuir constants
Freundlich constantsMetal

ions Bacteria species
Qmax

(mg/g)
b � 10�3

(L/mg) R2 Kf (L/g) 1/n R2 References

Cd Paeudomonas sp. 278 9 0:901 9:08 0:531 0:998 [75]
S. xylosus 250 8 0:912 7:00 0:547 0:996 [75]
Ochrobactrum anthropi 37:3 37 0:971 44:64 2:45 0:961 [107]

Cr Pseudomonas sp. 95 7 0:949 1:42 0:676 0:997 [75]
S. xylosus 143 5 0:967 1:33 0:758 0:974 [75]
Ochrobactrum anthropi 86:2 6 0:932 2:45 1:60 0:981 [107]

Au Magnetotactic bacteria 37:7 978 0:9939 27:56 0:0637 0:9901 [103]
Cu Magnetotactic bacteria 36:8 160:5 0:9985 16:09 0:091 0:9428 [103]

Ochrobactrum anthropi 32:6 52 0:991 3:00 1:72 0:816 [107]
Mn Pseudomonas sp. 109 13 0:99 4:30 0:536 0:93 [87]

S. xylosus 59 26 0:97 3:22 0:533 0:99 [87]

binding sites which are homogeneously distributed over the adsorbent surface of
the cells, having the same affinity for adsorption of a single molecular layer and
there is no interaction between adsorbed molecules. The mathematical description
of the equation is considered.

Q D QmaxbCi

1C bCi
(5.3)

where Ci is the metal residual concentration in solution (mg/L); Qmax is the
maximum specific uptake corresponding to sites saturation (mg/g), and b is the
biomass-metal binding affinity (mg/L) [105].

The Freundlich equation is the empirical relationship whereby it is assumed that
the adsorption energy of a metal binding to a site on an adsorbent depends on
whether or not the adjacent sites are already occupied. This empirical equation is
presented.

Q D Kf � .Ci /1=n (5.4)

where Kf and n are constants indicating adsorption capacity and adsorption
intensity, respectively [106]. The results of some studies about Langmuir and
Freundlich isotherm models are presented in Table 5.2.

5.3.1.4 Selective Adsorption in the Case of Multicomponent System

Competitive biosorption takes place in the multicomponent system. Under most
conditions, aqueous sources of precious metals contain not only one but also several
kinds of metal ions. Although many published reports are available on the single-
metal biosorption, limited attention has been paid to the biosorption of multimetal
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Table 5.3 The Freundlich parameters and the correlation coefficients

Au(III) ions Cu(II) ions

C0,other metal/mg/L KF n R2 KF n R2

0 27:56 15:6985 0:9901 16:09 11:0254 0:9428

80 44:33 22:8833 0:9265 1:27 5:1125 0:9693

320 38:64 10:2669 0:9214 0:04 1:4656 0:9857

Note: C0, other metal represents the other metal concentration in solution. When
C0, other metal D 0, it is single ion solution; when not, it is binary system

Table 5.4 The Langmuir parameters and the correlation coefficients

Au(III) ions Cu(II) ions

C0,other metal/mg L�1 Q0 (mg/g) b (L/mg) R2 Q0 (mg/g) b (L/mg) R2

0 37.7 0.9780 0.9939 36.8 0.1605 0.9985
80 48.8 4.1000 1.0000 22.4 0.0046 0.9260
320 47.6 5.2500 1.0000 27.7 0.0007 0.9026

Note: The meaning of C0, other metal is the same as Table 5.3

ion system [108]. Summarization of these present literatures concerning biosorption
of this more complicated system revealed different biosorptive features from those
of single counterparts [103]. To make this reasonable, competition among the
different metal ions for the cellular surface binding sites is believed to certainly
occur and depend to some extent on the ionic characteristics for certain microbe. The
examination of the effects of binary metal ions in various combinations, discussed
in this section, is more representative of the actual environmental problems as it has
been also reported [109], since real wastewaters are polluted with more than one
toxic metals.

Song et al. [103] observed that the maximum adsorption capacity for Au(III)
by magnetotactic bacteria in Au-Cu binary system was nearly doubled as that in
the single system. The results demonstrated that Cu(II) has a “catalyzing” effect
on Au(III) sorption during competitive biosorption process, which also indicates
that the MTB cell walls have high selectivity toward Au(III) ions in binary-solute
biosorption process.

Besides, Langmuir model and Freundlich model have been also introduced to
describe both single and binary system biosorption. The Freundlich and Langmuir
constants evaluated from linear regression analysis are listed in Tables 5.3 and 5.4,
respectively. Within the metal concentration range of 80–500 mg/L, both models
were suitable for describing the adsorption isotherms of Au(III) or Cu(II) ions; that
of Au(III) was more fitted by Langmuir model and that of Cu(II) by Freundlich in
binary system.

In the study of Wang et al. [108], simultaneous biosorptions of Ag(I) and Cu(II)
ions by Magnetospirillum gryphiswaldense (MSR-1) were evaluated using several
mediums that contained 2 mmol/L each of the two metal ions. In each medium, the
molar ratios of Ag(I) and Cu(II) were different, which were 5:1, 4:1, 3:1, 2:1, 1:1,
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1:2, 1:3, 1:4, 1:5. The results were compared with that of single systems, which
included the same molar concentration of Ag(I) and Cu(II).

As shown in Fig. 5.1, the biosorption capacities of Ag(I) on MSR-1 in the
presence of Cu(II) were higher than that of noncompetitive conditions. Interestingly,
when the molar ratios of Ag(I) and Cu(II) were less than 4:1, the biosorption
capacities of Cu(II) on MSR-1 were higher than that of noncompetitive cases,
whereas those were lower under the molar ratios of Ag(I) to Cu(II) of both 5:1
and 4:1. They deduced that the most possible factor which affected the phenomenon
of selective biosorption was the ions themselves.

In addition, they demonstrated that the adsorption isotherm of Ag(I) can also be
perfectly expressed by the Langmuir model just as that in the single ion solution.
Nevertheless, both models are mathematically unsuitable for describing Cu(II)
adsorption isotherms in binary system, with the regression coefficients (R2) less
than 0.95. So, a new mathematically consistent Eq. (5) was selected for accurate
description of Cu(II).

qe D a.1C be�kCe / (5.5)

The constants in this case evaluated from regression analysis were a D 3.50917,
b D 7.38993, k D 0.11474, with a high regression coefficient (R2) 0.99343. This
model, not fit for the single metal system in this study, is under further checking
among vast analogous competitive adsorptive systems to find universality before it
is introduced to mathematically describe the prohibited one(s). Undoubtedly, it has
an important guiding significance for the future research.

The results indicated that biosorption in binary mixtures is a rather complicated
adsorption mechanism affected by a lot of factors, including surface charge,
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functional groups, properties of the solution (e.g., pH), and the adsorbates (e.g.,
concentration, ionic strength, and weight). In addition, there are many interactions
not only between the metal ions but also between the metal ions and the surface of
the biomass [75]. If highly selective biosorbents for a certain metal ion were created,
great progress would be made in the removal of heavy metal ions.

5.3.1.5 Regeneration of Biosorbents

The entire biosorption process for metal removal include sorption followed by
desorption, i.e., to concentrate the solute. Biotechnological exploitation of biosorp-
tion technology for removal of heavy metal(s) depends on the efficiency of the
regeneration of biosorbent after metal desorption. It is important to reclaim the
biosorbents especially, since the biomass preparation is costly. Therefore, nonde-
structive recovery by mild and cheap desorbing agents is desirable for regeneration
of biomass and reuse in multiple cycles. Appropriate eluants are necessary to attain
the above-mentioned objective, which strongly depends on the type of biosorbent
and the mechanism of biosorption [21]. Also, the eluant must meet the following
requirements: (1) Non-damaging to the biomass, (2) less costly, (3) environmental
friendly, and (4) effective [11]. Acidic and alkaline condition were used for
desorption. The eluants such as CaCl2 with HCl, HCl with EDTA, NaOH were
reported [11]. According to the study of Chen et al. [110], approximately 74.8% of
the adsorbed Cu was desorbed from nonliving Pseudomonas putida CZ1 by 1.0 M
CH3COOK, and more than 80% Zn. Gialamouidis et al. [87] observed that more
than 88% of Mn(II) adsorbed by Pseudomonas sp. was released into the HNO3

solution at the first cycle. After three cycles, biosorption ability of Pseudomonas sp.
reduced by 77.4%, which may be due to the fact that HNO3 solution modifies the
cell wall, while the desorption ability remains to high levels.

The efficiency of desorption is often expressed by the S/L ratio, i.e. solid to
liquid ratio. The solid represents the solid sorbent (in mg dry wt) and the liquid
represents the amount of eluant applied (in mL). High values of S/L are desirable
for complete elution and to make the process more economical. Sometimes, metal-
selective elution is desirable and it is dependent on metal sequestration mechanism.
Dilute mineral acids, EDTA, carbonates and bicarbonates, NH4OH, KHCO3, and
KCN have been used to remove metal(s) from the loaded biomass [111].

To date, less attention has been paid to investigate the regeneration ability of the
biosorbent, more relevant work is necessary for future field biosorption application.

5.3.1.6 Biosorption Mechanism Discussion

One of them is bioaccumulation, based on the incorporation of metals inside the
living biomass. Another process is biosorption, in which metallic ions remain at the
cellular surface by different mechanisms [11]. Elucidation of mechanisms active in
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metal biosorption is essential for successful exploitation of the phenomenon and for
regeneration of biosorbent materials in multiple reuse cycles. The complex nature of
biosorbent materials makes this task particularly challenging [5]. These results show
that in binary mixtures, biosorption is a rather complicated adsorption mechanism
affected by a lot of factors, including surface charge, functional groups, properties
of the solution (e.g., pH), and the adsorbates (e.g., concentration, ionic strength,
and weight). In addition, there are many interactions, not only between the metal
ions, but also between the metal ions and the surface of the biomass. Velásquez and
Dussan [88] suggested that in dead cells metals could have been adhered to surface
molecules such as the S-layer which is a porous one that can have saturation velocity.
Metallic ions must find a union target and pass through other cellular components
before this happens. What is more, in living cells cellular density increases as time
elapses; therefore, there are more available binding sites for metals. Additionally,
if the metal gets inside the cell, it first needs to join surface molecules and then
gets in through different mechanisms. So, S-layer proteins might execute a trapping
role of metallic ions in both living and dead cells, being a potential alternative for
bioremediation processes of heavy metals in field. Algae, fungi, yeast, and bacteria
can remove heavy metals from aqueous solutions by binding the cationic metals
onto negatively charged functional groups distributed on their cell walls, such as
carboxyl and phosphoryl groups [112, 113]. According to Volesky and Holan [5],
who presented an extensive review on biosorption, the strong biosorbent behavior
of certain types of microbial biomass toward metallic ions is a function of the
chemical makeup of microbial cells. Beveridge [114] reported that bacteria are
excellent biosorbents due to their high surface-to-volume ratios and high content of
potentially active chemisorptions sites such as teichoic acid in their cell walls. The
study of Gialamouidis et al. [87] is very interesting. They calculated thermodynamic
parameters such as enthalpy change (�Ho), entropy change (�So), and free energy
change of the sorption (�Go), demonstrating that the heats of biosorption of Mn(II)
on Pseudomonas sp. and S. xylosus cells were found to be of the same order as
the heat of chemisorptions whereas the heat of biosorption on Blakeslea trispora
cells is lower and in the range of physical adsorption. Besides, equilibrium between
the cell surface and the metal ions is usually rapidly attained and easily reversible,
because the energy requirements are limited. Studies of copper or zinc interactions
with microorganisms showed that Cu or Zn may be associated with the functional
groups on the cellular surface [115–118], intercellular accumulation, and storage
via active cationic transport systems [114, 119], or precipitation of Cu sulfides at
the biofilm surface [120]. In terms of biosorption, polysaccharides, proteins, and
lipids on bacterial cell walls offer many functional groups such as carboxylate,
hydroxyl, phosphate, amine, and sulphate groups which can bind metal ions. This
natural affinity of biological compounds for metallic elements could contribute to
the purification of metal-contaminated wastewater [18]. Vullo et al. [18] thought that
metal biosorption depends upon the available surface negative charges. Metal ions
biosorption could affect these surface negative charges and thus bacterial electric
properties. Electrophoretic mobility measurements are generally done to understand
bacterial cell electric properties [121–123], determining Zeta potential values.
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Moreover, in their study, for concentrations greater than 0.05 mM, no changes are
observed in Z potential, which could be explained by the saturation of the cell
surface sites available for Cd. Xie et al. [101] observed that the adsorption capacity
of uranium by C. freudii increased after the strain was pretreated with 0.5 mol/L
NaOH. Proteins, lipids, and some dissolved polysaccharides on the surface of the
bacteria could be removed by NaOH. The macromolecular configuration of the
cell wall was destroyed and became relaxed, which could improve the diffusion
capability and facilitate the entry of metal ions into the cell. In addition, acetyl in
testa could be removed by alkali, and amidocyanogen could be exposed to form
Louis alkali, which increased the active sites and the adsorption capacity eventually.
By sequential pretreatment with NaOH and methanol-thick hydrochloric acid, the
carboxyl on the C. freudii walls was locked and the adsorption capacity of uranium
decreased by 45.66% compared with raw bacterium strain, which confirmed that
carboxyl, as one of the active sites, played an important role in adsorption.

It is necessary to continue searching for the most promising biosorbents from an
extremely large pool of readily available and inexpensive biomaterials [8, 9]. The
mechanism involved in metal biosorption is far from well understood up to date. It is
our mission to investigate the microbe-metal interactions and obtain the mechanism
of metal uptake by biosorbents.

Bacteria may either possess the capacity for biosorption of many elements
or, alternatively, depending on the species, may be element specific. It is likely
that, in the future, microorganisms will be tailored for a specific element or a
group of elements, using recombinant DNA technology which is based on genetic
modification using endorestrictive nucleases [53].

5.3.2 Heavy Metals Removal by Fungi

5.3.2.1 Introduction

Powered by another mechanism, fungi also reveal the feature of metal capturers.
There are three groups of fungi that have major practical importance: molds,
yeasts, and mushrooms. Filamentous fungi and yeasts have been investigated for
biosorption of heavy metal ions in many instances.

It is known for a long time that metallic ions are important to fungal metabolism.
The presence of heavy metals had a significant impact on not only the metabolic
activities of fungal cultures, but also the commercial fermentation processes. The
results from these studies led to a notion of using fungi for the removal of toxic
metals from wastewater and recovery of precious metals from process waters
[124]. Fungal cell walls are mainly 80–90% polysaccharide, with proteins, lipids,
polyphosphates, and inorganic ions, making up the wall-cementing matrix [21].
It is because of these components that both living and dead fungal cells have an
extraordinary ability for taking up toxic and precious metals.
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The biosorption of heavy metal by filamentous fungi and yeast have been
reported and reviewed in many articles. The fungal organisms are widely used in
a variety of large-scale industrial fermentation processes. For example, strains of
Aspergillus are used in the production of ferrichrome, kojic acid, gallic acid, itaconic
acid, citric acid, and enzymes like amylases, glucose isomerase, pectinase, lipases,
and glucanases while Saccharomyces cerevisiae in the food and beverage industries.
The use of fungi biomass as an adsorbent for heavy-metal pollution control not only
can generate economic benefits by recycling industries wastes, but also reduce the
burden of disposal costs associated with the waste biomass produced. Alternatively,
the biomass can also be grown using unsophisticated fermentation techniques and
inexpensive growth media [125].

This section will review and summarize the removal of heavy metals by yeast
(Saccharomyces spp.) and filamentous fungi (such as Penicillium sp., Aspergillus
sp., Mucor sp., Rhizopus sp.) from aqueous solutions.

5.3.2.2 Fungal Biosorbents

Research has proved that yeast and filamentous fungi can remove toxic metals,
recover precious metals, and clean radionuclides from aqueous solutions to various
extents. Yeasts of genera Saccharomyces, Candida, different species of Penicillium,
under some circumstances, as well as Aspergillus are efficient biosorbents for heavy
metal ions. Table 5.5 summarizes some of the important results of metal biosorption
using fungal biomass.

Except for these four kinds of fungal biomass widely covered by the published
reports, there are also a lot of other fungi employed for the same purpose.

The cell wall of R. arrhizus involves a high content of chitin. The ability
of chitin to complex metal ions has been confirmed [148]. Viable R. arrhizus
could remove Cu(II) with the maximum specific uptake capacity of 10.76 mg/g
at 75 mg/L, the initial Cu(II) concentration [148]. Of the six species of inactivated
fungal mycelia, R. arrhizus, Mucor racemosus, Mycotypha africana, Aspergillus
nidulans, A. niger, and Schizosaccharomyces pombe, R. arrhizus exhibited the
highest capacity (qmax D 213 �mol/g). Further experiments with different cellular
fractions of R. arrhizus showed that Zn was predominantly bound to cell-wall
chitin and chitosan (qmax D 312 �mol/g). R. arrhizus were reported to adsorb
Th(IV) [152], Pb(II) [153], Cd(II), Ni(II), and Cr(III) [154]. Brady and Tobin [155]
investigated the freeze-dried R. arrhizus biomass for its potential to absorb the hard
metal ion Sr2C and the borderline metal ions Mn2C, Zn2C, Cd2C, Cu2C, and Pb2C
from aqueous solutions.

Biosorption of metal ions such as LiC, AgC, Pb2C, Cd2C, Ni2C, Zn2C, Cu2C,
Sr2C, Fe2C, Fe3C, and Al3C by Rhizopus nigricans biomass was studied, with the
maximum biosorption capacity for the individual metal ions ranging from 160 to
460 �mol/g [156].
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Table 5.5 Fungal biomasses for removal of heavy metals from aqueous solution

Biosorbents Metal ions Biosorption capacity(mg/g) References

Saccharomyces cerevisiae Pb 270:3 [126–129]
Ni 46:3 [127, 129]
Cr 32:6 [127, 128]
Cd 31:75 [128–130]
Cu 6:35 [128, 129]
Zn 35:31 [128, 129]
Hg 64:19 [129]
Co 24:75 [129]
Fe 16:8 [131]
Ag 59 [131]
Pd 40:6 [132]
Pt 44:0 [133]
U 180 [131]
Th 63 [134]

Candida albicans, Candida utilis Pb 833:33 [135]
Cu 23 [136, 139]
Cr 7 [137, 139]
Zn 28 [139]
Cd 19 [139]
Pb 39 [139]

Candida tropicalis Zr 179 [138]
Penicillium chrysogenum Pb 55 [140]

Cd 56 [141]
Ni 260 [142]
Cu 92 [140]

Penicillium simplicissimum Cd 52:5 [143]
Zn 65:5 [143]
Pb 76:9 [143]
Cu 112:3 [144]

Penicillium purpurogenum As 35:6 [145]
Hg 70:4 [145]
Cd 110:4 [145]
Pb 252:8 [145]

Penicillium canescens As 26:4 [146]
Hg 54:8 [146]
Cd 102:7 [146]
Pb 213:2 [146]

Penicillium digitatum Cd 3:5 [15]
Pb 5:5 [15]

Penicillium griseofulvum Cu 1:51 [147]
Penicillium italicum Cu 2 [2]

Zn 0:2 [2]
Penicillium notatum Cu 80 [125]

Zn 23 [125]
Cd 5:0 [125]

(continued)
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Table 5.5 (continued)

Biosorbents Metal ions Biosorption capacity(mg/g) References

Penicillium janthinellum U 52:7 [125]
Aspergillus niger Cu 9:53 [148]

Cd 3:43 [149]
Pb 7:24 [149]
Ni 0:96 [149]

Aspergillus terreus Cu 180 [150]
Fe 164:5 [151]
Cr 96:5 [151]
Ni 19:6 [151]
Cu 224 [151]

The live and dead white rot fungus Trametes versicolor entrapped in Ca-alginate
beads were able to adsorb Cd(II). The maximum experimental biosorption capacity
was 102.3 ˙ 3.2 and 120.6 ˙ 3.8 mg/g, respectively [157].

A white rot fungus species Lentinus sajorcaju biomass was entrapped into
alginate gel via a liquid curing method in the presence of Ca(II) ions. The
maximum experimental biosorption capacity for entrapped live and dead fungal
mycelia of L. sajorcaju were found to be 104.8 ˙ 2.7 mg/g and 123.5 ˙ 4.3 mg/g,
individually [158].

5.3.2.3 Influencing Factors of Removal of Heavy Metals by Fungi

Pretreatment

The study of Yunsong Zhang et al. [159] showed that ethanol/caustic pretreatment
could increase the biosorption capabilities of Cu2C on Saccharomyces cerevisiae. In
addition, SEM and Zeta potential of the three samples account for that caustic and
ethanol-pretreatment resulted in the change of baker’s yeast surface structure and
charge which is relative to adsorption. These results demonstrate that the increase
of biosorption capacity for Cu2C by ethanol and caustic-baker’s yeast was attributed
to the increase and exposure of carboxyl and amino groups on the surface of biomass
sample.

Biosorption of chromium ions was found to vary with the type of pretreatment.
All pretreatment methods (acid (0.1N H2SO4); alkali (0.01N NaOH); acetone
(50%, v/v); formaldehyde (10%, v/v); cetyl trimethyl ammonium bromide (CTAB)
(5%, w/v); polyethylemine (PEI) (1%, w/v); and 3-(2-amino ethyl amino) propyl
trimethoxy silane (APTS) (3%, v/v)) increased the biosorption of chromium
compared to the autoclaved A. niger biomass [160]. Park et al. [161] also reported
approximately 30% removal of chromium using A. niger biomass. The acetone
pretreated biomass showed a biosorption capacity of 1.8 mg/g, which was slightly
higher compared to autoclaved biomass.
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pH

Solution’s initial pH is a critical parameter for adsorption experiments [162]. This
parameter strongly influences the solution chemistry of the metals, the activity
of functional groups (carboxylate, phosphate and amino groups) on the cell wall,
as well as the competition of metallic ions for the binding site [1]. At low pH
(<1.0), the biosorption capacity for metal ions is very low, because large quantity
of hydrogen ions competes with metal ions at sorption sites. As the pH increases,
more negatively charged cell surface become available thus facilitating great metal
uptake [163]. However, metal precipitates at high pH values (>7.0) thus inhibiting
the contact of metal with the most fungal biomass.

Ting Fan et al. [143] investigated the effects of the initial pH on biosorption of
Cd(II), Zn(II), and Pb(II) ions in aqueous solution by Penicillium simplicissimum.
Maximum biosorption capacities were obtained at pH 4.0, 6.0, and 5.0 for Cd(II),
Zn(II), and Pb(II), respectively.

The biosorption of nickel(II) ions by deactivated protonated yeast was observed
with respect to the initial pH by V. Padmavathy et al. [164]. The adsorption capacity
was pH dependent with a maximum value of 11.4 mg/g at a pH of 6.75. The
cadmium(II) ion adsorption capacity of Baker’s yeast increased with increasing pH,
and was maximum at a pH of 6.5 [165].

Contact Time

It is reported that biosorption of chromium consisted of two phases [161]: a primary
rapid phase and a secondary slow phase. The rapid phase lasted for about 15 min and
accounted for a major portion in the total metal biosorption. Chromium removal of
72% was observed in this rapid phase. A maximum chromium removal of 76% was
achieved after 2 h. From 2 h to the end of the kinetic study (12 h), biosorption was
slow and chromium removal varied by ˙2%. This rapid initial uptake is consistent
with reports on the biosorption of Cr(VI) by other researchers [166–170].

This is because the kinetics of metal adsorption is usually rapid during the
early period of contact between the adsorbent and adsorbate possibly by reason of
electrostatic attraction. The active adsorption sites of the adsorbent become involved
in metal complexation as soon as the adsorbent is introduced into the system. It has
been suggested that the slow second phase of metal ions uptake may be due to the
reduced availability of active sites [171].

Initial Metal Ion Concentration

As a rule, increasing the initial metal concentration results in an increase in the
biosorption capacity because the initial metal concentration provides a driving
force to overcome mass transfer resistances between the biosorbent and biosorption
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medium so that higher sorption capacities were obtained at higher initial con-
centrations. The adsorption yields are determined at different initial metal ion
concentrations. Increasing the metal ion concentration generally caused a decrease
in the biosorption yield. In the case of lower concentrations, the ratio of initial
number of metal ions to the available sorption sites was low and higher biosorption
yields were obtained. At higher concentrations, the available sites of biosorption
became fewer and the saturation of the sorption sites was observed. So biosorption
yields decreased.

The effect of initial metal ion concentration on the biosorption capacity of As-
pergillus flavus was studied by Tamer Akar and Sibel Tunali [172]. The biosorption
of Pb(II) and Cu(II) ions on A. flavus increased with increasing initial concentration
of metal ions, becoming saturated at 200 and 150 mg/L for Pb(II) and Cu(II) ions,
respectively.

5.3.2.4 Selectivity and Competitive Biosorption by Fungi

Competitive biosorption of Cd2C and Pb2C together with Cu2C ions with ethanol
treated yeast cells were conducted for solution containing 25 mg/L of each metal
ions at pH 4 and 5 [130]. In their study [130], the highest biosorption capacity of
Cu2C ions was determined with caustic treated waste baker’s yeast cells; but for
comparison, ethanol treated yeast biomass was also used for biosorption of Cu2C
ions in competitive biosorption studies. The competitive metal uptake values are
shown in Fig. 5.2.
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The competitive biosorption capacities of the yeast biomass for most metal
ions were lower than non-competitive conditions. The decreased metal uptake in
competitive conditions was thought to be a response to increased competition
between like charged species for binding sites of the ethanol treated yeast cells.
The order of the sorption capacity was found as Pb>Cu>Cd for both pH values.

P. canescens at competitive or noncompetitive cases exhibited the same preferen-
tial order: Pb(II)>Cd(II)>Hg(II)>As(III). Under noncompetitive conditions, the
sorption capacity was 26.4 mg/g for As(III), 54.8 mg/g for Hg(II), 102.7 mg/g for
Cd(II), and 213.2 mg/g for Pb(II) respectively. The competitive adsorption capacity
for the heavy metal ions were 2.0 mg/g for As(III), 5.8 mg/g for Hg(II), 11.7 mg/g
for Cd(II), and 32.1 mg/g for Pb(II), when the initial concentration of the metal ions
was 50 mg/L [146].

The biosorption capacities of Penicillium simplicissimum in the binary and tri-
nary metal mixture of Cd(II) C Zn(II), Zn(II) C Pb(II), and Cd(II) C Zn(II) C Pb(II)
system were lower than noncompetitive conditions that of unitary system of Cd(II),
Zn(II), Pb(II), and Cd(II) [143]. The results clearly demonstrated that the combined
action of multiple ions was antagonistic and that Cd(II) exerted the inhibitoriest
effect on the biosorption of other metals, followed by Pb(II) and Zn(II).

A similar phenomenon had been observed in the binary adsorption Pb(II) and
Cu(II) biosorption onto Aspergillus flavus, where it was shown that Pb(II) and
Cu(II) strongly competed with each other; the biosorption capacities of the binary
metal mixture were lower than that of noncompetitive conditions; and the uptake
capacities of Pb(II) ions were smaller influence than Cu(II) ions [172].

All these published experiments illustrated prohibited competitive biosorptive
capacities, in comparison with the non-competitive cases, for the biomass to uptake
metal ions. The most likely reason for this antagonistic effect is the competition for
adsorption sites on the cell surfaces and/or the screening effect by the competing
metal ions.

5.3.2.5 Mechanism of Metal Uptake

DAI Shu-juan et al. [173] provided that cadmium can be adsorbed from electro-
plating wastewater by waste Saccharomyces cerevisiae and accumulated mainly
in form of chemical chelating. Electrostatic attraction, hydrogen bonding, and van
der Waals force all function in adsorption process. And –NH2–, –CDO–, –CDO–
NH–, –CH3, –OH are the main adsorption groups.

Fourier transform, infrared, and X-ray photoelectron spectroscopies were used
to discover that carboxyl, amide, and hydroxyl groups on the biomass surface were
involved in the sorption of copper and cadmium by Penicillium chrysogenum and
ion exchange and complexation dominated the sorption process [174].

The understanding of the mechanism by which microorganisms accumulate
metals is crucial to the development of microbial processes for concentration,
removal, and recovery of metals from aqueous solution. Metabolism-independent
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metal binding to the cell walls and external surfaces is the only mechanism present in
the case of non-living biomass. Metabolism-independent uptake essentially involves
adsorption process such as ionic, chemical, and physical adsorption. A variety of
ligands located on the fungal walls are known to be involved in metal chelation.
These include carboxyl, amine, hydroxyl, phosphate, and sulfhydryl groups. Metal
ions could be absorbed by complexing with negatively charged reaction sites on
the cell surface [175, 176]. The relative importance of each functional group
is often difficult to resolve [177]. Microbial cell wall is rich in polysaccharide
and glycoproteins such as glucans, chitin, mannans, and phospho-mannans. These
polymers form abundant source of metal binding ligands. Cell walls of fungi present
a multi-laminate architecture where up to 90% of their dry mass consists of amino
or non-amino polysaccharides [178]. In general, the fungal cell wall can be regarded
as a two-phase system consisting of the chitin skeleton framework embedded in an
amorphous polysaccharide matrix [178]. Up to 30% of Aspergillus niger biomass is
comprised of an association of chitin and glucan [179]. Chitin and chitosan compo-
nents of the cell wall are suggested to be important for metal uptake [180, 181].

5.3.2.6 Modeling of Biosorption: Isotherm and Kinetic Models

Analysis of equilibrium data is important for developing an equation that can be
used for design purposes. There are several isotherm and kinetic models to describe
the sorption phenomena.

Isotherm Modeling

The biosorption isotherms by biomasses are usually described by the well-known
adsorption isotherm models of Freundlich and Langmuir (see Sect. 5.3.1.3).

The parameters of Langmuir and Freundlich isotherm model are presented in
Table 5.6. Broadly speaking, most of the data were fit better to Langmuir isotherm
model than Freundlich isotherm model.

Except for these two models, Redlich–Peterson and Temkin adsorption isotherms
were also used to describe the sorption phenomena. Arzu Y. Dursun [183] used
Langmuir, Freundlich, and Redlich–Peterson adsorption models to describe the
sorption phenomena of Cu(II) and Pb(II) to dried A. niger. In view of the results,
the isotherms appeared to follow the Langmuir model more closely than the other
models at all the temperatures studied. However, the Freundlich and Redlich–
Peterson adsorption models also seemed to agree well with the experimental data
considering that percentage error values were lower than 11.5. Jing-song Wang
[184] used Langmuir, Freundlich, and Temkin isotherms models to describe the
sorption phenomena of U(VI) to A. fumigatus. Based on the correlation coefficient
R2, the Langmuir isotherm model was the best model to describe the experimental
data, but the negative value of qmax indicated that this model is not suitable for
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Table 5.6 Adsorption isotherm parameters

Langmuir constants
Freundlich constantsMetal

ions Bacteria species
Qmax

(mg/g)
b � 10�3

(L/mg) R2 KF n R2 References

Pb Candida albicans 828:5 60.0 0.995 51.309 4.716 0.935 [135]
Penicillium

simplicissimum
144:9 590 0.999 33.0 3.27 0.9016 [144]

Cr Aspergillus niger 3:98 1.1 0.95 2.57 6.6 0.95 [149]
Ni Aspergillus niger 2:2 140 0.98 1.47 1.79 0.98 [149]
Cd Aspergillus niger 18:08 20 0.997 6.26 4.4 0.671 [182]
Cu Saccharomyces

cerevisiae
10:27 15.13 0.9968 0.4048 1.762 0.9644 [159]

Penicillium
simplicissimum

106:4 193 0.9978 19.3 3.02 0.9102 [144]

Zn Aspergillus niger 26:1 120 0.998 6.95 3.6 0.770 [182]

this case. Compared with the other two models, it is clear that both the Freundlich
and Temkin isotherm models fitted with the experimental data well, and the former
model was a better fit than the latter.

Kinetic Modeling

The biosorption kinetics by biomasses is usually described by first-order rate
equation and the second-order rate equation (see Sect. 5.3.1.3).

In most cases, the first-order equation of Lagergren does not fit well over the
entire adsorption period and is generally applicable for the initial 30–50 min of
the sorption process [185]. Different to the pseudo first-order model, the pseudo-
second-order model predicts the behavior over the whole duration of adsorption and
is in agreement with the feature of the adsorption mechanism in the rate-controlling
step.

Kuber C. Bhainsa et al. [186] investigated the kinetic of biosorption for Th by
Aspergillus fumigatus. Data obtained from the kinetic of uptake when modeled with
pseudo-second-order equation showed excellent fitting and the kinetic rate constant
and R2 values are >0.99. This suggests that the kinetics of Th uptake followed
Lagergren’s pseudo-second-order equation. This was also further confirmed by
calculating the qe based on pseudo-second-order reaction that showed very good
fit between the experimental data and the predicted curve obtained by modeling the
uptake value.

Removal of cadmium and zinc ions from aqueous solution by living Aspergillus
niger was investigated by LIU Yun-guo et al. [182]. The parameters of pseudo-
first and pseudo-second order rate kinetics are presented. The theoretical Qeq values
estimated from the first-order kinetic give significantly different values compared
with the experimental values, and the correlation coefficients are also found to be
slightly lower. The correlation coefficients for the second-order kinetic model and
the theoretical values of Q, also agree well with the experimental ones.
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Almost all of the kinetic data of sorption by fungi biomass kinetic were more
fitted to pseudo-second-order equation.

5.3.3 Heavy Metals Removal by Algae

5.3.3.1 Introduction

Algae, primarily marine microalgae, are of special interest in search for and the
development of new biosorbents materials due to their high sorption capacity and
their ready availability in practically unlimited quantities in the seas and oceans
[187, 188]. Actually a vast array of biological materials, especially bacteria, yeasts,
fungi, and algae have received increasing attention for heavy metal removal and
recovery due to their good performance, low cost, and large available quantities. In
general, the heavy metal uptake capacities varied significantly for different types of
biomass studied. For divalent heavy metal ions, the reported values for bacterium
biomass typically ranged from 0.05 to 0.2 mmol/g, fungi and yeast 0.2–0.5 mmol/g,
fresh water algae 0.5–1.0 mmol/g, and marine algae 1.0–1.5 mmol/g [189].

From the published literature, among the three groups of algae (red, green, brown
algae) brown algae received the most attention. Higher uptake capacity has been
found for brown algae than for red and green algae [190]. Table 5.7 summarized the
results achieved with brown algae, green algae, and red algae. We know that brown
algae have since proven to be the most effective and promising substrates among
other biosorbents.

The development of new biosorbent materials is a research area full of challenge,
as algae biomass is an accessible, economically competitive, and renewable source.
Therefore, its potential value in the treatment of heavy metal wastewater is obvious.

5.3.3.2 Influencing Factors on Biosorption

Effect of pH

This parameter plays an important role for the biosorption process of heavy metal
ions from aqueous solution, according to a variety of earlier studies [192–194].
Whereas the calculation from the solubility product equilibrium constant (Ksp)
[195] demonstrated that the suitable pH ranges for the various metal ions were
slightly different, i.e., experiments for Cu2C sorption was performed for the pH
range of 1–6, Cd2C at pH of 1–8, Zn2C at pH of 1–7, and Pb2C at pH of 1–7.5.
For the algae biosorption, pH is also a key factor. Algal biomasses contain high
content of carboxyl groups from mannuronic and guluronic acids on the cell wall
polysaccharides, which suggests that the biosorption process could be affected by
changes in the solution pH [196]. Some examples are cited of algae biosorption on
different metal ions.
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Table 5.7 Uptake of metals
by algal biomass

Metal ions Algae qmax (mmol/g)

Cd Ascophyllum nodosum (B) 0.338 – 1.913
Chaetomorha linum (G) 0.48
Chlorella vulgaris (G) 0.30
Codium fragile (G) 0.0827
Corallina officinalis (R) 0.2642
Fucus vesiculosus (B) 0.649
Gracilaria edulis (R) 0.24
Gracilaria Salicornia (R) 0.16
Padina sp.(B) 0.53
Padina tetrastomatica 0.53
Porphira columbina (R) 0.4048
Sargassum sp. (B) 1.40
Sargassum baccularia (B) 0.74
Sargassum natans (B) 1.174
Sargassum siliquosum (M) 0.73

Ni Ascophyllum nodosum 1.346 – 2.316
Chlorella miniata 0.237
Chlorella vulgaris 0.205 – 1.017
Chondrus crispus (R) 0.443
Codium taylori (G) 0.099
Fucus vesiculosus 0.392
Galaxaura marginata (R) 0.187
Padina gymnospora (B) 0.170
Sargassum fluitans (B) 0.409
Sargassum natans 0.409
Sargassum vulgare (M) 0.085
Scenedesmus obliquus 0.5145

Pb Ascophyllum nodosum 1.313 – 2.307
Chlorella vulgaris 0.47
Cladophora glomerata (G) 0.355
Chondrus crispus 0.941
Codium taylori 1.815
Fucus vesiculosus 1.105 – 2.896
Galaxaura marginata 0.121
Gracilaria corticata (R) 0.2017 – 0.2605
Padina gymnospora 0.314
Padina tetrastomatica (B) 1.049
Polysiphonia violacea (R) 0.4923
Sargassum fluitans 1.594
Sargassum hystrix (B) 1.3755
Sargassum natans 1.1487 – 1.221
Sargassum vulgare 1.100
Ulva lactuca (G) 0.61
Undaria pinnatifida (B) 1.945

(continued)
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Table 5.7 (continued) Metal ions Algae qmax (mmol/g)

Cu Chlorella miniata (G) 0.366
Chlorella vulgaris 0.254 – 0.758
Sargassum sp. 1.08
Scenedesmus obliquus (G) 0.524

Zn Chlorella vulgaris 0.37
Cr(VI) Chlorella vulgaris 0.534 – 1.525

Sargassum sp. 1.30 – 1.3257
Scenedesmus obliquus 1.131

Fe(III) Chlorella vulgaris 0.439

Source [191]
(B) Brown alga, (G) Green alga (R) Red alga

Experimental biosorption on green algae Spirogyra species studied by V. K.
Gupta [197, 198] showed that the percent adsorption of Cr(VI) increases with pH
from pH 1.0 to 2.0 and thereafter decreases with further increase in pH. And the
maximum adsorption at all the concentrations takes place at pH 2.0. As to lead
sorption, when the pH of the lead solution (100 and 200 mg/L) increased from 2.99
to 7.04, the adsorption capacity of lead was changed, i.e., it first increased from pH
2.99 to pH 5.0 and then dramatically decreased up to pH 7.04. The results stated
strong pH dependence of biosorption. This is consistent with the results obtained
for the other adsorbent systems [199, 200].

Additionally, cadmium (II) uptake by C. vulgaris studied by Z. Aksu [185] is
also a function of solution pH. The results showed that the biosorption of cadmium
(II) increased with pH up to 4.0 and then declined with further increase in pH. And
the maximum equilibrium uptake value was found to be 62.3 mg/g at pH 4.0.

Summarizing, almost all the relative publications revealed similar information
that a good control of pH is of great significance for metal biosorption by algae.

Effect of Temperature

The binding of most metals to microorganisms by biosorption observed to enhance
as temperature rising [201–203]. Also, increasing temperature is known to stir up
the diffusion rate of adsorbate molecules within pores as a result of decreasing
solution viscosity and will also modify the equilibrium capacity of the adsorbent for
a particular adsorbate [204]. Thus temperature is also an important factor affecting
the adsorption.

Research of cadmium (II) and nickel (II) biosorption with C. vulgaris carried out
by Z. Aksu [185, 208] manifested that the equilibrium uptake of cadmium (II) and
nickel (II) ions to the dried green alga was significantly affected by the temperature.
The uptake of cadmium (II) decreased with an increasing temperature, while nickel
(II) increased. And their optimum adsorption temperature was 20ıC and 45ıC, re-
spectively. That is, cadmium (II) adsorption is normally exothermic; thus, the extent
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of adsorption generally increases with decreasing temperature. This result is typical
for biosorption of metals involving no energy-mediated reactions, where metal
removal from solution is due to purely physical/chemical interactions between the
biomass and metal in solution. Increasing the temperature reduced the biosorption
capacity of biomass. Nevertheless, nickel (II) adsorption was endothermic; thus, the
extent of adsorption increased with increasing temperature. Besides, the sorption of
nickel (II) ions by dried C. vulgaris may involve not only physical but also chemical
sorption. So at higher temperatures, an increase in active sites occurs due to bond
rupture.

There are many studies that show the information on the effect of temperature in
recent years, which are associated with the adsorption mechanism [196, 198, 206].

Effect of Contact Time

The contact time has also been evaluated as one of the most important factors
affecting the biosorption efficiency. The alga Chlorella vulgaris was reported to
exhibit the feature of rapid uptake of nickel and then reach the equilibrium in 30–
60 min [205]. Also, the study of Sari A. [196] showed the biosorption efficiency of
Cd (II) ions by C. virgatum. The biosorption efficiency increases with rising contact
time up to 60 min, after which it is almost constant. Another biosorption of lead from
aqueous solutions by green algae (Spirogyra sp.) [198] demonstrated that maximum
adsorption took place within first 100 min. In fact, the equilibrium time needed for
the different metal–biomass systems reportedly range from 1 to 3 h, that is, about
90% of the total metal ion sorption was achieved within 60 min [207].

Overall, reported experiments on contact time reveal, without exception, that the
sorption took place in two stages: A very rapid surface adsorption followed by a
long period of equilibrium. Adsorption got slowed down in the later stage because
initially a large number of vacant surface sites may be available for adsorption and
after a certain point of time, the remaining vacant surface sites may be difficult
to occupy due to forces between the solute molecules of the solid and bulk phase
[208–210]. The diminishing removal with increasing time may also attribute to
intraparticle diffusion process dominating over adsorption [211].

Effect of Biomass Dosage

The amount of biosorbent used for the treatment of heavy metals is also an important
parameter which influences the biosorption capacity. The biosorption of Cu(II) in
the work of Karthikeyan [212] showed an increased uptake of Cu(II) with the alga
quantity which can be accounted for the higher dose of adsorbent in the solution
and the greater availability of exchangeable sites for the ions. But the maximum
uptake was attained at about 100 mg. And he analyzed that this trend was caused
by the formation of biosorbent aggregates at higher biomass concentration, which
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in turn could reduce the effective surface area available for the biosorption. In fact,
many studies [196, 198, 213] showed the similar phenomenon that with increasing
biomass dosage, the absorption efficiency experienced an inverted-U curve arousal.

5.3.3.3 Adsorption Mechanism

Metal ion binding during biosorption processes has been found to involve complex
mechanisms, such as ion-exchange, complexation, electrostatic attraction, and
microprecipitation [5]. In fact, for many years, it had been thought that in the
process of biosorption, metal ions bind to highly developed surface of a biosorbent
via the mechanism of physical adsorption [214]. Whereas the biosorption of Cr3C,
Cd2C, and Cu2C ions by blue–green algae Spirulina sp. studied by Chojnacka [215]
showed that the mechanism of biosorption is rather chemisorptions than physical
adsorption (ion-exchange), which was further confirmed by the low surface area
associated with physical adsorption and the presence of cations that appeared in the
solution after biosorption. The maximum contribution of physical adsorption in the
overall biosorption process was evaluated to be 3.7%. Study of the mechanisms of
biosorption by Raize [216] manifested that the main cadmium cation sequestration
mechanism by the algal biomass was apparently chelation, while that of nickel was
mainly ion exchange. Lead cations exhibit higher affinity to the algal biomass, and
their binding mechanism includes a combination of ion exchange, chelation, and
reduction reactions, accompanied by metallic lead precipitation on the cell wall
matrix. The SEM method was used by Han et al. [217] to probe that the surface
complexation was the exact mechanism in Cr(III) biosorption by Chlorella miniata.
In fact, among various proposed mechanisms, ion exchange was thought to be
the most important process for the algal biomass [214]. Ion exchange mechanism
was thought to be reversible, and more than 90% of the biosorbed metal could be
recovered through acid washing [9].

5.3.3.4 Biosorption Models

Isotherm Modeling

The equilibrium data, commonly known as adsorption isotherms, are the basic
requirements for the design of the adsorption systems. Several isotherm equations,
such as Langmuir, Freundlich, Redlich–Peterson, D-R isotherms, and so on, have
been used for the equilibrium modeling of biosorption systems. Langmuir and
Freundlich isotherms (see Sect. 5.3.1.3) were widely used to quantitatively describe
metal sorption by algae [196, 198, 205, 206, 218–220].

Additionally, some authors explain that Langmuir isotherm corresponds to
a dominant ion-exchange mechanism while the Freundlich isotherm shows
adsorption–complexation reactions taking place in the adsorption process
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Table 5.8 Langmuir and Freundlich parameters for the sorption of the test metals by the selected
algae

Langmuir constant Freundlich constant

Algae
Metal
ion

qmax

(mg/g) b (L/mg) R2
KF

(mg1�n/g ln) n R2

Spirogyra
neglecta

Cu 40:83 0.034 0.96 5.44 0.370 0.89
Cd 27:95 0.047 0.97 5.01 0.320 0.89
Zn 31:51 0.034 0.99 4.23 0.368 0.94
Ni 26:30 0.042 0.99 4.27 0.366 0.92
Pb2C 90:19 0.015 0.97 4.75 0.513 0.92

Pithophora
oedogonia

Cu 23:08 0.069 0.98 5.72 0.265 0.92
Cd 13:07 0.038 0.98 2.02 0.344 0.93
Zn 8:98 0.103 0.99 2.98 0.214 0.94
Ni 11:81 0.039 0.98 1.84 0.342 0.95
Pb2C 71:13 0.020 0.96 5.28 0.461 0.91

Cladophora
calliceima

Cu 14:08 0.088 0.98 4.26 0.229 0.92
Cd 9:14 0.098 0.97 2.95 0.218 0.92
Zn 8:51 0.101 0.98 2.80 0.216 0.95
Ni 7:67 0.074 0.99 2.00 0.257 0.94
Pb2C 40:50 0.022 0.94 5.29 0.414 0.88

Hydrodictyon
reticulatum

Cu 8:72 0.103 0.96 2.81 0.221 0.98
Cd 7:20 0.071 0.97 1.83 0.262 0.98
Zn 3:70 0.115 0.92 1.26 0.212 0.99
Ni 13:86 0.021 0.99 1.14 0.444 0.96
Pb2C 24:00 0.054 0.97 4.87 0.299 0.90

Aulosira
fertilissima

Cu 21:77 0.060 0.99 4.83 0.285 0.92
Cd 14:57 0.087 0.98 4.28 0.236 0.92
Zn 19:15 0.049 0.99 3.63 0.310 0.93
Ni 4:16 0.235 0.83 2.05 0.145 0.99
Pb2C 31:12 0.042 0.97 4.99 0.338 0.89

[221, 222]. Furthermore, most of the equilibrium data were fit better to Langmuir
isotherm model than Freundlich isotherm model. The parameters of Langmuir and
Freundlich isotherm model are presented in Table 5.8 [223].

Kinetic Models

In order to investigate the mechanism of biosorption and potential rate-controlling
step such as mass transport and chemical reaction processes, kinetic models are used
to test the experimental data. Numerous models (e.g., Elovich, diffusion, pseudo-
first-order, and pseudo-second-order equations) have been suggested to analyze the
kinetics of sorption process. Kinetic models based on the capacity of the adsorbent
such as the first-order equation and second-order expression were commonly used
(see Sect. 5.3.1.3).
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In the work of O.M. Freitas [224], experimental data suggested that the pseudo-
first-order model successfully describes the kinetics of the biosorption of Zn on
L. hyperborea and Cd on B. bifurcate. The results of Aravindhan Rathinam [28]
also suggest that kinetics of cadmium biosorption by H. valentiae biomass followed
pseudo-first-order kinetic model very well.

The pseudo-second-order kinetic model has been applied successfully to metal
biosorption by several algae [185, 198, 200, 206, 225–228]. Additionally, these
parameters in equations can change depending on experimental conditions as it was
found by P. Lodeiro [225].

The Weber and Morris sorption kinetic model [229], a kind of diffusion model,
was employed to investigate the sorption mechanism in the study of Prasert Pavasant
[195].

To sum up, kinetic model is an important part of the study of heavy metal
biosorption, from which we can get the information of the control steps and
mechanism of the process.

5.3.4 Plant Leaves and Their Extraction

5.3.4.1 Introduction

There is a considerable potential for adopting a natural, abundant, and economical
metal adsorption system, and plant leaves and their extraction, which are cheap and
easily available in a great supply, could be used as an adsorbent for the removal
of heavy metals from aqueous solution. In fact, tree leaves and their extraction
are frequently employed in heavy metal removal [230–236]. Studies show that
adsorption capability also relies on leaves used. Examples of efficient types of
plant leaves for removal of metal ions are reed [237] for cadmium, poplar for
lead and copper [238, 239], cinchona for copper [239], pine for nickel [240],
and cypress for aluminum [241]. Moreover, R. Salim [232] conducted cadmium
removal experiments from aqueous solutions by 20 species of plant leaves and
their combinations. The results showed that most efficient types of plant leaves for
cadmium removal were those of styrax, plum, pomegranate, and walnut.

5.3.4.2 Effects of Environmental Factors on Biosorption

Effect of pH

The pH of the sorbate solution is considered one of the most important environmen-
tal factors affecting the biosorption process. This factor is capable of influencing
not only the binding site dissociation state, but also the solution chemistry of the
target metal [242]. Successful biosorption of base metal cations usually takes place
in the range of pH 3–7, and is extremely pH dependent. Özer A. and Özer D. [243]
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reported an optimal pH value for lead and nickel uptake of 5.0, while Vianna LNL
[244] found that maximal copper, cadmium, and zinc uptakes happened at pH 4.5,
and decreased significantly when the pH was dropped to 3.5 or 2.5.

H. Benaissa [231] studied the removal of copper by dried sunflower leaves
finding the maximum copper sorption occurs at around initial pH 5–6. A. Sharma
and K.G. Bhattacharyya [230] used leaf powder as biosorbent to reclaim Cd (II)
obtaining continuous adsorption increases from 8.8% at pH 4.0 to 70.0% at pH 7.0,
and 93.6% at pH 9.5. Similarly, R. Salim [232] found that the optimum experimental
condition reached at pH 4.1. Rice bran was also used for the removal of Cr (VI)
from wastewater [245] and the maximum removal yield was 99.4% also at a low
pH of 2.0. Even grape stalks wastes came in handy to absorb copper and nickel ions
and I. Villaescusa [246] found a pH-dependent profile for the course. Maximum
sorption for both metals was found to occur at around pH 5.5–6.0. Y. Bulut and
Z. Baysal [247] used wheat bran as a sorbate on biosorption of Pb (II) and found
that the Pb (II) adsorption by wheat bran increases with pH. It can be observed
that the removal of Cu (II) and Pb (II) exhibits similar trend, i.e., it increases with
increasing pH, climbing to maximum at a certain pH range. Bin Yu and Y. Zhang
[248] reported that the maximum removal of Pb (II) by sawdust sorption occurs
around pH 5.0, while that of Cu (II) 7.0. Furthermore, the greatest increases in the
sorption rate of metal ions on sawdust were observed in a range of pH from 2 to 8
for copper and 2–5 for lead.

Effect of Temperature

As one of the factors affecting the biosorption efficiency, temperature was studied
in many papers [249–253]. S. Qaiser [254] studied the biosorption of lead from
aqueous solution by Ficus religiosa leaves and found that the temperature change in
the range of 20–40 C affected the biosorption capacity and the maximum removal
was observed at 25ıC. In M.S. Al-Masri’s [255] study, the influence of temperature
on U, Pb, and Cd removal capacities using different parts of poplar trees is different.
The maximum U and Cd removal capacity using leaves occurred at a temperature of
25ıC while the maximum U, Pb, and Cd removal capacities using branches occurred
at a temperature of 35ıC.

5.3.4.3 Mechanism Analysis

The mechanism of metal biosorption varies with the metal species and type of
biosorbent [217]. To bind and accumulate these pollutants, different previously
mentioned mechanisms reportedly also empower the course, solo or ensemble, such
as physical adsorption, complexation, ion exchange, and surface microprecipitation
[203, 256–258]. For example, S. Qaiser [254] reported the release of Ca, Mg,
and Na ions during lead biosorption revealing ion exchange as the suitable major
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removal mechanism. Javad Zolgharnein [259] in his study of Cr (VI) adsorption
onto Elaeagnus tree leaves found chemisorption as the predominant mechanism of
this special biosorption.

5.3.5 Summary

In fact, in recent years, applying biotechnology in controlling and removing metal
pollution has been paid much attention, and gradually becomes hot topic in the
field of metal pollution control because of its potential application. And biosorption
is an alternative process, which provides a variety of sorption materials, including
bacteria, fungi, yeast, algae, plant leaves, etc. stated above. These biosorbents with
relatively high metal-binding capacity and selectivity possess metal-sequestering
property and are suitable for the extraction of metal ions from large volumes of
water. Therefore it is an ideal candidate for the treatment of high-volume and low
concentration complex wastewaters.

5.4 Combination and Improvement of Different Pathways

Commercial application of microbial biomass as a biosorbent may suffer from the
problem of how to remove or condense the metal ions-loaded microorganisms from
aqueous solution to facilitate reclaiming in the next step. Generally, millipore filtra-
tion and evaporation methods have been carried out, but the high cost of membrane
and high energy consumption impede them from wide application. Song et al.
[103] studied competitive biosorption of Au(III) and Cu(II) ions by magnetotactic
bacteria, which may be significant for developing promising biosorbents. Besides,
Wang et al. [108] observed that Cu (II) promoted the adsorption of Ag (I) in the
competitive biosorption of Ag (I) and Cu (II) on Magnetospirillum gryphiswaldense
(MSR-1), which was confirmed magnetotactic bacterium [260], was reported to be
sensitive to magnetic field and might be one of the promising options for solving
this problem by means of external field. These bacteria were observed to be able to
move along the local magnetic field lines, which is a very useful feature to facilitate
them to be easily separated from the solutions. This unique finding indicates the
high possibility to recover heavy metal ions from wastewater using the method
of “MTB biosorption and magnetic separation”, which was simple, effective, and
environmentally friendly. However, it is still faced with another problem. For
example, Song et al. [261] applied a magnetotactic bacterium, Stenotrophomonas
sp., to remove Au(III) from contaminated wastewater. The analyses from FTIR and
XRD confirmed that the reduction of Au(III) to Au(0) by the reductants on the
MTB biomass occurred, and the deposition of nanocrystal Au(0) particles, ranging
from 24.7 to 31.4 nm, could be estimated on the biomass surface. Although easy
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to remove the MTB-nano Au(0) group by the external magnetic field, it may be a
great challenge to separate MTB from nano Au(0), because both nano Au(0) and
nanometer-scale magnetosomes own magnetism.

Also, according to combination of abiotic and biotic components, Chen et al.
[110] used the bacteria-mineral composite as a geochemically reactive solid and
quantified its trace metal ion scavenging ability. In their study, the first quantitative
comparison of the metal-binding capacities of P. putida CZ1–goethite composite to
its individual components was evaluated. As a consequence, the nonliving cells–
goethite composite retained approximately 82% more Zn than that predicted by its
solo counterpart.

What is more, some attention was focused on immobilization technology for
heavy metal removal biomaterial [262–265]. Entrapment, cellular aggregation,
and surface fixation are the most common methods to support this technology
[266–270]. The choice of an adequate matrix for cell immobilization affects the
process performance, since the metal biosorption efficiency can be affected by these
heterogeneous systems [271, 272]. Microorganisms loaded natural and synthetic
adsorbents have also been used for separation and preconcentration of heavy
metals at trace levels. S. cerevisiae loaded on sepiolite was utilized as biosorbent
for copper(II), zinc(II), and cadmium(II) in natural waters [264]. Bag et al. [91]
proposed a biosorptive enrichment procedure for Cr (III) and Cr (VI) ions by
Saccharomyces cerevisiae-loaded sepiolite. S. cerevisiae and Chlorella vulgaris
loaded on silica gel has been used for the separation–preconcentration of Pt2C and
Pd2C [273]. Vullo et al. [18] made another progress by successfully immobilizing
P. veronii 2E on inert surfaces such as Teflon membranes, silicone rubber, and
polyurethane foams. In addition, P. veronii 2E was found to be able to grow on
all three surfaces and develop a film over the matrix surfaces, form aggregates,
and adhere to glass during batch cultures. Removal rate of Pb(II) reaches the
summit 97.7% at pH 4, at 200 mg/L of initial Pb(II) concentration with 10 g/L of
P. sanguineus beads, prepared by dropping a mixture of 1.5% (w/v) sodium alginate
solution and P. sanguineus mycelial mat into a 2% (w/v) CaCl2 solution [274].

Furthermore, the idea about combination of abiotic and biotic components cou-
pled with the immobilization theory and magnetic separation technology. Magnetic
particles have been applied as a new sorbent to adsorb metal ions, in which the
difficulty of separation was resolved in an external magnetic field [275]. Based on
these researches, the biofunctional magnetic bead was synthesized and utilized in
the wastewater treatment [276]. Li et al. [276] removed heavy metal in wastewater
by bio-functional magnetic beads constituted by the powder of Rhizopus cohnii
and Fe3O4 particles coated with alginate and polyvinyl alcohol (PVA). Then
magnetic separation technology could make the separation of solid and liquid phase
easier. The combined technique of biosorption and magnetic separation holds the
advantages of flexibility, eco-friendly characteristics, and economic in operational
cost. Thus, the current investigation into this technique is very important and
inspiring.
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5.5 Comparative Conclusions of the Methods

Every before-mentioned method for heavy metal removal, especially biosorption
has actually its advantages and disadvantages for recovering heavy metals. This
means in some cases, two or more methods may be chose to treat the target solution
to work their way through drastically. Please refer to Table 5.9 for detail.

5.6 Recovery and Reuse of Heavy Metal

Heavy metal ions from the contaminated water could be reduced into metal
nanoparticles by physical, chemical, and biological technology [277, 278]. Most
of these physical and chemical methods need extreme conditions like tempera-
ture, pressure etc. Chemical reducing agents are believed to be associated with
environmental toxicity or biological hazards, whereas comparatively safer reluctant
like citrate, ascerbate, simple sugars like glucose, fructose etc. are not efficient
in productivity. It has been, therefore, of increasing interest to develop efficient
green biological reduction [278]. What is more, current chemical methods of metal
nanoparticle synthesis have shown limited success and is expected that the use of
a biological approach may overcome many of these obstacles. The exploitation of
microorganisms for the biosynthesis of metal nanoparticles is an area of research
that has received increasing interest over the last decade. The use of living microbes
as a tool for nanoparticle biosynthesis has been researched extensively [279].
The size and shape-dependent physicochemical and optoelectronic properties of
metal nanoparticles have important applications in catalysis, biosensing, recording
media, and optics and so on [280]. For example, gold nanoparticles (Au NPs) have
potentially exciting applications in hyperthermia of tumors, optical coatings, and
scanning tunneling microscopes as conductive tips [281]. Especially, biological
method available for low metal concentration, less than 100 mg/L, could exert
the advantage of simple course, easy operation, low cost, little pollution, and high
recovery rate of heavy metal etc. [18]. If all of the removal technologies could be
applied in to commercial production, not only effluents are purified but also the toxic
heavy metal ions are effectively reused to make a green and perfect recycle between
the nature and our industrial society. In sum, researches on heavy metal removal
give a wide vision and a promising future to development of all the fields.

5.7 Current Hot Topics, Trends, and Outlook of This Field

Nowadays, more researche has been focused on the search for alternative and
innovative wastewater treatment techniques. The interesting one was the utilization
of biological materials such as algae, fungi, and bacteria for the metal removal and
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recovery among these techniques [21]. In other studies, biomasses have exhibited
economic, rapid adsorption, and eco-friendly characteristics [2]. However, it is still
necessary to continue the steps towards the world of these promising biosorbents
from an extremely large pool of readily available and inexpensive biomaterials
[8, 9]. The mechanism involved in metal biosorption is far from well understood
up to date. It is the mission of this field to investigate the microbe-metal interactions
and obtain the mechanism of metal uptake by biosorbents and then grasp this tool
to change the world.

Also in the field, it is a hot and rising topic to synthesize metallic nanoparticles
using biological technology by simultaneously reducing heavy metal ions level
in the wastewater. The development of these green techniques for the controlled
synthesis of metallic nanoparticles of well-defined size and shape is a big challenge
and numerous chemical methods, aimed at controlling the physical properties of
the particles, are still in the development stage and problems are often experienced
with stability of the nanoparticle preparations, control of the crystal growth, and
aggregation of the particles [115, 117, 118]. Although, these researches are still in
their infancy of theoretic and experimental phase, the coming fruits are sure to be of
excitingly wide perspective and practicability in the near future.
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Chapter 6
Mesoporous-Assembled Nanocrystal
Photocatalysts for Degradation of Azo Dyes

Thammanoon Sreethawong

6.1 Introduction

Currently, wastewater problems can be generally found all over the world. Various
kinds of wastewaters have been generated from industrial processes. One of the
major industrial water pollutions is wastewaters from textiles, fibers, fabrics,
plastics, papers, leathers, and related industries, which consist of high unfixed
organic dye concentrations of approximately 20%. Big concern has been paid
to these organic dyes because of their prevalent application, noxious aromatic
intermediate formation, and biorecalcitrance for conventional aerobic wastewater-
treating processes [1–5]. A more complicated environmental problem related to
the wastewaters is that the organic dyes are opposed to bacterial degradation,
and accordingly they can inevitably be converted to carcinogenic compounds.
Particularly, a plentiful type of synthetically colored organic compounds is azo dye
[6–11], such as methyl orange, congo red, and acid black, which is characterized by
the presence of azo group (–NDN–) commonly linked between aromatic rings.

Various technologies have been developed for azo dye degradation from the
wastewaters, including physical methods (adsorption), chemical methods (chlo-
rination and ozonation), biodegradation, reverse osmosis, combined coagulation
and flocculation, electrochemical oxidation, as well as photocatalysis [12–16]. The
existing physical/chemical methods have some disadvantages of being economically
unfeasible (more energy and chemicals required), being unable to degrade the
recalcitrant azo dyes and their aromatic intermediates completely, generating a large
amount of undesired sludge that unavoidably causes secondary pollution problems,
and greatly increasing the overall treatment cost due to complicated procedures.
However, photocatalysis is an environmentally friendly process that employs solar
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irradiation energy to perform catalytic reactions under ambient conditions [15].
Thus, photocatalysis technology has been extensively investigated for azo dye
degradation from the wastewaters.

From literature, it is clearly seen that among the new oxidation methods
called advanced oxidation processes (AOPs), heterogeneous photocatalysis has
been increasingly considered to be a promising destructive technology due to its
several advantages. Firstly, it can degrade the azo dye pollutants by destroying
their complex molecules to less toxic substances in the presence of UV and
near-UV light irradiation, which ultimately leads to the total degradation of the
azo dye pollutants. Secondly, environmentally benign materials can be used as a
semiconductor photocatalyst, especially titanium dioxide (titania, TiO2). Thirdly,
this process can be operated at room temperature and atmospheric pressure. Finally,
the photocatalytic process has been attracting a considerable attention because of its
comparatively low cost due to the use of solar light as the source of irradiation.

6.2 Background of Azo Dyes

6.2.1 General Remarks

The “azo dye” term is normally used to name synthetically colored organic
compounds that are characterized by the presence of the azo group (–NDN–), which
cannot be found in natural dyes. This divalent group can be linked to sp2 hybridized
carbon atom on one side and to an aromatic or heterocyclic nucleus on the other.
It may be linked to an unsaturated molecule of the carboxylic, heterocyclic, or
aliphatic type. On commercial scale, the azo dyes are the largest and most widely
used class of synthetic organic dyes. More than 10,000 color index (CI) generic
names are applied to differentiate commercial dyes, whereas approximately 4,500
are currently used, and more than half of these dyes belong to the azo class [17].
The azo dyes are extensively used by the industries to provide colors to natural and
synthetic textiles, fibers, fabrics, plastics, papers, and leathers, and they can also be
used to produce organic pigments and in the dyeing of leather and plastic.

6.2.2 Classification of Azo Dyes

The most comprehensive information including the constitution, properties, prepa-
ration methods, manufactures, and other coloring data of the azo dyes is the Color
Index publication, which is jointly collected by the Society of Dyers and Colorists
and the American Association of Textile Chemists and Colorists [18, 19]. In the
Color Index, a dual classification system is used to categorize the azo dyes with
respect to usage area and chemical constitution. As a result of their versatile
applications, the azo dyes comprise the largest chemical class in terms of the
number, economic price, and quantities produced.
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Table 6.1 Color index
of different azo dyes [20]

Type of azo dye Range of color index

Monoazo 11,000–19,999
Diazo 20,000–29,999
Trisazo 30,000–34,999
Polyazo 35,000–36,999

Most of the dye manufacturers use both letters and numerals together in their
product’s commercial name in order to identify the dye color. The examples of
letters used are as follows: B is blue; G is green; R is red; and Y is yellow; whereas,
numerals, such as 2G (or GG), 3G, 4G, etc. indicate the shade of the color. In some
cases, suffixed letters are also used to describe other properties, such as solubility,
light fastness, and brightness. Moreover, the azo dyes can be subdivided with respect
to the number of existing azo groups into mono-, dis-, tris-, tetrakis-, etc. [20].
Generally, the significance of both mono- and diazo dyes are quite identical, trisazo
dyes are somewhat less significant, while tetrakisazo dyes, except for some of them,
are far less significant. As a consequence, the azo dyes containing more than three
azo groups are usually incorporated under the heading of polyazo dyes. Table 6.1
summarizes the color index of different azo dyes.

6.3 Removal of Azo Dyes from Wastewater

A number of textiles, fibers, fabrics, plastics, papers, leathers, and other related
industries use the azo dyes in order to color their products and also consume a large
quantity of water during their production processes. Consequently, they generate a
significantly high amount of azo dye-contaminated wastewaters. Generally, water
quality is realized by public perception according to its color; therefore, the color is
the first issue to be recognized in wastewaters. The existence of very small amounts
of azo dyes in water (even less than 1 ppm for some azo dyes) is visible and
undesirable [12, 21]. According to their extremely good solubility in water, they are
regularly found in various quantities in industrial wastewaters. Because restrictions
on the organic content in industrial wastewater effluents become increasingly strin-
gent, the contaminated azo dyes are required to be removed from the wastewaters
before being discharged. This is mainly because, as aforementioned, most of the
azo dyes are toxic and even carcinogenic, and they can cause a serious danger
when exposed to aquatic living organisms. Nevertheless, the azo dye-containing
wastewaters are rather difficult to be treated since the azo dyes are recalcitrant
organic compounds and resistant to aerobic wastewater-treating processes, as well
as stable to light, heat, and oxidizing agents [22–24]. Hence, during the past decades,
several physical, chemical, and biological methods have been developed to remove
the azo dyes from wastewaters [12], as briefly described below.
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6.3.1 Physical Treatment Methods

Various physical methods have been widely employed to treat the azo dye-
containing wastewaters, especially membrane- and filtration-based processes (such
as reverse osmosis, nanofiltration, and electrodialysis) and adsorption processes.
Even though they are very important in terms of applications, some disadvantages
for each process have been found. The major drawbacks of the membrane processes
is their restricted lifetime of usage since fouling can gradually occur on the
membrane surface, and the replacement cost is comparatively high. Moreover, the
adsorption is one of the most popular methods to have been scientifically studied
and practically applied for the removal of azo dye pollutants from wastewaters since
the well-optimized operation in combination with the most efficient unit design of
the adsorption processes can result in acceptably high azo dye removal efficiency
[25]. Particularly, the adsorption processes seem to provide a relatively promising
option for the treatment of azo dye-contaminated wastewaters in the cases that the
solid adsorbents are inexpensive, and any pretreatment steps are not necessarily
required prior to their use.

6.3.2 Chemical Treatment Methods

Chemical methods are also efficient for the removal of azo dyes contaminated in
the wastewaters. The examples of important chemical methods are coagulation or
flocculation combined with flotation and filtration, electroflotation, precipitation-
flocculation, electrokinetic coagulation, conventional oxidation methods by oxidiz-
ing agents (such as ozone), and irradiation or electrochemical processes. These
chemical methods are typically costly as compared to the physical methods, and
although the azo dyes can be effectively removed, the formation and accumulation
of sludges cause a secondary disposal problem. The excessive chemical use also
definitely leads to a secondary pollution problem. Recently, other interesting
techniques, known as advanced oxidation processes (AOPs), which are based on the
generation of very powerful oxidizing agents, such as hydroxyl radicals, have been
successfully applied for the azo dye degradation [26]. Even if these methods are
efficient for the treatment of azo dye-contaminated wastewaters, they are still very
costly and practically infeasible because the huge consumptions of chemicals and
electricity are the main problems. However, in replacing the electrical energy, the
other important sources of abundantly available and renewable energy, especially
solar energy, can be employed in order to drive the AOP via photocatalysis, as
explained in detail in the next section.

6.3.3 Biological Treatment Methods

Biological methods are so far the most practically attractive when compared to the
aforementioned physical and chemical methods. Fungal decolorization, microbial
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degradation, adsorption by living or dead microbial biomass, and bioremediation
systems are the important examples of biological methods that are generally used
to treat the wastewaters. It is because several kinds of microorganisms, including
bacteria, yeasts, algae, and fungi, are able to accumulate and degrade azo dye
pollutants contaminated in the wastewaters. However, these methods still have some
drawbacks. Biological treatment requires a large area of land and is restricted by
toxicity limitation of some chemicals that may be generated and released. The
less flexibility in process design and operation is also another main drawback [27].
Furthermore, even though many organic azo dye molecules can be partly degraded
by biological methods, there are still several recalcitrant azo dyes that withstand the
biodegradability due to their complex chemical structure [22].

All of the aforementioned methods have both advantages and drawbacks. Cur-
rently, no single process is capable of sufficiently treating the wastewaters, primarily
because of the complicated characteristics of the contaminated azo dye compounds.
In practical use, a combination of different methods is definitely required in order
to achieve the desired effluent quality [28, 29]. Nevertheless, this chapter mainly
focuses on photocatalysis, which is an effective method for degrading the azo dyes
present in the wastewaters.

6.4 Photocatalysis and Photocatalytic Degradation
of Azo Dyes

6.4.1 Semiconductor

A semiconductor is a substance which possesses an electrical conductivity between
those of an insulator and a conductor. Basically, semiconductor substances have
electronic band structure governed by their crystalline properties. A semiconductor,
which can be employed as a photocatalyst, is typically an oxide of metals, such
as TiO2, SrTiO3, ZnO, WO3, and SnO2 [30, 31]. For the electrons confined in a
semiconductor, their actual energy distribution is determined by the Fermi level and
temperature of the electrons. At absolute zero temperature, all of the electrons have
energy below the Fermi energy, but at nonzero temperature, the energy levels are
randomized, and some electrons have energy above the Fermi level. Among the
electronic bands occupied with the electrons, the band having the highest energy
level is universally defined as the valence band (VB), while the one outside of this
is defined as the conduction band (CB). The energy difference between the valence
band and the conduction band is defined as the band gap [31]. The overall schematic
of band gap energy is shown in Fig. 6.1.

The band gap can be imaginably considered as a partition, where the electrons
must jump over from the valence band to the conduction band for being free. The en-
ergy quantity required to jump over the partition is widely known as the band gap en-
ergy (Eg, normally in the unit of eV). Only the electrons capable of jumping over the
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Fig. 6.1 The schematic of band gap energy [31]

Table 6.2 The band gap positions of some semiconductor photocatalysts [31, 32]

Semiconductor
Valence band
level (eV)

Conduction
band level (eV)

Band gap
energy (eV)

Band gap
wavelength (nm)

TiO2 C3.1 �0.1 3.2 387
SrTiO3 C3.1 �0.1 3.2 387
ZnO C3.0 �0.2 3.2 387
WO3 C3.0 C0.2 2.8 443
SnO2 C4.1 C0.3 3.8 326

partition to enter the conduction band can freely move around. When a semiconduc-
tor is irradiated by light having suitable wavelengths with energy equal to or greater
than its band gap energy, the valence band electrons can be excited to the conduction
band. In the meantime, the positive holes are created and left in the valence band,
and the number of holes is equal to that of electrons that have been excited to the
conduction band. The valence band level, conduction band level, band gap energy,
and band gap wavelength of some semiconductors are shown in Table 6.2.

6.4.2 Photocatalysts

Substances with semiconductor characteristics can be effectively employed as
photocatalysts in photocatalytic systems because they are able to generate electrons
and holes (both known as charge carriers) by absorbing appropriate light energies.
The efficiency in separating the photoinduced charge carriers to prevent their
recombination is a very crucial factor in determining the photocatalytic activity of a
semiconductor photocatalyst. Titanium dioxide (titania, TiO2) and strontium titanate



6 Mesoporous-Assembled Nanocrystal Photocatalysts. . . 153

Fig. 6.2 Crystalline structures of (a) anatase, (b) rutile, and (c) brookite [36]

(SrTiO3) are the main examples of semiconductor photocatalysts in this chapter, and
their properties, property modification, synthesis to achieve mesoporous-assembled
structure, and application for photocatalytic azo dye degradation are explained.

TiO2 is an important transition metal oxide, and it has received much increasing
attention due to its chemical stability, photostability, nontoxicity, inexpensiveness,
and other advantageous properties. Specifically, TiO2 has been extensively em-
ployed in solar energy conversion, including photocatalysis applications [33–35].
The main three crystalline structures of TiO2 found in nature are anatase (tetrag-
onal), rutile (tetragonal), and brookite (orthorhombic). The structures of anatase,
rutile, and brookite can be differentiated in terms of TiO2

6�octahedral building
blocks. The three crystalline structures differ by the distortion of each octahedral
building block and by the connection pattern of chains of the octahedral building
blocks. The anatase TiO2 is formed from the connection of the vertices of octahedral
building blocks; the rutile TiO2 is formed from the connection of the edges of
octahedral building blocks; and, the brookite TiO2 is formed from the connection of
both the vertices and edges of octahedral building blocks [36], as shown in Fig. 6.2.

In photocatalysis applications, both crystalline structures of anatase and rutile
are usually used, while the anatase is reported to exhibit a superior photocatalytic
activity as compared to the rutile for most of the photocatalytic reactions. The
superior photocatalytic activity of the anatase phase can be explained by its slightly
higher Fermi level and higher degree of surface hydroxylation (i.e., higher number
of surface hydroxyl groups). In some cases of specific reactions, both crystalline
phases are reported to possess relatively the same photocatalytic activity [37].
Moreover, the mixed crystalline phases (containing both anatase and rutile phases
in structure) [38] or the rutile phase only [39] are also reported to exhibit a higher
photocatalytic activity as compared to the anatase phase. The observed difference
of the results may be reasonably contributed to the effects of various coexisting
factors, such as specific surface area, pore size distribution, crystallite size, particle
size distribution, particle agglomeration, and synthesis procedure, as well as the
way to express the photocatalytic activity. Among various commercially available
TiO2 photocatalysts, the Degussa P-25 TiO2, which is composed of a mixture of
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approximately 80% anatase and 20% rutile phases, is reported to be more active
than both pure crystalline phases for many reactions. The enhancement in its
photocatalytic activity may originate from its capability to efficiently separate the
electron/hole pairs and prevent their undesired recombination due to the mixed
phase nature of the particles.

Another promising photocatalyst type is perovskite-related material. Perovskite-
related materials are simply represented by the general formula of ABO3 (A rep-
resents rare earth or alkali element with or without its partial substitution by
alkaline earth element, and B represents transition element, such as Ti, Ta, Ni, Fe,
etc., with or without its partial substitution) [40, 41]. More specifically, strontium
titanate (SrTiO3) is a well-known cubic-perovskite oxide, which has received an
increasing attention due to its excellent dielectric, photoelectric, optical, catalytic,
and photocatalytic properties. SrTiO3 is also considered to be applicable for
various photocatalytic reactions. However, pure SrTiO3 without a cocatalyst loading
on its surface normally shows very low photocatalytic activity. Therefore, the
modification of SrTiO3 in several ways is necessary to obtain active photocatalysts
for the photocatalytic degradation of azo dyes contaminated in the wastewaters.
Particularly, the incorporation/loading of some effective transition and noble metals,
such as Cr, Zr, Pt, and Au, into/onto SrTiO3 has been proved to be a very efficient
modification technique. For example, SrTiO3 doped with Cr3C led to an introduction
of isolated energy levels within its band gap, so irradiated light can be absorbed at
two levels, i.e., the band gap and sub-band gap, where the latter resulted in light
absorption in the visible region [42]. The synthesis of Zr-doped SrTiO3 by a sol-
gel method and its photocatalytic degradation of methylene blue dye were also
reported. It was shown that the 8% Zr content doped on SrTiO3 provided the highest
photocatalytic degradation rate due to free zirconium ions that induced SrTiO3 to
more efficiently absorb light [43].

6.4.3 Nanocrystalline Photocatalysts

Nanocrystalline photocatalysts are extremely small semiconductor particles, which
are as small as few nanometers in particle size. During the past decades, the
investigation of nanosized semiconductor particles and their photocatalytic appli-
cations has been one of the most attractive research areas in nanotechnology. The
significance of these nanosized semiconductor particles stems from their unique
physical, chemical, and photocatalytic properties. Interestingly, much research has
revealed that some properties of nanosized semiconductor particles are different
from those of the bulk materials. Nanosized particles possess properties falling
into the transition region between the molecular and bulk phases. For the bulk
materials, the electrons excited from the valence band to the conduction band by
light absorption have comparatively high density of states, where they can move
around with different kinetics energies. However, for the nanosized particles, the
particle size is the same as or smaller than the size of the first excited state; therefore,
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the electrons and holes generated upon light irradiation cannot fit into such particle.
Hence, as the size of the semiconductor particles is reduced below a critical value,
the confinement of the generated charge carriers induces them to behave quantum
characteristics. In the other words, this means that the bands split into separate
electronic states in the valence and conduction bands, and the nanosized particles
gradually behave in a similar manner to a huge atom. Nanosized semiconductor
particles that possess size-dependent optical and electronic properties are widely
known as quantized particles or quantum dots [44].

There are many advantages for the application of nanosized semiconductor
particles. A main important advantage is the increase in band gap energy of
semiconductor particles with decreasing particle size. As aforementioned, when
the size of a semiconductor particle becomes lower than the critical diameter, the
photogenerated charge carriers start to behave quantum characteristics, and the
charge confinement produces separate electronic states. Consequently, there is a
shift of the band edge and thus an increase in the band gap. This implies that
the redox potentials of the valence band holes and the conduction band electrons
can be adjusted by varying the size of the semiconductor particles. The increased
driving force accordingly results in increasing the charge transfer rate at the
particle surface. Hence, the use of nanosized semiconductor particles increases
photocatalytic activity for many reaction systems, in which interfacial charge
transfer is the rate-limiting step. Besides, the nanosized semiconductor particles
can facilitate redox reactions to be able to readily occur, which cannot be easily
enhanced in the bulk materials. The other benefit of nanosized particles is that
the fraction of atoms located at the nanoparticle surface is very large, causing the
nanosized particles to have high surface area-to-volume ratio, which in turn helps
enhance their photocatalytic activity. Moreover, the nanosized particles require light
with a shorter wavelength for band gap excitation, so a smaller portion of irradiated
light is sufficiently useful for photocatalytic reactions [45].

6.4.4 Photocatalytic Degradation of Azo Dyes

There are two main mechanisms for azo dye degradation by photocatalysis using
a semiconductor photocatalyst: photocatalytic oxidation under UV light irradiation
and photosensitized oxidation under visible light irradiation [15].

6.4.4.1 Photocatalytic Oxidation

Basically, the conduction band electrons (e�) and valence band holes (hC) are gen-
erated when photocatalyst powders suspended in an aqueous solution are irradiated
with light having energy equal to or higher than its band gap energy (UV light with
�< 420 nm in general cases), as mentioned before. The photogenerated electrons
can both reduce the dissolved organic dye molecules and react with electron
acceptors, such as O2 adsorbed on the photocatalyst surface or dissolved in water,
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leading to its reduction to superoxide radical anion, O2
•�. The photogenerated

holes can both oxidize the organic dye molecules to form oxidized species and
react with OH� or H2O, leading to their transformation to hydroxyl radical, OH•.
The resulting O2

•� and OH• radicals are reported to play a significant role in the
photocatalytic degradation of azo dye molecules. The possible reactions occurring
at the semiconductor photocatalyst surface to result in the azo dye degradation by
photocatalytic oxidation can be expressed as follows [46–50]:

Photocatalyst C hv .UV/ ! Photocatalyst
�
eCB

� C hVB
C�

Photocatalyst
�
hVB

C� C H2O ! Photocatalyst C HC C OH�

Photocatalyst
�
hVB

C� C OH� ! Photocatalyst C OH�

Photocatalyst .eCB
�/C O2 ! Photocatalyst C O2

��

O2
�� C HC ! HO2

�

Dye C OH�; HO2
�; O2

�� ! Degradation products

Dye C hVB
C ! Oxidation products

Dye C eCB
� ! Reduction products

The O2
•� and OH• radicals as well as HO2

• radical subsequently formed, which
possess an extremely strong oxidizing power, can oxidize most of azo dye molecules
to less harmful end products, such as H2O and CO2. By this means, a lot of azo
dyes that are intrinsically reactive toward hydroxyl radical can be degraded via
photocatalysis, which is greatly affected by the valence band edge position of a
semiconductor photocatalyst. The reduction pathway (i.e., direct reaction of azo dye
with conduction band electrons) in the photocatalysis is also involved in the azo dye
degradation, but in a less extent than the oxidation pathway (i.e., direct reaction of
azo dye with valence band holes) [46, 51].

6.4.4.2 Photosensitized Oxidation

The detailed mechanism of photosensitized oxidation (also known as photoassisted
degradation) by visible light irradiation (�> 420 nm) totally differs from the above-
mentioned mechanism under UV light radiation of photocatalytic oxidation. In this
case, the mechanism starts with the excitation of the azo dye molecules adsorbed
on the photocatalyst surface by visible light to their corresponding singlet or triplet
states (1Dye* or 3Dye*), then followed by electron transfer from the excited dye
molecules into the conduction band of the photocatalyst particles, whereas the dye
molecules become unstable and are readily converted to the cationic dye radicals
(Dye•C) that further undergoes their degradation. The possible reactions occurring
at the semiconductor photocatalyst surface to result in the azo dye degradation by
photosensitized oxidation can be expressed as follows [50, 52–55]:
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Dye C hv .visible/ ! 1Dye� or 3Dye�

1Dye� or 3Dye� C Photocatalyst ! Dye�C C Photocatalyst .eCB
�/

Photocatalyst .eCB
�/C O2 ! O2

�� C Photocatalyst

Dye�C ! Degradation products

The cationic dye radicals can also both react with hydroxyl ions to cause
their oxidation and react with O2

•�, HO2
•, or HO• species to generate various

intermediates that eventually lead to their degradation, as shown in the following:

Dye�C C OH� ! Dye C HO�

Dye C 2HO� ! H2O C Oxidation products

O2
�� C HC ! HO2

�

HO2
� C HC C Photocatalyst .eCB

�/ ! H2O2 C Photocatalyst

H2O2 C Photocatalyst .eCB
�/ ! HO� C HO� C Photocatalyst

Dye�C C O2
�� ! Degradation products

Dye�C C HO2
� �

or HO�� ! Degradation products

In experimental works, when either real or simulated solar light is employed,
both photocatalytic and photosensitized mechanisms can simultaneously take place
during the azo dye degradation, and both the photocatalyst and the light irradiation
are required for the reaction. In the photocatalytic oxidation, the photocatalyst is
irradiated and excited by UV light to initiate charge carrier formation. On the
other hand, in the photosensitized oxidation, the dye molecules themselves rather
than the photocatalyst are excited by visible light, followed by electron transfer
into the photocatalyst conduction band. Nevertheless, it is still difficult to conclude
that the photocatalytic oxidation mechanism is more capable of degrading azo dye
molecules than the photosensitized oxidation mechanism since the photosensitized
mechanism can help enhance the overall degradation efficiency and make the dye
degradation more practical when using solar light [55].

6.5 Synthesis Procedures of Mesoporous-Assembled
Nanocrystal Photocatalysts

6.5.1 Porous Materials

The International Union of Pure and Applied Chemistry (IUPAC) has classified
different terminologies about porous materials with their definitions [56, 57] as
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Table 6.3 Definitions about porous materials [56, 57]

Terminology Definition

Porous material Material with cavities or channels, which are deeper than their internal width
Micropore Pore of internal width lower than 2 nm
Mesopore Pore of internal width between 2 and 50 nm
Macropore Pore of internal width higher than 50 nm
Pore size Pore width (diameter of cylindrical pore or distance between opposite walls

of slit)
Pore volume Volume of pores determined by any given method
Surface area Magnitude of total surface area determined by any given method under

stated conditions

summarized in Table 6.3. As widely accepted, the pore size is identified as the pore
width, i.e., the distance between two opposite walls of pore. The pore size has a clear
and specific meaning when the geometrical shape of pores is well defined. However,
in most cases, the effective pore size is commonly represented by the size of pores
with the smallest dimension.

According to the IUPAC classification, porous materials can be generally divided
into three major categories based on their principal pore size, as follows:

• Microporous materials (pore size lower than 2 nm) consist of amorphous silica
and inorganic gel to crystalline materials, such as zeolites, aluminophosphates,
gallophosphates, and related materials.

• Mesoporous materials (pore size between 2 and 50 nm) consist of the M41S
family (e.g., MCM-41, MCM-48, MCM-50, etc.), other non-silica materials,
such as double hydroxides, metal (e.g., titanium, zirconium, etc.) oxides and
phosphates, and clays.

• Macroporous materials (pore size higher than 50 nm) consist of glass-related
materials, aerogels, and xerogels.

Currently, microporous and mesoporous materials are regularly described as
nanoporous materials. Even if mesoporous materials are proper for catalysis
applications (including photocatalysis applications in this chapter), the pores of
microporous materials are too small and may be easily blocked by metal particles
during photocatalyst preparation with high metal loadings. The main characteristics
and some important properties of microporous and mesoporous materials are given
in Table 6.4. The significance of microporous materials is because of their broad
industrial applications within catalytic areas, especially in petrochemistry and chem-
ical synthesis [58]; however, the industrial applications of microporous materials are
occasionally restricted by their relatively small pore sizes, as aforementioned. Much
interest has been therefore devoted to mesoporous materials with the main attention
to widen their catalysis applications to comparatively larger molecules. A few
decades ago (1990s), the successful discovery of M41S materials has brought the
focus of several researchers around the world to the synthesis of various mesoporous
materials, which can be considered as multifunctional advanced materials [59, 60].
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Table 6.4 Characteristics and some important properties of microporous and mesoporous
materials

Material type Microporous materials Mesoporous materials

Pore size <2 nm 2–50 nm
Main components

for the synthesis
Silicon source, aluminum source,

templating agent, solvent, and
mineralizing agent

Silicon (or other metal) source,
self-assembled templating
agent, solvent, and catalyst
(acid or base)

Advantages Large surface area and adsorption
capacity, the possibility of
controlling the adsorption
properties by tuning the
hydrophobicity or
hydrophilicity of the materials,
the channel opening and
cavities are in the range of
many molecules of interest
(0.5–1.2 nm), and the unique
pore structure makes the
materials able to recognize
molecules

Controlled porosity, large
accessible internal surface area
and pore volume, a capacity
that often leads to unusual
magnetic, electronic, and
optical properties, the ability to
allow reactions with bulky
substrates, grafting of large
catalytically active species to
the walls of the mesopores is
achievable

Disadvantages Not able to efficiently process
molecules that are larger than
their pore diameters (maximum
1–1.2 nm)

Poor thermal and hydrothermal
stability

6.5.2 Sol-Gel Process

Sol-gel process has been extensively studied as an effective means to synthesize
nanosized mesoporous materials. Because the mesoporous metal oxides, which
are normally applied for catalysis/photocatalysis fields, can be thermally deac-
tivated due to particle sintering and crystallite growth during their exposure to
high-temperature treatment, and their catalytic/photocatalytic efficiency is strongly
dependent on their specific surface area, the sol-gel process provides some unique
advantages via a low-temperature process. It imparts a lower level of contamination
of the synthesized materials and also yields a better stoichiometric and particle
size control. In addition, this process does not require complicated equipment, and
it provides a straightforward and efficient route for achieving nanosized particles,
which are desirable for nano-photocatalysts with various functionalized properties
[61–78]. Its molecular chemistry involves the formation of metal-oxo-polymer
network via hydrolysis and polycondensation of metal precursors, such as metal
alkoxides (i.e., the most important metal precursors for the sol-gel process), as
follows [79]:

M � OR C H2O ! M � OH C ROH

M � OH C M � OR ! M � O � M C R � OH

M � OH C M � OH ! M � O � M C H2O
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where M D Ti, Zr, etc., and R D alkyl group. Each individual stage during the sol-gel
process, including the formation of colloidal sol particles, formation of gel network,
drying of wet gel, and calcination of dried gel, can result in different degrees
of crystallite growth and particle agglomeration. Therefore, the sol-gel process
needs to be suitably controlled in order to attain highly active and reproducible
mesoporous metal oxide powders. The relative hydrolysis and polycondensation
rates greatly affect the structural and physicochemical properties of the resulting
materials. Basically, the original precipitates derived from the sol-gel process
possess amorphous structure in nature; thus, they require further thermal treatment
to induce crystallization. The calcination step unavoidably leads to crystallite
growth and particle agglomeration, and may also stimulate phase transformation.
Thus, a surfactant is generally applied to prevent the particle agglomeration. The
sol-gel process proceeded in the presence of a surfactant can enable a good control
and dispersity of mesoporous metal oxide particle size.

There are several factors that affect the sol-gel process and the resulting
mesoporous materials, particularly the reactivity (hydrolysis and polycondensation
rates) of metal alkoxides, pH of the sol-gel medium, water-to-alkoxide ratio, sol-gel
temperature, and nature of solvent and additive (e.g., acid catalyst, base catalyst, and
templating surfactant). For example, the water-to-alkoxide ratio strongly influences
the sol-gel chemistry and the structural properties of the hydrolyzed gel. A higher
water-to-alkoxide ratio in the sol-gel medium guarantees a more complete hydroly-
sis of metal alkoxides, which consequently results in reducing the crystallite size of
the calcined material. The utilization of acid or base catalyst is an alternative way
to manipulate the hydrolysis and polycondensation rates of metal alkoxides–in the
other words, the sol-gel reaction rates. It was reported that a smaller particle size and
a narrower pore size distribution with a smaller mean pore diameter of a mesoporous
metal oxide material were obtained via the sol-gel process with HCl addition in a
suitable quantity [61]. The size of alkoxide group in metal alkoxides also exerts a
significant effect in the particle size control. The metal alkoxides possessing more
bulky alkoxide groups offer a slower hydrolysis rate due to their steric hindrance,
which is very beneficial for the preparation of very fine colloidal sol particles [80].

6.5.3 Surfactant-Assisted Templating Sol-Gel Process

Surfactant-assisted templating sol-gel process is an effective approach for synthe-
sizing mesoporous metal oxide materials based on the utilization of cooperatively
co-assembled organic surfactant molecules in the form of micelles or liquid crystal
phases as templates to support the growth of metal oxide materials induced by the
sol-gel process [63]. After the complete gel formation, the templating surfactant
molecules can be subsequently eliminated from the gel framework, e.g., by thermal
treatment and chemical extraction. For this approach, the micellar structure of
surfactant molecules and charge compatibility between surfactant head group and
metal alkoxide species at the micellar interface are the critical parameters to
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Fig. 6.3 Surfactant micellar structure [82]

control the framework structure and pore size of the resulting mesoporous metal
oxide materials. Therefore, the synthesis of mesoporous metal oxide materials
with desired shape and pore size can be succeeded by properly manipulating
the processing conditions, e.g., types of metal alkoxide precursor and templating
surfactant, pH of sol-gel medium, calcination condition, etc. Moreover, the critical
packing parameter (P) is an important characteristic of surfactant micellar structure
that can govern the formation of mesoporous structure of the obtained metal oxide
materials [81, 82]. As seen from the surfactant micellar structure shown in Fig. 6.3,
the P value is defined as:

P D V

A0Lc

where V is the topographical volume of hydrophobic portion of surfactant molecule,
A0 is the effective area of surface head group, and Lc is the critical length of
hydrophobic tail of surfactant molecule.

The relationship between the P value and self-assembled surfactant shape is
as follows: 0 � P � 1/3 for sphere, 1/3 � P � 1/2 for cylinder, and 1/2 � P � 1 for
bilayer. However, the P value is also strongly affected by some system conditions,
e.g., pH, ionic strength, and temperature.

For the metal oxide particles synthesized by the surfactant-assisted templating
sol-gel process, their mesoporous structure is formed by loose aggregation of crys-
talline metal oxide nanoparticles. The pore structures of metal oxide nanocrystals
connect randomly and lack an apparent long-range order in the pore arrangement
among the crystalline metal oxide nanoparticles [83]. It is apparent that the
mesopores among the aggregated metal oxide nanoparticles exhibits the type IV
IUPAC nitrogen adsorption-desorption isotherms with a clear hysteresis loop, which
is the main feature of mesoporous-structured materials (as can be seen in the next
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Fig. 6.4 A proposed possible
model of the mesopore
formation for the metal oxide
nanocrystals synthesized by
the surfactant-assisted
templating sol-gel process

section). A proposed possible model of the mesopore formation for the metal oxide
nanocrystals synthesized by the surfactant-assisted templating sol-gel process is
shown in Fig. 6.4. As proposed in the model, the hydrolysis and condensation
reactions of the metal precursor (either without or with chemical modification) take
place when it is added to the micellar surfactant aqueous solution, and the organic-
inorganic (surfactant-metal oxide) composite materials are formed. The interaction
between surfactant micelles and the aggregated inorganic moieties occurs through
a mechanism involving self-assembly with simultaneous condensation of inorganic
moieties around the micellar surfactant head groups [84–86]. After the complete gel
formation via the condensation, the micellar surfactant molecules highly dispersed
and embedded inside the inorganic gel structure are thermally removed, rendering
the inorganic moieties to coalesce and crystallize to form assembled particles with
interconnected mesopores. The resulting products are therefore called mesoporous-
assembled metal oxide nanocrystals.
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6.6 Application of Mesoporous-Assembled Nanocrystal
Photocatalysts for Azo Dye Degradation

The surfactant-assisted templating sol-gel process can be efficiently applied for
synthesis of mesoporous-assembled nanocrystal photocatalysts. In this chapter, the
synthesis and application for azo dye degradation of mesoporous-assembled TiO2,
SrTiO3, and SrTixZr1�xO3 nanocrystal photocatalysts are mainly focused.

6.6.1 Mesoporous-Assembled TiO2 Nanocrystal Photocatalyst

The mesoporous-assembled TiO2 nanocrystal photocatalyst can be synthesized
via the surfactant-assisted templating sol-gel process by using tetraisopropyl or-
thotitanate (TIPT) as the Ti precursor modified with acetylacetone (ACA) as the
modifying agent and laurylamine hydrochloride (LAHC) as the structure-templating
surfactant [63]. Firstly, the TIPT is homogeneously mixed with the ACA with the
TIPT-to-ACA molar ratio of 1:1, leading to a modification of the co-ordination
number of the Ti atom from 4 to 5, as shown in the equation below. This modification
results in the change of mixture solution color from colorless to yellow. The
resulting ACA-modified TIPT is much less active to the moisture in air than the
TIPT itself, and can be applied as the starting mixture for the sol-gel synthesis.

Ti(OCH(CH3)2)4 + CH3COCH2COCH3 HOCH(CH3)2

(TIPT) (ACA)

+

Pri–O–Ti–O–Pri
O–Pri

O O
C C
CH3C CH3
H

+

Ti coordination number: 4 Ti coordination number: 5

To the ACA-modified TIPT mixture, the LAHC aqueous solution is added in
order to control the mesoporous structure of the TiO2. The yellow precipitates occur
instantaneously after the LAHC aqueous solution addition because of the partial
hydrolysis of the modified TIPT molecules. Then, the precipitates are completely
dissolved at 40ıC under mechanical agitation to obtain a transparent yellow sol,
which is resulted from the interaction between the hydrolyzed TIPT molecules
and the hydrophilic head groups of micellar LAHC molecules, as well as from
the suspension of these interacted species in the solution as microscopic colloidal
particles. After that, a gelation is completed by thermal curing of the sol at 80ıC
due to the condensation of the modified TIPT molecules attached to the LAHC
head groups. During the condensation process, the ACA molecules are detached
from the modified TIPT molecules due to the presence of a transparent yellow
liquid layer above the gel. Then, the gel is dried at 80ıC to obtain dried gel (zero
gel) of TiO2. Finally, the dried gel is calcined at equal to or above 500ıC, which
is a sufficiently high temperature for both the LAHC surfactant removal from the
gel network and the photocatalyst crystallization process, to yield the mesoporous-
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Shaking solution until homogeneous mixing

Adding 0.1 M LAHC aq. solution of pH 4.2 into the mixed solution

Stirring at 40°C for 8 h to obtain transparent yellow sol

Adding H2PtCl6 
.6H2O with various

Pt loading contents

Aging the mixture at 40°C for 2 h

Placing the sol-containing solution into an oven
at 80°C for a week for complete gel formation

Drying the gel at 80°C to eliminate the solvent
for 2 d

Calcining the dried gel at various calcination temperatures
(500, 600, and 700°C) for 4 h to remove the LAHC template

and achieve the desired photocatalysts

Adding ACA into TIPT solution with molar ratio of 1:1

a

b

Fig. 6.5 Synthesis procedure for mesoporous-assembled TiO2 nanocrystal photocatalysts
(a) without and (b) with Pt loading by single-step sol-gel method

assembled TiO2 nanocrystal photocatalysts. In case of platinum (Pt) loading on
the surface of mesoporous-assembled TiO2 nanocrystal photocatalyst by a single-
step sol-gel method, a Pt precursor (e.g., H2PtCl6�6H2O) is added to the obtained
transparent yellow sol prior to the gelation step. The mixture is then homogenized
at 40ıC, followed by the gelation, gel drying, and calcination steps in the same
manner as explained above to yield the Pt-loaded mesoporous-assembled TiO2

nanocrystal photocatalyst. The synthesis procedure for the mesoporous-assembled
TiO2 photocatalysts without and with Pt loading by the single-step sol-gel method
is shown in Fig. 6.5.
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Fig. 6.6 N2 adsorption-desorption isotherms and pore size distribution of the mesoporous-
assembled TiO2 nanocrystal photocatalyst calcined at 500ıC (Inset: Pore size distribution) [87]

Fig. 6.7 TEM micrograph of
the mesoporous-assembled
TiO2 nanocrystal
photocatalyst calcined at
500ıC [87]

The synthesized TiO2 nanocrystal photocatalysts possess very narrow and
monomodal pore size distribution in the mesoporous range (i.e., pore diameter
between 2 and 50 nm), as verified by the N2 adsorption-desorption isotherm and
pore size distribution analyses in Fig. 6.6. The particle size of the synthesized
mesoporous TiO2 is also very uniform in a nanosized range, as observed by the
TEM analysis in Fig. 6.7.
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The synthesized mesoporous-assembled TiO2 nanocrystal can be employed as
an efficient photocatalyst for degrading various kinds of azo dyes, e.g., methyl
orange (MO) monoazo dye, acid yellow (AY) monoazo dye, and acid black (AB)
diazo dye. As the first instance, the photocatalytic degradation of MO dye over
the synthesized mesoporous-assembled TiO2 nanocrystal photocatalysts calcined
at various temperatures is shown in Fig. 6.8, as compared to that over various
commercially available non-mesoporous TiO2 powders (i.e., Degussa P-25 TiO2,
Ishihara ST-01 TiO2, and Ishihara JRC-03 TiO2) [87]. It is clearly revealed that
the mesoporous-assembled TiO2 nanocrystal photocatalyst calcined at a suitable
temperature of 500ıC provides the highest photocatalytic MO dye degradation
efficiency, which is considerably higher than that of the commercial TiO2 powders.
It can therefore be inferred that the mesoporosity with uniform pore size distribution
of the synthesized TiO2 nanocrystal photocatalyst is a prime and very important
factor in achieving its acceptably high photocatalytic dye degradation performance
(this will also be confirmed for the SrTiO3 and SrTixZr1�xO3 nanocrystal photo-
catalysts, as shown in the next section). Moreover, a suitable Pt loading content of
0.6 wt.% can improve the photocatalytic MO dye degradation performance of the
synthesized mesoporous-assembled TiO2 nanocrystal photocatalyst [88], as shown
in Fig. 6.9. This is because of the electron transfer-mediating capability of the
loaded Pt particles that prevents the electron-hole recombination at both surface
and bulk traps.

As the synthesized mesoporous-assembled TiO2 nanocrystal photocatalyst
calcined at 500ıC shows a superior photocatalytic activity, its photocatalytic
performance for simultaneously degrading a mixture of AY and AB dyes with
more complex molecular structures is also evaluated [89], as shown in Fig. 6.10.
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in terms of degradation efficiency over the synthesized mesoporous-assembled nanocrystal TiO2
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It is apparent that even in the presence of hardness found in tap water (normally
found at a concentration of approximately 100–200 ppm in the form of either
Ca, Mg, or Ca-Mg mixture up to 500 ppm, which represents an extremely high
hardness concentration), the synthesized mesoporous-assembled TiO2 nanocrystal
photocatalyst still exhibits a considerably high photocatalytic degradation activity
for both dyes present in the aqueous mixture. This verifies that the mesoporous-
assembled TiO2 nanocrystal photocatalyst possesses an exceptional photocatalytic
property and can be efficiently employed for the azo dye removal from
wastewaters.

6.6.2 Mesoporous-Assembled SrTiO3 and SrTixZr1�xO3

Nanocrystal Photocatalysts

The aforementioned surfactant-assisted templating sol-gel process, with some mod-
ifications, can also be adapted to synthesize the mesoporous-assembled SrTiO3 and
SrTixZr1�xO3 nanocrystal photocatalysts by using strontium titanate (Sr(NO3)2) as
the Sr precursor, tetraisopropyl orthotitanate (TIPT) as the Ti precursor, zirconium
butoxide (ZRB, 80 wt.% in 1-butanol) as the Zr precursor, acetylacetone (ACA) as
the modifying agent, laurylamine hydrochloride (LAHC) as the structure-templating
surfactant, and ethanol (EtOH) as the co-solvent [90, 91]. The synthesis procedure
for the mesoporous-assembled SrTiO3 and SrTixZr1�xO3 nanocrystal photocatalysts
without and with Pt loading by the single-step sol-gel method is illustrated in
Fig. 6.11.

The synthesized SrTiO3 and SrTixZr1�xO3 nanocrystal photocatalysts also pos-
sess narrow pore size distribution in the mesoporous range and uniform particle
sizes, as confirmed by the N2 adsorption-desorption and TEM analyses [90, 91], in
the same manner as the synthesized TiO2 nanocrystal photocatalyst. The photocat-
alytic MO dye degradation performance of the synthesized mesoporous-assembled
SrTiO3 nanocrystal photocatalysts calcined at various temperatures is shown in
Fig. 6.12, as compared to that of the commercially available non-mesoporous
SrTiO3 powder (Wako) [90]. It can be clearly seen that the mesoporous-assembled
SrTiO3 nanocrystal photocatalyst calcined at an appropriate temperature of 700ıC
shows a considerably higher photocatalytic activity than the commercial SrTiO3

powder. It can then be concluded that the mesoporous-assembled structure with
a uniform pore size distribution of SrTiO3 plays the most important role that
governs the photocatalytic activity of the SrTiO3 photocatalyst. The photocat-
alytic activity of the mesoporous-assembled SrTiO3 nanocrystal photocatalyst
can be further greatly enhanced by partly substituting Ti atoms in the SrTiO3

photocatalyst by a suitable quantity of Zr atoms to obtain the SrTi0.9Zr0.1O3

photocatalyst [91], as shown in Fig. 6.13 for the photocatalytic degradation of AB
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Drying the gel at 80°C to eliminate the solvents for 4 d

Calcining the dried gel at 600-800°C to remove
the LAHC and achieve the desired photocatalysts

Placing the sol-containing solution into an oven
 at 80°C for 4 d for complete gel formation

Mesoporous-assembled SrTixZr1-xO3 nanoparticles

Stirring continuously at room temperature to obtain transparent yellow sol

LAHC-Sr(NO3)2 solution
(Mixing at 25°C)

TIPTACA

EtOHLAHC

Sr(NO3)2 H2O

LAHC solution

Sr(NO3)2 solutionTIPT-ZRB-ACA solution
(Mixing at 25°C)

ZRB

Adding H2PtCl6.H2O with various
Pt loadings

a

b

Fig. 6.11 Synthesis procedure for mesoporous-assembled SrTiO3 and SrTixZr1�xO3 nanocrystal
photocatalysts (a) without and (b) with Pt loading by single-step sol-gel method

dye. Moreover, the Pt loading with an appropriate content of 1 wt.% can additionally
improve the photocatalytic AB dye degradation performance of the mesoporous-
assembled SrTi0.9Zr0.1O3 nanocrystal photocatalyst, as shown in Fig. 6.14. Hence,
the surfactant-assisted templating sol-gel process can be a promising and effective
means for synthesizing very highly photoactive mesoporous-assembled photocata-
lysts for azo dye degradation application.
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Fig. 6.13 Photocatalytic degradation of AB dye in terms of pseudo-first-order rate constant
over the synthesized mesoporous-assembled SrTixZr1�xO3 nanocrystal photocatalysts calcined at
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Fig. 6.14 Photocatalytic degradation of AB dye in terms of pseudo-first-order rate constant
over the synthesized Pt-loaded mesoporous-assembled SrTi0.9Zr0.1O3 nanocrystal photocatalysts
prepared by single-step sol-gel method and calcined at various temperatures as a function of Pt
loading content (photocatalyst dosage D 5 g/l; reaction volume D 100 ml; initial AB concentra-
tion D 15 mg/l; irradiation time D 4 h; and UV lamp power D 44 W) [91]
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Chapter 7
Microwave-Assisted Organic Pollutants
Degradation

Ackmez Mudhoo

7.1 Water Pollutants and Environmental Concerns

The global environment is under much stress due to fast urbanization,
industrialization, and rapid population growth which in turn set a limit in the
usage of the limited natural resources. The problems are compounded by drastic
changes that have been taking place in the lifestyle and habits of people. The nature
and the magnitude of the environmental problems are ever changing, bringing new
challenges and creating a constant need for developing newer and more appropriate
technologies helpful in the remediation of polluted strata.

The problems of the environment can be classified as follows and may be
traced to be one or more of the following either directly or indirectly: Waste
generation (sewage, wastewaters, kitchen wastes, industrial solid wastes and
effluents, agricultural wastes, and food wastes) and the use of chemicals for various
purposes in the form of insecticides, pesticides, herbicides, chemical fertilizers,
toxic products, and by-products from chemical industries. Waste generation is a
side effect of consumption and anthropogenic production activities and tends to
increase with economic advance. What is of concern is the increased presence
of toxic organic chemicals such as halogen aliphatics, aromatics, polychlorinated
biphenyls (PCBs) and other organic and inorganic pollutants which may reach air,
water, or soil and affect the environment in several ways, ultimately threatening the
self-regulating capacity of the biosphere [1, 2]. These pollutants may be present in
high levels at their respective points of discharge or may remain low or fixed in
some chemical form, but be still highly toxic for the receiving bodies as a result of
bioaccumulation up the food chain, wherein their concentrations increase as they
pass through the food chain [3, 4].
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Organic pollutant inputs have increased in recent decades, and the result has
been degradation of water quality in many rivers, lakes, and coastal oceans.
This degradation shows up in the disruption of natural aquatic ecosystems and
the consequent loss of their component species as well as the amenities that
these ecosystems once provided to society [5]. The most common impairments
of surface waters is eutrophication caused by excessive inputs of phosphorus (P)
and nitrogen (N), and severe cellular damage and mutation caused to the existing
fauna in these waters due to assimilation of toxic contaminants. Impaired waters
are defined as those that have been contaminated with organic and/or inorganic
pollutants and have thus become unsuitable for designated uses such as drinking,
irrigation, industry, recreation, or fishing [5].

7.2 Remediation Approaches

7.2.1 Steps in Pollutant Remediation

There are three main approaches in dealing with contaminated sites. The first
step consists in the identification of the problem, followed by the assessment of
the nature and degree of the hazard, and finally selecting and implementing the
best choice of remedial action. The need to remediate sites which have been
contaminated with organic (and inorganic pollutants) has led to the development of a
number of (new) technologies that emphasize the degradation, detoxification, and/or
destruction of the organic pollutants [6, 7] rather than the conventional approach of
end of pipe disposal. All the more, rapid developments in understanding activated
sludge processes and wastewater remediation have paved the way in research and
applied research for the exploitation and design of different strategies for studying
the degradation of such pollutants.

7.2.2 Conventional Technologies Versus Bioremediation

The remediation technologies for organic pollutants may be broadly lumped in
two major categories. These are conventional remediation and bioremediation
options. Some of these conventional techniques for organic pollutants remediation
are advanced oxidation processes [8], electrokinetic remediation [9], UV-assisted
photocatalytic degradation, adsorption on activated carbon, coagulation/flocculation
processes; nanofiltration membrane technology [10], high-performance catalytic air
oxidation, ozonation, and photoelectrocatalysis [11]. On the other hand, bioreme-
diation techniques which are more cost effective as compared to the conventional
treatment options embrace the concept of Green Technology and Environmental
Sustainability. Bioremediation is in principle the engineered use of microorganisms
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Table 7.1 Selected studies on the bioremediation of organic pollutants

Pollutant(s) Bioremediation technique Reference

Phenanthrene (PHEN), and
1,2,4,5-tetrachlorobenzene (TeCB)

Biosorption by Escherichia coli [17]

Pentachlorophenol (PCP) Biosorption by Aspergillus niger biomass [18]
Anionic reactive dyes were C.I.

Reactive Black 8, C.I. Reactive
Brown 9, C.I. Reactive Green 19,
C.I. Reactive Blue 38, and C.I.
Reactive Blue 3

Biosorption by Aspergillus niger,
Aspergillus japonica, Rhizopus
nigricans, Rhizopus arrhizus, and
Saccharomyces cerevisiae biomass

[19]

Direct brown MR (DBMR) azo dye in
the textile industry

Biodegradation of dye by Acinetobacter
calcoaceticus NCIM 2890

[20]

Methyl red, orange II, G-Red
(FN-3G), basic cationic, and basic
fuchsin

Biodegradation by Chlorella vulgaris,
Lyngbya lagerlerimi, Nostoc lincki,
Oscillatoria rubescens, Elkatothrix
viridis, and Volvox aureus

[21]

Phenanthrene (Phen), anthracene
(Anth), and benzo(a)pyrene (BaP)

Vermicomposting using Eisenia fetida [22]

4-Nonylphenol (known endocrine
disruptor)

Degradation during biosolids composting [23]

Fungicides and triazoles Dissipation of pesticides during
composting

[24]

Pirimiphos-methyl Degradation of pollutant during
composting of greenhouse tomato
plant residues

[25]

Simazine, terbuthylazine, cyanazine
and prometryn

Degradation of pollutant in soil amended
with olive cake, compost and
vermicompost of olive cake

[26]

Agricultural pesticides
2,4-dichlorophenoxyacetic acid
(2,4-D) and isoproturon

Biodegradation potential during anaerobic
digestion process

[27]

Isoproturon and 2,4-D Biodegradability of herbicides in
sequencing batch reactors (anaerobic
systems)

[28]

Pentachlorophenol and methanol Anaerobic biological treatment of
pentachlorophenol and methanol in a
horizontal-flow anaerobic
immobilized biomass (HAIB) reactor

[29]

and microbial processes to degrade and detoxify environmental contaminants
[12, 13]. Vidali [14] has proposed the following classification of microorgan-
isms involved in bioremediation processes: Aerobic microbes, anaerobic bacteria,
ligninolytic fungi, and methylotrophs. Some of the biological remediation technolo-
gies/techniques such as biosorption, bioaugmentation, biostimulation, biopulping,
biodeterioration, biobleaching, bioaccumulation, biotransformation, bioattenuation,
vermicomposting and composting [15] anaerobic digestion biotechnology and
phytoremediation are being actively studied [16] for the degradation of organic
contaminants for pollutant media remediation. Table 7.1 lists some recent studies
which have employed bioremediation options for the degradation/detoxification of
organic pollutants.
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7.3 Novel Green Remediation Options

Green Technology, emanating directly from Green Chemistry may be described as
the utilization of a set of principles that reduces or eliminates the use or generation
of hazardous substances in the design, manufacture, and application of chemical
products [30]. In practice, Green Chemistry is taken to cover a broader range of
issues than the definition itself may imply.

7.3.1 Green Technology Principles

Anastas and Warner [31] have developed “The Twelve Principles of Green Chem-
istry” that serve as valuable benchmark guidelines for practicing chemists, re-
searchers, and engineers in developing and assessing how green a synthesis,
compound, process, or technology is. These principles are related to the concepts
of prevention, atom economy, less hazardous chemical syntheses, designing safer
chemicals, safer solvents and auxiliaries, design for energy efficiency, use of
renewable feedstocks, reduce derivatives, catalysis, design for degradation, real-
time analysis for pollution prevention, and inherently safer chemistry for accident
prevention. Green chemistry is an essential part of green engineering. The defi-
nitions of green chemistry and green engineering share many commonalities, and
the application of both chemistry and engineering principles is needed to advance
the goals of environmental sustainability [32]. A practical definition of green
engineering proposed by Kirchhoff [32] is the design, commercialization, and use of
processes and products that are feasible and economical while minimizing pollution
at the source and risk to human health and the environment. While green chemistry
focuses on the design of chemical products and processes that reduce or eliminate
the use and generation of hazardous substances, it also lays down the ground plan for
the design of the green engineering technologies needed to implement sustainable
products, processes, and systems [32]. Sonochemistry and microwave irradiation are
two crucial branches of green chemistry, and their application in organic pollutant
remediation is increasingly being studied. While the focus of this chapter shall be
on microwave irradiation and pollutants degradation, a succinct outline of the nature
and application of sonochemistry is herein made for the nonexpert. Sonochemistry
is chemistry that deals with sonic waves on chemical reactions.

7.3.2 A Window on Sonochemistry

Decomposition and removal of anthropogenic organic contaminants from surface
waters, groundwaters, sediments, wastewaters, and soils are also very important
in environmental remediation. The unique mechanism of ultrasound combines
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simultaneous oxidation, thermolysis, shear degradation of shock waves, microjets
pitting, and enhanced mass transfer and mixing together. As a result, sonication is a
very attractive and interesting technique in environmental remediation, especially
for decontamination of recalcitrant and hazardous compounds. Cavitation is the
formation, growth, and the implosion of bubbles in a liquid by ultrasound. Ultra-
sound refers to inaudible sound waves with frequencies in the range of 16 kHz to
500 MHz, greater than the upper limit of human hearing. Like any sound wave,
ultrasound is propagated via a series of compression and rarefaction waves induced
in the molecules of the medium through which it passes. Compression cycles push
molecules together, while expansion cycles pull them apart. At sufficiently high
power, the rarefaction cycle may exceed the attractive forces of the molecules of the
liquid and cavitation bubbles will form.

According to Feng and Aldrich [33], the likely mechanism of ultrasonic des-
orption can be explained by considering the different effects of ultrasound in
heterogenous media. First, the high temperatures in localized hot spots enhance
the breaking of physical bonds between the adsorbate (contaminants) and the
adsorbent surface. Second, acoustic cavitation produces high-speed microjets and
high-pressure shock waves that impinge on the surface and erode the adsorbate
[34, 35]. Eventually, ultrasound produces acoustic vortex microstreaming within the
pores of the solid particles, as well as the solid–liquid interface and this phenomenon
arises by the increase in momentum brought about as the liquid absorbs energy from
the propagating sound waves, even in the absence of cavitation [36]. Ultrasonication
not only assists the desorption of the contaminants from the soil but also promotes
the formation of the strong oxidant, •OH radical [37]. Ultrasonication can hence
destroy the contaminants through oxidation by free radicals and pyrolysis processes.
There are over 100 anthropogenic contaminants that have been studied by sonolytic
degradation [38–40]. Due to limited spaces, only selected studies on the sonolytic
degradation of organic contaminants are summarized in Table 7.2.

The next sections substantiate the essential characteristics of microwave power
and discuss the research and application of microwave irradiation as a green
remediation technique employed for the degradation of a number of organic
pollutants including textile dyes, pesticides, herbicides, xenobiotics, PAHs, PCBs,
and other persistent organic pollutants for the remediation of contaminated waters
and wastewaters.

7.4 Microwave Power: Essentials and Applications

7.4.1 Characteristics of Microwave Power

Microwaves (frequencies of 0.3–300 GHz and wavelengths of 1 m to 1 mm)
lie between radio wave frequencies and infrared frequencies in the electromag-
netic spectrum. Domestic and industrial microwave ovens generally operate at a
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Table 7.2 Ultrasound-assisted degradation of contaminants in real and synthetic effluents

Contaminant(s) Degradation conditions Degradation performance Reference
Polycyclic aromatic

hydrocarbons
(PAHs) in a
petrochemical
industry
wastewater

Ambient conditions
(25ıC), increasing
sonication time
(0–150 min),
temperature
(30–60ıC),
dissolved oxygen
(DO, 2–10 mg L�1)
and hydrogen
peroxide (H2O2,
100–2,000 mg L�1)
concentrations tested
on the removal of
PAHs

Maximum PAH removals
were 80.2%, 91%, 98.5%,
and 98% at 25ıC, 60ıC,
DO concentration of
6 mg L�1 and H2O2

concentration of
2,000 mg L�1,
respectively, after 150 min
sonication

[41]

Sonication alone provides
PAH removals varying
between 88% and 92%
without DO

PAH sonodegradation
appeared to be
pseudo-first order in
PAHs naphthalene (NAP),
acenaphthylene (ACL),
phenanthrene (PHE),
pyrene (PY), and benz[b]
fluoranthene

Ethylenediamine-
tetraacetic acid
(EDTA)–copper
wastewater

Electrochemical
performance of
ultrasound integrated
with an
electrodeposition
technique for the
reclamation of
wastewater

The ultrasound C
electrodeposition
technique could
effectively remove copper
(95.6%, w/w) and
decompose the EDTA
(84% COD removal) from
the wastewater containing
EDTA–copper complex
compounds under certain
operational control

[42]

Ammonia-
contaminated
simulated
wastewater from
strippers at
petroleum
refinery

High ultrasound
frequency sonication
at 2.4 and 1.7 MHz
conducted to study
the effect on removal
of ammonia

Sonication could remove
ammonia with 5%
concentration to meet the
local standard of treated
wastewater within less
than 2 h for 0.080 L
solution

[43]

Nitrobenzene (NB)
in wastewater

Removal of NB by slag
containing titania
under ultrasound
irradiation

Slag titania removed NB
catalytically under
sonication with 18 g L�1

high titania slag, and
removal efficiency of NB
could reach 100% alter
140 min under 45 kHz
ultrasonic irradiation

[44]

(continued)
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Table 7.2 (continued)

Contaminant(s) Degradation conditions Degradation performance Reference

Phenol in wastewater Ultrasound alone and
with ultrasound
associated with
electrolysis

With a 20 kHz sonication, the
electrochemical oxidation
of phenol in NaCl media
allows the conversion of
75% of initial phenol
within 10 min of
treatment

[45]

At 500 kHz a conversion of
95% of the initial phenol
was obtained within the
same treatment time, and
final products of
degradation were acetic
and chloroacrylic acids

4-Chlorophenol, 2,4-
dichlorophenol,
[aryl-2H3]2,4-
dichlorophenol,
4-chloro-3,5-
dimethylphenol,
4-fluorophenol,
2,4,6-
trinitrotoluene,
2-amino-4,6-
dinitrotoluene
and 4-amino-2,6-
dinitrotoluene in
dilute aqueous
solution

Ultrasonic
mineralization
studied as functions
of substrate structure
and concentration,
bulk phase
temperature, pH, and
the presence of
co-solutes such as
detergents and
humic acids

All substrates were found to
degrade sonochemically,
as evidenced by the
release of Cl� and NO3

�,
respectively

[46]

Chloride release from
chlorophenols was
approximately
proportional to substrate
total chlorine content,
irrespective of structural
differences, and reached
80% of the theoretical
limit. Fluoride release
from 4-fluorophenol was
ca. tenfold lower than that
of chloride from
4-chlorophenol

2,4-Dibromophenol
in aqueous
solutions

Combined effect of
sonication and MW
in a new flow reactor

Complete degradation within
6 h, at which time organic
compounds were no
longer detectable

[47]

Degradation of
2,4-dibromophenol
(0.1 g L–1 in water)
by Fenton’s reagent

Even if no Fenton’s reagent
was added, about 50% of
2,4-dibromophenol was
degraded after 3 h
irradiation

frequency of 2.45 GHz corresponding to a wavelength of 12.2 cm and energy of
1.02 � 10�5 eV [48]. Microwaves can be reflected, transmitted, and/or absorbed.
The absorbed MW energy is converted into heat within the material, resulting in an
increase in temperature. Gases, liquids, and solids can interact with microwaves and
be heated. Under certain conditions, gases can be excited by microwaves to form
plasmas that also can be useful for processing.
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An important characteristic of microwave heating is the phenomenon of
“hotspot” formation, whereby regions of very high temperature form due to
nonuniform heating [49]. This thermal instability arises because of the nonlinear
dependence of the electromagnetic and thermal properties of the material on
temperature [50]. The formation of standing waves within the microwave cavity
results in some regions being exposed to higher energy than others. This results
in an increased rate of heating in these higher energy areas due to the nonlinear
dependence. Cavity design is an important factor in the control, or the utilization of
this hotspot phenomenon.

Their absorption may be increased by adding absorbing constituents (e.g.,
silicon carbide, carbon, and organic binders), altering their microstructures and
defect structures, changing their form (e.g., bulk vs. powder), or changing the
frequency of the incident radiation. The latter often is not feasible due to the
relative unavailability of equipment. Fortunately, absorption of poorly absorbing
ceramics also can be improved by increasing their temperatures. This phenomenon
has led to the development of hybrid heating, where the ceramics are heated initially
using conventional methods. Hybrid heating can be achieved either by using an
independent heat source, such as a gas or electric furnace in combination with
microwaves, or through the use of an external susceptor that couples with the
microwaves. In the latter, the material is exposed simultaneously to microwave
energy and radiant conventional heat produced by the susceptor. Microwaves can
be absorbed by ceramics either through polarization or conduction processes.
Polarization involves short-range displacement of charge through formation and
rotation of electric dipoles (or magnetic dipoles, if present). Conduction requires
long-range (compared to rotation) transport of charge. Both processes give rise to
absorption losses in certain frequency ranges.

7.4.2 Applications and Merits of Microwave Irradiation

Microwave energy has been widely used in several domestic, industrial, and medical
applications such as food sterilization, organic/inorganic syntheses, polymerization,
dehydration, analyses and extraction, and biological destruction [51]. The potential
applications of microwave energy as remedial alternatives for various types of
wastes and diverse contamination of soils, sludge, or wastewaters have also been
growing field of research during the last decade [52]. The application of microwave
energy has proven to be superior to the use of conventional heating on accelerating
rates of biochemical/chemical reactions, improving yields, selectively activating
or suppressing reaction pathways [51], allowing for greater control of the heat-
ing or drying process and reducing equipment size and wastes, and environmental
remediation.
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7.5 Organic Contaminants in Water and Wastewaters

Wastewaters are waterborne solids and liquids discharged into sewers that represent
the wastes of community life [53] and a variety of industrial and manufacturing
processes. Wastewater includes dissolved and suspended organic solids, which are
normally biologically decomposable to some extent.

7.5.1 Wastewater Categories

Two general categories of wastewaters, not entirely separable, are recognized:
domestic and industrial. Wastewater treatment is a process in which the solids
and contaminants in wastewater are partially removed and partially changed by
decomposition from highly complex, putrescible, organic solids to mineral or
relatively stable organic solids [53]. Wastewater generally contains a high load of
oxygen-demanding wastes, pathogenic or disease-causing agents, organic materi-
als, nutrients that stimulate plant growth, inorganic chemicals, and minerals and
sediments. It may also contain toxic compounds. The most commonly detected
organic pollutants in wastewater are dyes, pesticides, herbicides, xenobiotics,
pharmaceuticals and personal care products, PAHs, PCBs, and other persistent
organic pollutants. These are discussed in more detail in the following sections.

7.5.2 Organic Pollutants Discharges

Chemical inputs of organic pollutants to rivers, lakes, and oceans originate either
from point or nonpoint sources. Point sources include effluent pipes from municipal
sewage treatment plants and factories. Pollutant discharges from such sources tend
to be continuous, with little variability over time, and often they can be monitored
by measuring discharge [5] and chemical concentrations periodically at a single
place. Consequently, point sources are relatively simple to monitor and regulate,
and can often be controlled by treatment at the source. Nonpoint inputs can also
be continuous, but are more often intermittent and linked to seasonal agricultural
activity such as planting and plowing or irregular events such as heavy rains or major
construction. Nonpoint inputs often arise from various activities across extensive
stretches of the landscape, and materials enter receiving waters as overland flow,
underground seepage, or through the atmosphere. Consequently, nonpoint sources
are difficult to measure and control [5]. Data in Table 7.3 and the discussions
below trace down the main categories of organic pollutants detected in water and
wastewaters.



186 A. Mudhoo

Table 7.3 Organic pollutants detected in contaminated waters and wastewaters

Pollutant(s) Contaminated media Reference

Textile dye Acid Blue 25 Textile wastewater [54]
Methylene blue, red basic dye,

blue basic dye,
nonylphenol, and
octylphenol

Synthetic contaminated aqueous
solutions

[55]

Vat Green 01 Textile wastewater [56]
C.I. Acid Red 14 (AR14) Synthetic solutions in batch mode

testing
[57]

Malachite green Synthetic aqueous solutions [58]
PAHs Urban lakes, water, sediment and soil in

drinking water resource, sediments
in marshes, river water, subsurface
water samples

[59–61]

PCBs, polybrominated
diphenyl ethers (PBDEs)

Water and sediments from estuaries,
municipal sewage treatment plant
effluents, river water, subsurface
water samples, air and seawater,
soils

[62–65]

Pharmaceuticals and personal
care products (PPCPs)

River waters, sewage treatment plant
effluents

[66]

Dioxins and furans (PCDD/Fs) Soils/water in natural park in urban sites
Organochlorine and

organophosphate pesticides
River waters, sediments in rivers, soils,

ground water
[67–69]

Dichlorodiphenyltrichloroethane
(DDTs)

Wastewater [64]

Estrogens, progestogens, and
polar pesticides

Sewage treatment plant effluents [66]

Agricultural pesticides and
herbicides (atrazine,
alachlor, trifluralin,
metazachlor, metamitron
and sulcotrione)

Surface water and groundwater,
rainwater

[70–76]

Pharmaceuticals, personal care
products, antibiotics

Wastewater streams, surface waters [77–82]

Hormones Wastewater streams, surface waters [83–87]
Petroleums Wastewater streams, surface waters [88–91]

7.5.2.1 Dyes

Wastewaters from the textile industry is a complex mixture of many polluting sub-
stances ranging from residual dyestuffs to heavy metals associated with the dyeing
and printing process [92, 93]. More than 110,000 commercially available dyes are
known [94]. Furthermore, the color and chemical composition of textile effluents are
usually subject to daily and seasonal variations dictated by the production routine.
The presence of even trace concentrations of dyes in effluent is highly visible and
undesirable [95]. The release of colored wastewater in the ecosystem is a remarkable
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source of esthetic pollution, eutrophication, and disruptions in aquatic life. Dye
effluent usually contains chemicals, including dye itself, that are toxic, carcinogenic,
mutagenic, or teratogenic to various microbiological and fish species [96].

It has been estimated that more than 10% of the total dyestuff used in dyeing
processes is released into the environment [97]. Azo dyes are the largest group of
dyes used in textile industry [98] constituting 60–70% of all dyestuff produced [99].
They have one or more azo groups (R1–NDN–R2) having aromatic rings mostly
substituted by sulfonate groups. These complex aromatic substituted structures
make conjugated system and are responsible for intense color, high water solubility,
and resistance to degradation of azo dyes under natural conditions [100]. Various
chemical and physical processes such as precipitation, adsorption, air stripping,
flocculation, reverse osmosis, and ultrafiltration can be used for color removal from
textile effluents [101]. However, these techniques are nondestructive, since they
only transfer the nonbiodegradable matter into sludge, giving rise to new type of
pollution, which needs further treatment [102, 103].

7.5.2.2 Xenobiotics

The term “xenobiotic” has a range of meanings and implications revolving around
the chemical industry, its products and by-products [104]. Xenobiotics in the strict
sense of the word are defined as man-made molecules, foreign to life, and should
have never been encountered by bacterial populations before their introduction
by man. Examples are polychlorinated biphenyls (PCBs), PAHs, and various
pesticides. In this respect, a more wide-ranging definition of xenobiotics includes
“all compounds that are released in any compartment of the environment by the
action of man and thereby occur in a concentration that is higher than natural” [105].

Many synthetic organic chemicals (e.g., organochlorines, organophosphates,
PAHs, and organometals) are of growing environmental concern, because of their
high toxicity and high persistence in the environment and in biological systems
[106]. Furthermore, the high lipophilicity of many of these xenobiotics greatly
enhances their bioconcentration/biomagnification, thereby posing potential health
hazards on predators at higher trophic levels (including human beings) [106].
Persistent xenobiotic compounds have been found in every part of the ocean:
from arctic to antarctic, and from intertidal to abyssal [106]. Most xenobiotic
compounds occur only at very low concentrations in the environment, and their
threats to marine life and public health may be detected. However, sublethal effects
of these compounds over long-term exposure may cause significant damage to
marine populations through the impairment in reproduction functions of animals
while others may be carcinogenic, mutagenic, or teratogenic [106].

PAHs are a class of organic compounds that have accumulated in the natural
environment mainly as a result of anthropogenic activities such as the combustion
of fossil fuels [107, 108]. The increasing use of fossil fuels and their combustion
products by human beings during the past two centuries raises several questions
about PAHs hazards for living organisms. Since most PAHs are highly hydrophobic
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[109], their pathways of transfer through geological and biological media are not
well understood. Also, explicit correlations between PAH sources and carcinogenic
effects have been reported only for intense exposure to PAHs. Polychlorinated
dibenzodioxins and polychlorinated dibenzofurans (dioxins) consist of 210 different
compounds that have similar chemical properties [110]. This class of compounds
is persistent, toxic, and bioaccumulative. They are generated as by-products during
incomplete combustion of chlorine containing wastes such as municipal solid waste,
sewage sludge, and hospital and hazardous wastes [110]. PCBs were widely used
in the past and now contaminate many industrial and natural areas.

According to the United States Environmental Protection Agency, the term
“pesticide” is a broad nonspecific term covering a large number of substances
including, insecticides, herbicides, and fungicides, “though often misunderstood
to refer only to insecticides.” Chemical pesticides have consistently demonstrated
their merit by increasing the global agricultural productivity [111], reducing insect-
borne, endemic diseases and protecting plantations, forests, and harvested wood
[112]. As of date, pesticides are more valued in developing countries, particularly
those in tropical regions seeking to enter the global economy by providing off-
season fresh fruits and vegetables to countries in more temperate climates [111].
However, the continuous use of pesticides has caused severe irreversible damage
to the environment, caused human ill-health, negatively impacted on agricultural
production, and reduced agricultural sustainability [113].

7.5.2.3 Pharmaceuticals

The term “pharmaceutical” covers a wide-ranging class of compounds with substan-
tial variability in structures, function, behavior, and activity [114]. Pharmaceutical
compounds and their metabolites are emerging contaminants that have been fre-
quently detected at low levels in environmental samples [110, 115], biota, and
human tissues. The persistence of pharmaceutical contaminants in the environment
has been attributed to human consumption of drugs (not including natural and
synthetic hormones) and subsequent discharges from sewage treatment plants, as
well as veterinary use of drugs, and nonpoint discharges from agricultural runoff
[15]. The use of some pesticides may have experienced a fall in recent years as
new laws have been introduced to minimize their use [116], but even if they should
prove problematic, pharmaceuticals are unlikely to be restricted in this way, due
to their beneficial human health effects and economic importance [117]. Indeed,
their use is expected to grow with the increasing average age of the population
[118], and consequently, they and their metabolites are much likely to be detected in
the environment [119]. Drugs may be degraded during sewage treatment processes
[117] but many pharmaceuticals are not thermally stable [120] and so may be
expected to break down during processes such as composting due to microbial heat
generated during the process.

Medicinal compounds are generally excreted after being partially or completely
converted to water-soluble metabolites [121, 122] but a significant amount of the
original substance may also be excreted unchanged [123]. This has previously
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been regarded as inconsequential because of the dilution received in the sewerage
system. However, recent studies on pharmaceutical residues (primarily in Germany)
have demonstrated that elimination of high to medium polar pharmaceuticals in
municipal STPs is often incomplete, ranging between 60% and 90% [124, 125].
One of the most comprehensive studies of this type was performed by Kolpin et al.
[115] who chronicled the detection of over 95 organic chemicals in US streams
and rivers.

7.5.2.4 Hormones

During recent years, estrogenic compounds such as nonylphenol, octylphenol,
nonylphenol polyethoxylates, dihydrofolliculin (ˇ-estradiol), estrone, estriol, and
ethynylestradiol (˛-estradiol) have increasingly been found in treated domestic
wastewater effluents [126]. These estrogenic compounds are of great concern
because of their potential in altering the normal endocrine function and physio-
logical status of animals and humans [127]. Natural estrogens line ˇ-estradiol and
˛-estradiol are excreted by both humans and animals [128]. Many of these known
estrogenic compounds end up in the aquatic environment via sewage, the discharge
of municipal and/or industrial effluents, and agricultural runoff. Chang et al. [129]
monitored five estrogens, nine androgens, nine progestogens, six glucocorticoids,
and one mineralocorticoid in samples from urban rivers. Androgens were the
dominant steroids detected (total concentrations up to 480 ng/L), followed by
glucocorticoids (up to 52 ng/L), progestogens (up to 50 ng/L), and estrogens (up to
9.8 ng/L). The summed concentration for each class of detected hormones in the 13
discharging site samples was higher than that in river samples, up to 1,887 ng/L for
androgens, 390 ng/L for glucocorticoids, 75 ng/L for progestogens, and 25 ng/L for
estrogens. Chang et al. [129] found that 62.7% of the mean summed hormones were
contributed by freshly discharged untreated sewage, 29.4% by treated sewage and/or
naturally attenuated untreated sewage, and 7.9% by an unknown source, possibly
pharmaceutical manufacturing plants.

7.5.2.5 Petroleums

Total petroleum hydrocarbons (TPH) describe a broad family of several hundred
chemical compounds that originally come from crude oil. Crude oils can vary
depending on their chemical constituents, and so can the petroleum products that
are made from crude oils. Because modern society uses so many petroleum-based
products (gasoline, kerosene, fuel oil, mineral oil, and asphalt), contamination of the
environment by them is potentially widespread. Contamination caused by petroleum
products contains a variety of these hydrocarbons. Because they are found in a
complex mixture, it is not usually practical to measure each one individually and
treat them separately with complete remediation.
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7.6 Microwave-Assisted Degradation Processes
for Organic Pollutants

Microwave power has been applied widely in the remediation of contaminated
soils, treatment of wastes, oil and water separation, reduction of nitrogen oxides
and sulfur dioxide, polymer synthesis, organic reactions, and regeneration of
activated carbon. Up to now, two main pathways of using microwave energy as an
emerging technology for the treatment of organic pollutants’ contaminated waters
and wastewaters have been adopted. The first one is that the contaminants are
adsorbed on the surfaces of carbonaceous material or soil from aqueous media,
which then is irradiated by microwave and the adsorbed pollutants are decomposed
simultaneously. The second approach is that the effluent is irradiated directly by
microwave and contaminants are degraded in the aqueous phase. The treatment of
industrial and municipal wastewaters is always among the most severe obstacles
faced by all countries.

Research carried out so far in this respect and with regard to the applicability
of microwave irradiation has shown that microwave technology may be effective
in treating wastewaters at the various stages of the treatment process, and hence
improving the degradation of a variety of organic pollutants. A survey of the
literature shows that there are three major types of research areas in the use of
microwave irradiation for the degradation of organic pollutants. These are stan-
dalone microwave-assisted degradation processes, combined microwave-assisted
degradation processes, and microwave-assisted catalytic degradation processes. In
stand-alone processes, the microwave irradiation is the only kind of treatment
conditions imposed on the contaminants. In the combined process (hybrid process),
microwave irradiation is coupled or performed in the presence of other degradation
processes like ozonation, electrokinetic remediation, advanced oxidation, ultra-
violet illumination, or sonolysis. In the microwave-assisted catalytic degradation
processes, the contaminants are degraded in the presence of a catalyst, either
hetereogeneous or homogeneous. Most of the studies in this category have reported
the use of hetereogeneous catalysts coupled with photocatalysis. Table 7.4 presents
the main results of a representative set of studies on the microwave-assisted
degradation of organic contaminants in wastewaters, synthetic effluents, and other
surface waters.

Other researchers have also reported some salient findings and inferences on the
advantages and possible mechanisms involved in the use of microwave irradiation
for organic pollutant degradation. Liu et al. [135, 136] concluded that adopting
microwave irradiation resulted in rapid degradation rates, low cost, no residual
intermediates, and no secondary pollution in actual application. In their work,
Zhihui et al. [137] analyzed the synergistic effects of several microwave-assisted
advanced oxidation processes (MW/AOPs) for the degradation of 4-chlorophenol
(4-CP). Their results showed that the synergistic effects between MW and H2O2,
UV/H2O2, TiO2 photocatalytic oxidation (PCO) resulted in a higher degradation
efficiency for 4-CP. All the more, Park et al. [138] found that the photocatalytic
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degradation of bromothymol blue increased with the TiO2 particle dosages and
microwave intensity in a microwave/UV/TiO2/ozone/H2O2 hybrid process system.
When an auxiliary oxidant such as ozone or hydrogen peroxide was added to the
microwave-assisted photocatalysis, however, a synergetic effect that enhanced the
reaction rate considerably was equally observed.

With respect to the proposed mechanisms of microwave-mediated contaminant
degradation, Horikoshi et al. [139] have indicated that a greater efficacy of
aqueous TiO2 dispersions using an integrated microwave/UV-illumination technique
appeared to be the result of enhanced formation of reactive oxygen species (•OH
radicals), and due to the activity of bulk water or the TiO2 particle surface. In
their work on the microwave-assisted photocatalysis of atrazine on TiO2 nanotubes,
Gao et al. [140] indicated that atrazine had been completely degraded in 5 min and
the mineralization efficiency was up to 98.5% in 20 min. Gao et al. [140] equally
attributed this enhanced degradation performance to the intense UV radiation gen-
erated by electrodeless discharge lamps under microwave irradiation, the increased
number of •OH, additional defect sites on TiO2 under the irradiation of microwave,
and larger specific surface area of TiO2 nanotubes which could adsorb more organic
substances to degrade than TiO2 nanoparticles.

7.7 Conclusions

This chapter has been synthesized after over 400 research papers were read through
and scrutinized. The first sections of this chapter have discussed the environmental
issues and concerns that are occasioned in a cascade of impacts through the con-
tamination of water bodies and wastewaters by a wide variety of organic pollutants
(xenobiotics, hormones, and petroleums). The subsequent sections have presented
the findings of several research studies on the application of microwave irradiation in
assisting the degradation and detoxification of a number of these organic pollutants
in contaminated waters. The major inferences come out to be that microwave-
assisted degradation of organic pollutants seems to achieve a relatively cleaner,
faster, and almost complete degradation of many organic pollutants. In this regard,
microwave power demonstrates an initial promising momentum for further applied
research in upscaling the application of microwave power for organic pollutant
remediation.
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Chapter 8
Direct Flocculation Process for Wastewater
Treatment

Mei Fong Chong

Notations

Ap, Am, As Hamaker constant of the solids, solvent and polymer respectively, J
am Effective monomer size, nm
bR Fitting parameter in Eq. 8.10, dimensionless
CL Aggregate structure prefactor, dimensionless
dam Arithmetic mean floc diameter, �m
dF Fractal dimension, dimensionless
di Arithmetic mean diameter of flocs in size class i , �m
D Impeller diameter, m
Dsc Scaling length, nm
e Elementary charge, C
Ef Fluid collection efficiency of an aggregate, dimensionless
G Global average fluid velocity gradient or shear rate, s�1

ho Minimum separation distance between particle surfaces, nm
H.x;y/ Unretarded geometric functions, dimensionless
K Debye-Hückel parameter, J/m3C
KB Boltzmann constant, J/K
mi Salt concentration, mol/m3

n Number concentration of particles or aggregates, m�3

N Rotational speed, rpm
NAV Avogadro’s number, mol�1
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Ni Number concentration of particles or aggregates in section i , m�3

NP Power number of impeller, W
rci , rcj Floc collision radius, �m
ri Particle radius at size class i , �m
ro Composite radius of a particle with adsorbed polymer layers, �m
roi , roj Primary particles radii, �m
r Mass mean aggregate radius, �m
s Distance between particles centers, nm
S Specific rate constant of fragmentation, s�1

t Flocculation time, s
T Suspension temperature, K
v, u Particle or aggregate volumes, m3

V Volume of the suspension, J
VT Net interaction energy between two primary particles, J
Vedl Electrical double layer repulsion, J
Vs Energy of steric repulsion or bridging attraction, J
Vvdw Van der Waals energy, J
zc Valence of counterion, dimensionless
zi Valence of electrolyte ions, dimensionless

Greek Letters

˛ Collision efficiency factor, dimensionless
˛Sc Numerical constant, dimensionless
ˇ Collision frequency factor, m3/s
� Breakage distribution function, dimensionless
"o, "r Dielectric constant of a vacuum and the solvent, C/mV
" Average turbulent energy dissipation rate, m2/s3

� Density of the suspension, kg/m3

�p Particle density, kg/m3

� Fluid dynamic viscosity, kg/ms
v Kinematic viscosity, m2/s
	i Floc volume fraction in size class i , dimensionless
ı Adsorbed polymer layer thickness, nm
�R Characteristic wavelength of interaction, nm
 oi ,  oj Surface potential, mV

 Total amount of polymer adsorbed on a single surface

o Adsorbed amount at saturation
ˆso Polymer volume fraction at a single saturated surface, dimensionless
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8.1 Introduction

Chemical treatment is one of the most utilized treatment methods in any water and
wastewater treatment process. Chemical treatment, often being termed as primary
treatment, involves a process of coagulation and flocculation. In this process, the
colloidal particles brought about are destabilized while the soluble constituents are
precipitated, both into microflocs by the addition of a chemical reagent called as
coagulant. This is then followed by flocculation where the destabilized particles
agglomerate and form bulky floccules, which can be settled, called flocs. The
addition of another reagent called flocculant or a coagulant aid may promote
the formation of the flocs [1]. The aim of applying coagulation and flocculation
treatment is generally to remove the colloidal matters such as suspended solids
present in the wastewater.

The most common coagulants used are hydrolyzable metal cations such as lime,
aluminum sulfate (alum), ferric chloride, and ferrous sulfate whereas polymers are
employed as flocculants. These coagulants and flocculants are employed extensively
in water and wastewater treatment [2–4]. Although inorganic coagulants are inex-
pensive and readily available, their usage requires high chemical cost due to high
dosage. It also generates excessive volumes of phytotoxic sludge and cannot be
readily disposed. A large amount of caustic soda is needed to alter the solution pH
to achieve its isoelectric point and coupling with flocculation is needed to improve
the efficiency [5].

The flocculants of organic macromolecules polymers offer significant advantages
in coagulation-flocculation process. The concentrations needed are only a few
milligrams per liter and they generate small quantity of nonhazardous sludge for
easy disposal. On a price-per-weight basis, they are much more expensive than
inorganic coagulants, but overall operating cost is lower because of a reduced
dosage, elimination of pH-adjusting chemicals, and reduced sludge disposal costs
due to lower sludge volumes [6].

With the wide availability of flocculants or more precisely polyelectrolytes
at variety of type, charge density, and molecular size, complete elimination of
coagulation by using direct flocculation is gaining its popularity and importance.
The major reasons to its gaining application are its biodegradability, simplicity,
and it is also inexpensive. This chapter provides some useful information on
direct flocculation which consists of the detailed description on the basic principle
of flocculation, the difference between conventional coagulation-flocculation and
direct flocculation, process modeling and simulation for flocculation process based
on Population Balance Model (PBM), type of flocculants and their applications,
industrial applications of direct flocculation, and finally, a special case study on the
adsorption-flocculation for boron removal from wastewater.
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8.2 Basic Principle of Flocculation

Coagulation and flocculation are often used interchangeably and ambiguously, as in
reality most coagulants often enable the formation of agglomerates by bridging and
thus helping to flocculate. At the same time, the cationic or anionic charge carried
by the flocculants will simultaneously destabilize the colloidal particles and bridge
them together. However, in this chapter, the terms coagulation and flocculation carry
distinguish meanings as:

1. Coagulation is the process of destabilization of colloidal particles brought about
or precipitation of soluble constituents as complex metal hydroxide by the
addition of a chemical reagent called as coagulant which is mostly metal salts,
e.g., alum, ferric chloride, and polyaluminum chloride (PAC). The destabilization
of colloidal particles takes place when the DLVO (Derjaguin, Landau, Verwey,
and Overbeek) energy barrier is effectively eliminated thus lowering the energy
barrier.

2. Flocculation is defined as the agglomeration of destabilized particles due to
bridging, by the addition of long chains polymers called flocculants, when they
are driven toward each other by hydraulic shear forces in the rapid mix, into
bulky, visible floccules which can be settled as flocs.

8.2.1 Stabilized Colloidal Suspensions

The agglomeration of destabilized colloidal suspensions by polymer flocculants,
which undergo an irreversible process controlled by hydrodynamic and physic-
ochemical conditions, is gaining its popularity in terms of scientific interest and
industrial importance [7]. The understanding of the mechanisms of flocculation is
the key to successful treatment performance while successful flocculation should
start with the understanding of the type of contaminants/constituents present in
the wastewater. Industrial wastewater treatment experts always relate flocculation
process to water clarification as a means of suspended solids removal or turbidity
reduction. In other words, the contaminants/constituents present in the wastewater
must be in the form of stabilized insoluble colloidal suspension so that effective floc-
culation can be initialized. Contaminants in soluble form should be preconditioned
into precipitated microflocs by means of coagulation and pH adjustment prior to
flocculation.

The insoluble stabilized colloidal suspensions especially range from 0.01 to 5�m
in size, which contributing to water turbidity, pose great challenge in wastewater
treatment due to their unsettle-ability. The stability of the colloidal suspensions is
strongly influenced by their electrokinetic or simply surface charge, which in nature
is usually negative. The surface charge, as shown in Fig. 8.1, causes the adjacent
particles to repel each other and as a result, they tend to remain discrete, dispersed,
and in suspension [6].
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Fig. 8.1 (a) Stabilized particles which repel each other due to the surface charge. (b) Uncharged
particles which tend to agglomerate during collisions (Reprinted from [6]. With kind permission
of © Zeta-Meter Inc)

The tendency of the colloids to destabilize from their stabilized form is dependent
on the balance between two opposing forces of electrostatic repulsion and van der
Waals attraction. The classical DLVO theory [8, 9] stated that the net interaction
energy of the colloids is equal to the sum of van der Waals attraction and electrical
double layer repulsion. The net interaction can be attractive or repulsive depending
on the distance between the colloidal particles and if it falls at the repulsive section,
then the region is called the energy barrier as shown in Fig. 8.2. In order to
agglomerate, the energy barrier has to be lowered or completely removed so that
the net interaction energy is always attractive.
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Fig. 8.2 Representation of DLVO theory (Reprinted from [10]. With kind permission of
© Elsevier)

8.2.2 Mechanisms for Flocculation

The generally accepted mechanisms for flocculation are charge neutralization,
charge patch neutralization, and bridging [11]. More than one mechanism may
operate at the same time depending on the nature of the particle surface and the
polymer conformation at the solid-liquid interface. The dominant mechanism during
flocculation can be possibly identified from the rate of flocculation as the rate of
flocculation by bridging is several orders of magnitude higher than that by either
charge-patch neutralization or simple charge neutralization. The rate obtained from
charge patch neutralization is about two to three times greater than that by simple
charge neutralization [12].

Bridging flocculation takes place when the polymer with long chains adsorbs
onto the surface of the colloidal particles following several elementary processes
which occur simultaneously under turbulent flow as schematically illustrated in
Fig. 8.3, which are [7]:

1. Dilution of the flocculation into homogeneous solution.
2. Collision between colloidal particles.
3. Transportation of polymer flocculant toward the surface of colloidal particles.
4. Reconformation of adsorbed polymer on the surface of colloidal particles.
5. Formation of a bond (or bridge) between colloidal particles.
6. Rearrangement and breakup of the structure of a floc.
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Fig. 8.3 Schematic diagram of adsorbing polymer on colloidal particles (Reprinted from [7]. With
kind permission of © Elsevier)

Depending on the affinity of the polymer to the surface, polymer chains can
have any one or a combination of the three conformations: trains or thin layers
(starched flat on the surface), loops or coils, and dangling tails that are starched into
the solution, at some angle to the surface [13, 14]. Figure 8.4 shows a schematic
representation of the three different polymer conformations at the solid–liquid
interface.

When the long chains polymer adsorbing on the colloidal particles conveys a
charge, especially in most of the occasions where polyelectrolyte is used, the factor
of charge neutralization must be considered. Only simple charge neutralization will
be considered in this chapter and it often applies to cationic polymer besides the
typical inorganic coagulants due to the opposite surface charge of the colloidal
particles. Charge neutralization is simply lowering the DLVO energy barrier when
a positively charged polymer adsorbs onto the surface of the colloidal particles. The
positively charged coating neutralizes the negative charge of the colloidal particles,
resulting in a near isoelectric point or zero net interaction energy.

8.3 Coagulation-Flocculation Versus Direct Flocculation

The conventional chemical pretreatment for wastewater often involves coagulation-
flocculation process where inorganic coagulants (metal salts) are first added into
the system to alter the physical state of dissolved and suspended solids to obtain
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Fig. 8.4 Schematic representation of the three different polymer conformations at the solid–liquid
interface. (a) thin layers, (b) coils, and (c) trains, loops, and tails. ıC is adsorbed layer thickness
(Reprinted from [15]. With kind permission of © Elsevier)

complex precipitates of metal hydroxides at the desired pH to facilitate sedimen-
tation. This is followed by the addition of flocculants or often being termed as
coagulant aids to enhance the treatment efficiency and sedimentation rate by the
mechanical bringing of the microflocs into visible, dense, and rapid settling flocs. In
this case, long chains nonionic or anionic polymers are usually used and the major
flocculation mechanism involved is bridging.

The direct flocculation (i.e., without addition of coagulants) using cationic
and/or anionic polymers offers the possibility to completely replace the inorganic
coagulants with water-soluble organic polymers in chemical pretreatment under a
constant applied shear. The direct flocculation process can be classified into the
single and dual polymer systems. The single polymer system utilizes the medium
charge density with high molecular weight cationic polymer. The cationic polymer
serves as double acting polymer by first neutralizing the negative charge of the
particles (charge neutralization) and then visible flocs formation by bridging. The
dual polymer system is employed when the single polymer system failed to achieve
the desired flocculation. In this system, the cationic polymer is first added for charge
neutralization and bridging. The bridging-type long chain anionic polymer is then
added to further enhance the bridging effects by mechanically bridging the flocs into
larger and rapid settling flocs.

Although direct flocculation can be used to completely replace the inorganic
coagulants without the need of pH alteration and with less sludge generation, which
eventually lead to lower operational cost; the conventional coagulation-flocculation
process still remains for its attractiveness especially for the wastewater with
dissolved inorganic constituents which can only be precipitated as metal hydroxide
at the present of suitable coagulants. Thus, the selection between conventional
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coagulation-flocculation and direct flocculation is highly depending on the type
of wastewater and the understanding of the mechanism of flocculation is also
important to ensure successful treatment. Table 8.1 provides a brief overview on
the differences between coagulation-flocculation and direct flocculation which is
useful as a preliminary selection guideline between the two processes.

In this following section, the pretreatment of palm oil mill effluent (POME)
by using conventional coagulation-flocculation and direct flocculation is analyzed
as a case study to evaluate their differences. The direct flocculation of single and
dual polymer systems are also discussed to provide further insight on how dual
polymer system can improve the treatment efficiency of the single polymer system.
A preliminary cost analysis was also conducted to give a direct cost comparison
between the two systems.

8.3.1 Coagulation-Flocculation for POME Pretreatment

POME is a colloidal suspension of 95–96% water, 0.6–0.7% oil, and 4–5% total
solids including 2–4% suspended solids originating from the mixture of a sterilizer
condensate, separator sludge, and hydrocyclone wastewater [36]. In the coagulation-
flocculation for POME pretreatment, alum (Envifloc 40L) and flocculant (Envifloc
20S), obtained from Envilab Sdn. Bhd., Malaysia, were used throughout the study
conducted by Ahmad et al. [16].

The coagulation results obtained from Ahmad et al. [16], which were plotted
in Fig. 8.5, shows that water recovery and the supernatant turbidity decreased at
the increasing pH from 4.5 to 9 when a constant coagulant dosage of 15,000 mg/L
was used. It is interesting to note that even though minimum turbidity value of the
supernatant at pH 9 was found, higher volume of sludge was generated due to the
weak flocs formation which led to the poor sedimentation and water recovery. This
indicates that further flocculation was required to enhance dense flocs formation for
improved sedimentation and water recovery.

Figure 8.6 depicts the effects of flocculant dosage on the coagulated POME
with the alum dosage of 15,000 mg/L at the pH of 6.5. The results show that the
flocculation enhanced the treatment efficiency by increasing the water recovery with
at least 10%. However, the water recovery and turbidity had a slight decrease with
an increasing flocculant dosage.

8.3.2 Direct Flocculation for POME Pretreatment

In the study of the direct flocculation process for POME pretreatment, the perfor-
mance of different type of cationic and anionic polymers at different dosage was
evaluated based on the selected operating parameters of temperature, stirring speed,
and stirring time. The efficiency of the direct flocculation process was evaluated
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Table 8.1 Differences between coagulation-flocculation and direct flocculation

Process Coagulation-flocculation Direct flocculation

Ability Able to remove highly soluble
solids and metals from the
wastewater besides the
insoluble portion

Able to remove the suspended and
stabilized colloidal particles. It is
only suitable when the removal of
the soluble portion is not the major
concern

Type of
wastewater

More suitable for inorganic
wastewater, e.g., wastewater
from semiconductor, metal
plating, mining industries,
though it is also applicable to
organic based wastewater. Also
suitable for portable water
treatment where the water
source can be from river or
underground basins

Only suitable for organic-based
wastewater with considerate
suspended solids concentration,
e.g., food, paper, and pulp,
dyestuff, slaughtering house

Type of
chemicals for
the initial
stage

Addition of coagulants (metal
salts) to precipitate the
dissolved constituents into
complex metal hydroxide and
to neutralize the surface charge
of the suspended particles.
Relatively weak flocs will form

Addition of flocculants (usually
cationic polymers depending on
the surface charge of the particles)
to neutralize the surface charge and
mechanical bridging of the
suspended particles. Strong and
dense flocs can be readily formed
at this stage

Type of chemical
for the
subsequent
stage

Addition of flocculants (usually
anionic polymers) for bringing
of the microflocs into visible,
dense, and rapid settling flocs

Sometimes (quite rare) it requires the
addition of opposite charge
polymers (usually anionic
polymers) to further enhance the
dense flocs formation by bridging

Other
requirements

Requires additional chemicals of
caustic and acid for pH
adjustment due to the acidic
behavior of the coagulants
added and the desired
isoelectric point for
precipitation

No requirement for pH adjustment due
to the near neutral behavior of the
flocculants and its dependant on
charge neutralization without
undergoing precipitation

Chemicals Inorganic, inexpensive (per weight
basis), and readily available

Organic, more expensive (per weight
basis) and readily available

Sludge generated Generates excessive volumes of
phytotoxic sludge and cannot
be readily disposed

Less sludge generation and readily for
disposal as the polymers are
organic in nature. However, it still
depends on the type of wastewater
treated

Overall treatment
cost

More expensive due to the high
dosage of coagulants and
phytotoxic sludge disposal at
excessive volume

Less expensive due to the low dosage
of flocculants and nontoxic sludge
disposal at small volume

Operation More complicated as it involves
more chemicals (coagulants
and flocculants), handling of
corrosive chemicals (acids and
caustics), and the need for an
exact pH adjustment

Easy as it usually involves only dosing
of one chemical (cationic polymer)
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Fig. 8.5 Effects of pH on the water recovery and supernatant turbidity for the coagulation of
POME (Reprinted from [16]. With kind permission of © Elsevier)
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Fig. 8.6 Effect of flocculant dosage to supernatant turbidity and water recovery (Reprinted from
[16]. With kind permission of © Elsevier)

based on the important responses in terms of suspended solids removal, chemical
oxygen demand (COD) removal, ratio of suspended solids concentration in the
filtrate to the supernatant, and water recovery. The study of these responses is
adequate to evaluate the overall performance of the direct flocculation process.
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Table 8.2 The supplier and price of cationic polymer

Type of cationic polymer Supplier Price* (RM/kg)

KP1200H Euro Chemo Pharma Sdn. Bhd. 19.80
Polyfloc KP9650 Dia-Chemical Sdn. Bhd. 13.50
KP7000 Euro Chemo Pharma Sdn. Bhd. 33.00
Envifloc 70KS Envilab Sdn. Bhd. 16.50
FO 4190SH Exotic Chemical Sdn. Bhd. 16.00

*The prices quoted as per private communications in 2004 are for reference only
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Fig. 8.7 Effect of cationic polymer dosage on (a) suspended solids removal and (b) COD removal
of POME for different type of cationic polymers

Other responses such as the removal of biological oxygen demand (BOD), and oil
and grease were not discussed in detail as the removal of BOD and oil and grease
showed a similar trend as the removal of COD and suspended solids, respectively.

8.3.2.1 Single Polymer System

In the single polymer system, only cationic polymer was added in the flocculation
process. Five types of cationic polymers (KP 1200H, Polyfloc KP 9650, KP 7000,
Envifloc 70KS, and FO 4190SH) as shown in Table 8.2 were evaluated. The
experiment was done on-site so that the experimental data were representative.
The performance of all the cationic polymers was evaluated at the dosage range of
100–600 mg/L while the other parameters of temperature (71ıC, the on-site tem-
perature) and pH (4.1, the on-site pH) remained constant. The POME was stirred at
150 rev/min for 1 min after the addition of cationic polymer.

Figure 8.7a shows the effect of dosage for the cationic polymers on the suspended
solids removal. For all the cationic polymers, the highest suspended solids removal
(>99.4%) with the concentration less than 100 mg/L was achieved at the dosage
of 300–600 mg/L. However, Envifloc 70KS gave poorer performance in terms of
suspended solids removal compared to other polymers. The COD removal as shown
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Fig. 8.8 Effect of cationic polymer dosage on (a) RF=S and (b) water recovery of POME for
different type of cationic polymers

in Fig. 8.7b was highest for all cationic polymers at the dosage of 300–600 mg/L
except for Polyfloc KP 9650. For Polyfloc KP 9650, the COD removal increased
as the dosage increased to 500 mg/L and slightly decreased at 600 mg/L. However,
the range of COD removal was small as it varied only from 53% to 61% for all the
cationic polymers.

The flocculation efficiency based on filtration study is measured in terms of the
water recovery and the ratio of suspended solids concentration in the filtrate to the
supernatant,RF=S. An efficient flocculation should have RF=S � 1. If RF=S > 1, this
indicates that some fine flocs have been carried over to the filtrate, the flocs obtained
are easy to break, and thus it is not suitable to be dewatered.

Figure 8.8a shows the effect of cationic polymers dosage on the RF=S value.
For all the polymers, the filtrate-suspended solids concentration at the dosage of
200 mg/L and below increased tremendously with RF=S from 6 to 61. The filtrate-
suspended solids concentration increased tremendously at all dosages for KP 1200H
and FO 4190SH. This indicates that flocs generated were soft, weak, easy to break,
and were not suitable for dewatering process. Thus, KP 1200H and FO 4190SH
were not suitable in this system. For Polyfloc KP 9650 and Envifloc 70KS, the RF=S

value at the dosage of 300 mg/L and above was close to unity (filtrate suspended
solids remained below 100 mg/L) and this indicates that flocs breakage did not occur
during filtration. This shows that the flocs were dense and therefore, suitable for
dewatering. Based on the observed results, the dosage of 300 mg/L was the optimum
dosage for the cationic polymer flocculation.

Figure 8.8b shows the water recovery for the cationic polymers at the dosage of
300 mg/L. Polyfloc KP 9650 gave the highest percentage of water recovery (56%)
at 10 s. The Envifloc 70KS and FO 4190SH achieved the maximum water recovery
of 56% after 60 s. This shows that Polyfloc KP 9650 had the best dewatering
capability followed by Envifloc 70KS. The FO 4190SH should not be considered
as it generated weak flocs as discussed in Fig. 8.8a. Between Polyfloc KP 9650 and
Envifloc 70KS, Polyfloc KP 9650 was chosen for the cationic polymer flocculation
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Table 8.3 The supplier and price of anionic polymer

Type of anionic polymer Supplier Price* (RM/kg)

AN 350M Euro Chemo Pharma Sdn. Bhd. 16.00
Polyfloc AP 8350 Dia-Chemical Sdn. Bhd. 12.70
Polyfloc AP 8300 Dia-Chemical Sdn. Bhd. 12.70

*The prices quoted as per private communications in 2004 are for reference only

system as it offered lower price. Though Polyfloc KP 9650 demonstrated the best
dewatering capability, the water recovery of 56% was still very low compared to
the desired water recovery of 75%. In addition, though the maximum suspended
solids removal of >99.4% with the concentration of <100 mg/L was achieved, the
performance was still poor compared to the desired suspended solids concentration
of <50 mg/L. Therefore, addition of anionic polymer flocculation was needed to
enhance the suspended solids removal and dewatering capability of the flocculation
system.

8.3.2.2 Dual Polymer System

In the dual polymer system, the cationic polymer was first added and followed
by anionic polymer to enhance the performance of flocculation process. The
flocculation of POME by using anionic polymer was aimed to achieve the suspended
solids concentration of less than 50 mg/L and water recovery of more that 75% to
meet the physical constraint of the subsequent treatments. The anionic polymers of
AN 350M, Polyfloc AP 8350, and Polyfloc AP 8300 as shown in Table 8.3 were
evaluated. This experiment was also done on-site so that the experimental data were
representative. The performance of the anionic polymers was evaluated at the dosage
range of 10–60 mg/L at the fixed parameters of cationic polymer dosage (300 mg/L),
cationic polymer type (Polyfloc KP9650), temperature (71ıC, on-site temperature),
and pH (4.1, on-site pH). The POME was stirred at 150 rev/min for 1 min after the
addition of cationic polymer and 50 rev/min for 1 min after the addition of anionic
polymer.

Figure 8.9a shows that the suspended solids removal increased when the anionic
polymer dosage increased. The suspended solids concentration of less than 50 mg/L
with the removal of more than 99.7% was achieved at the dosage of 50–60 mg/L for
AN 350M and Polyfloc AP 8350. Polyfloc AP 8300 showed the lowest performance
in terms of suspended solids removal and failed to achieve the desired concentration
of 50 mg/L for all the dosage. Figure 8.9b shows that the COD removal increased
when the anionic polymer dosage increased with the Polyfloc AP 8350; it also gave
the highest COD removal. However, the range of COD removal was small as it was
varied only from 53% to 61% for all the anionic polymers.

Figure 8.10a shows that the RF=S remained at the value close to unity for the
dosage of 50–60 mg/L. This indicates that the floc breakage during filtration at the
dosage of 50 mg/L and above was very minimal. It shows that, the floc formed
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Fig. 8.9 Effect of anionic polymer dosage on (a) suspended solids removal and (b) COD removal
of POME for different type of anionic polymers
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Fig. 8.10 Effect of anionic polymer dosage on (a) RF=S and (b) water recovery of POME for
different type of anionic polymers

was dense and suitable for the dewatering process. Based on these findings, the
anionic polymer dosage of 50 mg/L was recommended. Figure 8.10b shows the
water recovery of the anionic polymers at the dosage of 50 mg/L. Both AN 350M
and Polyfloc AP 8350 gave the highest water recovery with 78% achieved in just
10 s while Ployfloc AP 8300 gave poor water recovery. Based on the price of anionic
polymers shown in Table 8.3, the Polyfloc AP 8350 was cheaper than the AN 350M.
Therefore, the anionic polymer chosen was Polyfloc AP 8350.

8.3.3 Preliminary Cost Analysis

A preliminary cost analysis presented in Table 8.4 was carried out to evaluate
and compare the treatment costs between the direct flocculation of POME and
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Table 8.4 Comparison of the treatment costs between the direct flocculation of POME and the
conventional coagulation-flocculation process

Parameters Direct flocculation
Conventional
pretreatmenta

1st stage Type of coagulant/flocculant Cationic polymer Alum
Dosage of coagulant/flocculant 300 mg/L POME

treated
15,000 mg/L POME

treated
Unit cost of coagulant/flocculant RM 15.50/kg RM 1.00/kg
Total cost of coagulant/flocculant RM 4.65/m3 POME

treated
RM 15.00/m3

POME treated
2nd stage pH adjustment Not needed Needed
3rd stage Type of flocculant Anionic polymer Cationic polymer

Dosage of flocculant 50 mg/L POME
treated

300 mg/L POME
treated

Unit cost of flocculant RM 9.00/kg RM 11.00/kg
Total cost of flocculant RM 0.45/m3 POME

treated
RM 3.30/m3 POME

treated
Total treatment cost RM 5.10/m3 POME

treated
RM 18.30/m3

POME treated
Suspended solids removal 99.66% >99%
COD removal 55.79% >50%
Oil and grease removal 99.66% >99%
Water recovery 80.78% 78%

aThe literature data obtained from Ahmad et al. [16, 17]

the conventional coagulation-flocculation process [16, 17]. The cost estimates were
based on the current market price in Malaysia for all the materials as quoted by
suppliers. Based on the comparison of treatment efficiency between direct floccula-
tion and conventional pretreatment of POME in terms of water recovery, suspended
solids, COD, oil and grease removal, the direct flocculation showed comparable
treatment efficiency if it was not better. However, without even considering the
cost of chemical used in pH adjustment for the conventional pretreatment, the total
treatment cost of conventional pretreatment was 3.6 times higher than the total
treatment cost of direct flocculation. Therefore, direct flocculation was more cost
effective than the conventional pretreatment of POME.

8.4 Process Modeling and Simulation
for Flocculation Process

PBM of Smoluchowski [18] is commonly used for modeling aggregation phenom-
ena in colloidal suspensions. In the aggregation-fragmentation processes, fragmen-
tation is generally assumed to take place only due to fluid stress and not due to
collisions between different aggregates, though it is also possible. The incorporation
of both aggregation and fragmentation kinetics in the PBM is given by the following
partial integral-differential equation [18]:
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where n is the number concentration of particles or aggregates, v and u are particle
or aggregate volumes, t is flocculation time, ˛ is collision efficiency factor, ˇ is
collision frequency factor, S is the specific rate constant of fragmentation, and �
is breakage distribution function. The first term in the Eq. 8.1 accounts for loss
or disappearance of particles or aggregates of size v due to their interaction with
primary particles or aggregates belonging to all sizes. The second term represents
the growth of aggregates due to the interaction between primary particles and
aggregates belonging to smaller size classes. The third term accounts for the loss
of aggregation due to fragmentation while the last term represents generation
of primary particles or smaller aggregates due to breakage or erosion of larger
aggregates.

Equation 8.1 is a stochastic model. It is necessary to employ numerical solution
after discretizing the equation with respect to size into a set of nonlinear ordinary
differential equation (ODE). Based on the geometric discretization techniques
[19], the rate of change of particle or aggregate number concentration during the
simultaneous aggregation and fragmentation is given by the following discretized
and lumped PBM:
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where Ni is number concentration of particles or aggregates in section i , max1
is maximum number of sections used to represent the complete aggregate size
spectrum, and max2 corresponds to the largest section from which flocs in the
current section are produced by fragmentation. The first and second terms on the
right of Eq. 8.2 account for growth, while the third and fourth terms account for loss
of aggregates by aggregation, fifth term accounts for the loss of aggregates due to
fragmentation, and the last term account for generation of smaller aggregates due
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to breakage or erosion. The flocculation can be visualized as a three-step process:
aggregate transport represented by the collision frequency factor, ˇi;j , attachment
given by the collision efficiency, ˛i;j and aggregates breakage represented by the
specific rate constant of fragmentation, Si , and breakage distribution function �i;j .

8.4.1 Collision Frequency

In the wastewater treatment system, orthokinetic aggregation (aggregation due to
applied shear) is often preferred. Shear is applied by the stirring motion of impeller
to accelerate aggregation process. The collision frequency factor of orthokinetic [15]
is given by:

ˇsh
i;j D 4

3
G

�p
Efi rci C p

Efj rcj

�3
(8.3)

where G is the global average fluid velocity gradient or shear rate, rci or rcj is
the floc collision radius, and Ef is the fluid collection efficiency of an aggregate.
The Ef is in the range of 0 � Ef � 1. The collision frequency factor for permeable
aggregates can be reverted to those for rigid spheres (rectilinear model) by setting
Ef equal to 1. If theEf is less than 1, it is curvilinear model [20, 21]. The shear rate,
G can be obtained as [22]:
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where NP is the power number of impeller, � is density of the suspension, N is
rotational speed,D is the impeller diameter, V is the volume of the suspension,� is
the fluid dynamic viscosity, " is the average turbulent energy dissipation rate, and v
is the kinematic viscosity. The flocs collision radius of an aggregate, rci containing
no primary particles is given by [23]:

rci D ro

�
noi

CL

�1=dF

(8.5)

where CL is the aggregate structure prefactor, ro is composite radius of a particle
with adsorbed polymer layers, and dF is the fractal dimension. The collision
frequency of Eq. 8.3 can be computed by assigning appropriate values of dF. The
fractal dimension is an indirect indicator of the flocs structure and its openness. The
fractal dimension is used to incorporate the qualitatively analysis of flocs structure
into the PBM which is quantitative (number and radii of flocs).
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8.4.2 Collision Efficiency

The collision efficiency factor is computed as the reciprocal of the Fuchs’ stability
ratio, W between the primary particles [15]:

Wi;j D �
roi C roj

�
1Z

roiCroj

exp .VT =KBT /

s2
ds (8.6)

where VT is net interaction energy between two primary particles of radii roi and roj ,
s is the distance between particles centers (s D roi C roj C ho), ho is the minimum
separation distance between particle surfaces,KB is the Boltzmann constant, and T
is the suspension temperature.

In the DLVO (Derjaguin Landau Verwey Overbeek) theory [15, 24, 25], the net
interaction energy between two primary particles, VT is equal to the sum of Van
der Waals energy Vvdw, electrical double layer repulsion Vedl, and energy of steric
repulsion or bridging attraction Vs.

VT D Vvdw C Vedl C Vs (8.7)

8.4.2.1 Van der Waals Energy

In the case where inorganic coagulant is used as the coagulant, the van der Waals
energy of attraction between bare particles, V H

vdw should be considered [15].

V H
vdw D �A

6

(
2roi roj

s2 � �
roi C roj

�2 C 2roi roj

s2 � �
roi � roj

�2 C ln

"
s2 � �

roi C roj
�2

s2 � �
roi � roj

�2

#)

(8.8)

where A is the Hamaker constant of solids across the solvent medium. However, in
the case where polymer is used, the adsorbed polymer layers on the particles should
be considered. The expression for the Van der Waals energy for the case of two
solids of the same kind with equal adsorbed polymer layer thickness is [15, 26]:

�12V V
vdw D Hsi sj

�
A
1=2
si �A1=2m

� �
A
1=2
sj � A1=2m

�
CHpi pj

�
A
1=2
pi � A

1=2
si

�

�
�
A
1=2
pj � A

1=2
sj

�
CHpi sj

�
A
1=2
pi �A1=2si

� �
A
1=2
sj �A1=2m

�

CHpj si

�
A
1=2
pj �A1=2sj

� �
A
1=2
si � A1=2m

�
(8.9)
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where Ap, Am, As is the Hamaker constant of the solids, solvent, and polymer
respectively across vacuum, H.x;y/ is the unretarded geometric functions. The
retardation effect is incorporated by multiplying the unretarded van der Waals
energy between the polymer coated particles with a correction function, fR.ho/ [27].

fR.ho/ D 1 � bRho

�R
ln

�
1C �R

bRho

�
(8.10)

�R is the characteristic wavelength of interaction, 100 nm and bR is a fitting
parameter of 5.32.

8.4.2.2 Electrical Double Layer Repulsion

The interaction energy due to the electrical double layers between two spheres of
radii, (roi and roj ) and surface potentials,  oi and  oj is given by [28]:

Vedl D 64�"o"r

�
KBT

zce

�2 �
roi roj

roi C roj

�
tanh

�
zce oi

4KBT

�
tanh

�
zce oj

4KBT

�
exp .�K ho/

(8.11)

where e is the elementary charge, zc is the valence of counter ion, "o, "r are the
dielectric constant of vacuum and the solvent, and K is the Debye-Hückel parameter
which is defined as [29]:

K D NAV e
2

P
i miz2i

"o"rKBT
(8.12)

where NAV is the Avogadro’s number, mi is salt concentration, and zi is valence of
electrolyte ions. The i in Eq. 8.12 refers to an electrolyte species in solution.

8.4.2.3 Bridging Attraction

The interaction energy due to bridging attraction (Vs) is dependent on the adsorbed
polymer layers. It is important to understand the electrochemical changes brought
by the adsorbed polymer on particle surfaces. The scaling theory [30, 31] is used
to compute forces due to adsorbed polymer layers. It was chosen because it permits
derivation of analytical formulas for interaction between spherical particles. The
scaling theory is based on minimization of a surface free energy functional subject
to the constraint that total amount of polymer adsorbed is fixed in the region
between two surfaces having adsorbed layers. The interaction energy due to bridging
attraction between two unequal polymer-coated spheres can be computed as [25]:
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Vs D
�
2�roi roj

roi C roj

� �
˛ScKBT

a3m

�
ˆ9=4so DSc

�
(

�16
DSc


o
ln

�
2ı

ho

�
C 4D

5=4
Sc

25=4

�
8



o

�9=4 "
1

h
1=4
o

� 1

.2ı/1=4

#)

(8.13)

where ı is adsorbed polymer layer thickness, ˛Sc is numerical constant which can
be obtained from osmotic pressure and light scattering experiments on polymer
solution, am is effective monomer size, 
 is total amount of polymer adsorbed on
a single surface, Dsc is the scaling length, ˆso is polymer concentration at a single
saturated surface, and 
o is adsorbed amount at saturation.

The proposed scaling theory of Eq. 8.13 is based on flocculation in the absence of
shear. When shear is applied, there will be lateral sliding and friction forces besides
the normal forces. Due to the lateral shear stress, the adsorbed polymer chains may
swell or stretch because of the fluid velocity gradients and osmotic pressure can
increase as the fluid tries to squeeze out of the gap between particle surfaces. The
chain may get desorbed if the shear rate is too high. However, shear forces between
surfaces covered with adsorbed polymers have not been studied, either theoretically
or experimentally [25]. Due to current limitations, the scaling theory is being applied
in the modeling of flocculation under applied shear by ignoring the sliding and
friction forces on the adsorbed layer.

8.4.3 Aggregates Breakage

The increase of collision frequency by applying shear does not necessary result in
high rates of flocculation. Aggregates breakage or fragmentation often occurs due
to shear stress especially at high stirring speed. The parameters used to compute
the aggregates breakage is the specific rate constant of fragmentation, Si and the
breakage distribution function, �i;j . The specific rate constant of fragmentation, Si
is defined as [15, 23]:

Si D
�
4

15�

� 1
2
�
"

v

� 1
2

exp
��"b;i

"

�
(8.14)

where "b; i is the critical turbulent energy dissipation rates at which floc breakage
takes place. The breakage distribution function, �i;j is a fitting parameter.

8.4.4 Dynamic Scaling

As aggregation proceeds, flocs develop as porous object with highly irregular and
open structures. PBM represent aggregation process quantitatively (number and
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radii of flocs); however, it does not compute the aggregates quality in terms of flocs
compactness. Flocs quality, besides having large aggregate radii, and compactness
of the flocs is also crucial to assist sedimentation and liquid-solid separation. The
fractal dimension, dF is a simple parameter to represent the complex structure of
aggregates. The fractal dimension falls in the range of 1 � dF � 3 [32]. The formed
aggregates are more compact when the system has high fractal dimension. The
fractal dimension of polymer flocculated flocs ranges from 1.7 to 2.5 [21]. The
fractal dimension can be computed by using the scaling law for mean aggregate
size as a function of time [33]:

r / t1=dF (8.15)

where r is the mass mean aggregate radius. A plot of log (r) against log (t) will be
a straight line and dF can be obtained as the reciprocal of the slope.

8.4.5 Solution of the Model

Equation 8.2 of discretized PBM forms the governing equation for the flocculation
process. The time evolution floc size distribution data can be predicted from Eq. 8.2
once the parameters of collision frequency factor, ˇi;j , collision efficiency, ˛i;j , and
specific rate constant of fragmentation, Si are specified. The collision frequency
factor, ˇi;j can be calculated from the Eqs. 8.3, 8.4, and 8.5 once the value of
fractal dimension, dF is obtained from the dynamic scaling based on Eq. 8.15. The
collision efficiency, ˛i;j can be obtained from the Eqs. 8.6, 8.7, 8.8, 8.9, 8.10, 8.11,
8.12, and 8.13 which accounts the effects of van der Waals energy, V V

vdw, electrical
double layer repulsion, Vedl and bridging attraction, Vs. The specific rate constant of
fragmentation, Si can be obtained from Eq. 8.14. The discretized PBM of Eq. 8.2
forms a set of nonlinear ODEs and can be solved numerically by the orthogonal
collocation technique [34]. The Eq. 8.2 coupled with Eqs. 8.3, 8.4, 8.5, 8.6, 8.7,
8.8, 8.9, 8.10, 8.11, 8.12, 8.13, and 8.14 can be solved using any computer software
package, e.g., Matlab 7.0 following the algorithm as shown in Fig. 8.11.

8.5 Type of Flocculants and Their Applications

It is always a challenging task to select an appropriate polymer for a specific
wastewater treatment due to its wide availability from the manufacturers. The
characteristics in terms of type of charge, molecular weight, molecular structure,
and charge density are always used for the polymer’s classification. The knowledge
on the polymer characteristics as shown in Table 8.5 will aid in polymer selection;
however, preliminary bench testing of polymers by using standard jar tests is the
most important part of the selection process to identify the specific polymer, its
dosage, and mixing requirements.
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Collision Frequency Factor
Eqs. 8.3–8.5

Collision Efficiency
Eqs. 8.6–8.13

Specific Rate Constant 
Eq. 8.14

Fractal Dimension
dynamic scaling Eq. 8.15

Surface Potentials
fitting parameter 

Operating Parameters
polymer dosage, 

flocculation time, stirring 
speed, temperature, etc.  

Physical Parameters
initial particle concentration and 

mean diameter, suspension 
density, viscosity, etc.  

Initial guess of the number concentration 
of particles/aggregates, Ni

Comparison between Vi,calculated  and Vi, experimental

END

5%?

Calculation of Ni,calculated using PBM of Eq. 8.2

Calculation of volume fraction, Vi,calculated using Ni,calculated

Yes

No

Fig. 8.11 Flow diagram of the algorithm for solution of the governing equations

To date, there are some world’s leading manufacturers of flocculants for water
and wastewater treatment, which include SNF, Inc., a subsidiary of SNF Floeger,
France, Ciba Specialty Chemicals Corporation, Germany, BASF-The Chemical
Company, Germany, Dia-Nitrix Co., Ltd., Japan, Stockhausen, Inc., Germany,
Sanyo Chemical Industries, Ltd., Japan, Mitsui Chemical Aqua Polymer Inc., Japan,
CYTEC Industries, USA, Kolon Industries, Inc., and Korea. There are also many
more other manufacturers especially from China and Korea. Table 8.6 provides
some general rules on polymer selection based on the experience obtained from
SNF Floerger. Looking at the great diversity of the flocculants, this could offer
some limited helps to narrow the flocculants selection prior to the jar test. Even
so, there are no specific rules of thumb to give systematic guidelines on flocculants
selection but cumulated experience in hands-on flocculation experiments is the most
important key to instant selection of the right flocculants.
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Table 8.5 Characterizing polymers based on their classification

Type
Nonionic
Very low charge density, typically known as polyacrylamide, flocculates through bridging
Anionic
Negatively charged, and normally used for bridging
Cationic
Positively charged, double acting ability: charge neutralization and bridging
Amphoteric
Exhibit both cationic and anionic behavior

Physical forma

Powder
Advantage: Contains 100% active matter
Liquid
Advantage: Simplicity of use
Emulsion
Advantage: Easy to use and an increased efficiency on certain applications due to the specific

molecular structures
Beads
Advantage: Absence of dust and rapid dissolution
Dispersion
Advantage: Ability to be directly fed inline without any expensive makeup equipment or aging

time. They have also been found efficient in phase separation of flotation processes

Molecular weight
Very high >10,000,000 g/mol
High 1,000,000–10,000,000 g/mol
Medium 200,000–1,000,000 g/mol
Low 100,000–200,000 g/mol
Very low 50,000–100,000 g/mol
Very, very low <50,000 g/mol

Charge density
Very high
High
Medium
Low
Very low
aData obtained from SNF FLOERGER

8.6 Industrial Applications of Direct Flocculation

Ever since the introduction of flocculants, industrial applications of direct floc-
culation in water and wastewater treatment is very minimal compare to the
conventional coagulation-flocculation though it is widely applied in sludge con-
ditioning and dewatering. One of the major reasons is the inadequate knowledge
and understanding of the water chemistry, colloidal particles surface behaviors,
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Table 8.6 General rules for polymer selection

Industries Nonionic flocculants Anionic flocculants Cationic flocculants

Agri foodstuff
Sludge treatment

p
Water treatment

p p
Dyeing
Sludge treatment

p
Water treatment

p
Paper making
Sludge treatment

p p
Water treatment

p p
Chemical industry
Sludge treatment

p p
Water treatment

p p p
Effluent with oil

p
Mechanical industry
Sludge treatment

p p p
Water treatment

p p p
Effluent with oil

p

Municipal effluent
Sludge treatment

p p
Water treatment

p p p
Note: data obtained from SNF Floerger

and flocculation mechanisms. In some cases, the wastewater treatment plants are
designed, constructed, and commissioned together with the processing plants by a
team of engineers who are not environmental engineers.

Tables 8.7 and 8.8 provide some examples of successful cases where the
conventional coagulation-flocculation processes were completely replaced by direct
flocculation processes in Malaysia. The treatment efficiencies were evaluated by
focusing only on suspended solids reductions as the major role of direct flocculation
was to remove the stabilized colloidal particles. Table 8.7, which summarizes the
industrial applications of direct flocculation for single polymer system, shows that
cationic polymers with very high molecular weights indicating long chains type
were used in majority to flocculating the suspended solids regardless on their
influent concentrations. As a general rule, the higher influent suspended solids
concentration, the higher cationic polymer dosage required. However, it is not
always applicable as the polymer dosage required still depends highly on the
wastewater characteristic. In certain occasions, dual polymer system as in Table 8.8
was used to enhance the treatment efficiency, where cationic polymers were always
added for charge neutralization and bridging, followed by anionic polymers for only
mechanical bridging. It is important to note that the direct flocculation was able
to achieve high suspended solids removal with more than 90% at reasonable cost
reductions as compared to the conventional coagulation-flocculation process.
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8.7 Adsorption-Flocculation for Boron Removal
from Wastewater

A novel adsorption-flocculation method proposed for the removal of boron and
clarification of ceramic wastewater is an innovative approach for direct flocculation
application. In ceramic industry, the wastewater is highly turbid due to the existence
of fine solid particles (clay) besides having high boron concentration. The palm oil
mill boiler (POMB) bottom ash was used as an alternative adsorbent and after boron
adsorption on POMB bottom ash, the suspended particles as well as the bottom ash
were flocculated by using the long chain polymer flocculant [35].

The optimum operating conditions for boron removal by using adsorption-
flocculation process was obtained following a standard jar test. The optimum
operating conditions and the quality of the treated wastewater are shown in
Tables 8.9 and 8.10 respectively. At the proposed optimum operating condition
as shown in Table 8.9, the boron concentration was reduced from 15 to 3 mg/L
which was lower than the legislation requirement by Malaysia Department of
Environment (DOE) in Standard B, 4 mg/L (Environmental Quality Act 1974).
Standard B is classified corresponding to the location of the industrial area, which
is the downstream region of the water reservoir. The suspended solids concentration
of the wastewater was also greatly reduced. The suspended solids concentration of
the wastewater was reduced to less than 5 mg/L. This was well below the DOE
requirement in Standard B of 100 mg/L.

Table 8.9 Optimum operating conditions for adsorption-flocculation

Process Parameter Optimum conditions

Adsorption pH 8
Dosage (g bottom ash/ 300 mL wastewater) 40
Residence time (h) 1
Mixing speed (rpm) 100

Flocculation Flocculant typea KP 1200 B AP 120 C
Dosage (mg flocculant/L wastewater) 100 50
Mixing speed (rpm) 200
Mixing time (min) 1

Reprinted from [35]. With kind permission of © Elsevier
aSupplied from Dia-Chemical Sdn. Bhd.

Table 8.10 Boron, suspended solids, and COD values before and after treatment
compared to DOE standards

Parameter Raw wastewater Treated wastewater DOE Standard B

Boron (mg/L) 15 3 4
Suspended solids (mg/L) 2;000 5 100
COD (mg/L) 46 22 100
pH 6 9 5–9

Source: Chong et al. [35]
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The COD concentration and pH level of the treated wastewater was tested in
order to ensure that the treated wastewater was in the allowable range for discharge.
The COD concentration was 22 mg/L with the pH of 9.0. Thus, no further treatment
for COD was required but a final pH adjustment was needed.

Nonetheless, looking at the optimum dosage of 40 g of bottom ash/300 ml
of wastewater, this will result in applying 133 kg of bottom ash to purify every
cubic meter of wastewater. This implies that the proposed treatment scheme is
only suitable for the industries having small volume or low concentration of boron
contaminated wastewater. The bottom ash is dosed directly into the adsorption
tank or readily available tank without major (or any) modification in their existing
treatment plant and this is the major benefit of the proposed adsorption-flocculation
mechanism. In the case of high volume or concentration of boron contaminated
wastewater, column operations should be considered.
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2. Vilgé-Ritter A, Masion A, Boulangé T, Rybacki D, Bottero JY (1999) Removal of natural

organic matter by coagulation-flocculation: a pyrolysis-GC-MS study. Environ Sci Technol
33:3027–3032

3. Lee JD, Lee SH, Jo MH, Park PK, Lee CH, Kwak JW (2000) Effect of coagulation
conditions on membrane filtration characteristics in coagulation-microfiltration process for
water treatment. Environ Sci Technol 34:3780–3788

4. Wang D, Tang H, Gregory J (2006) Coagulation behavior of aluminum salts in eutrophic water:
significance of Al13 species and pH control. Environ Sci Technol 40:325–331

5. Sarika R, Kalogerakis N, Mantzavinos D (2005) Treatment of olive mill effluents Part
II. Complete removal of solids by direct flocculation with poly-electrolytes. Environ Int
31:297–304

6. Ravina L (1993) Everything you want to know about coagulation and flocculation, 4th edn.
Zeta-Meter Inc, Staunton

7. Adachi Y (1995) Dynamic aspects of coagulation and flocculation. Adv Colloid Interface Sci
56:1–31

8. Derjaguin BV, Landau LD (1941) A theory of the stability of strongly charged lyophobic sols
and of the adhesion of strongly charged particles in solutions of electrolytes. Acta Physiochim
USSR 14:633

9. Verwey EJW, Overbeek JThG (1948) Theory of the stability of lyophilic colloids. Elsevier,
Amsterdam

10. Thomas DN, Judd SJ, Fawcett N (1999) Flocculation modeling: a review. Water Res
33:1579–1592

11. Levine S, Friesen WI (1987) Flocculation of colloids particles by water-soluble polymers. In:
Attia YA (ed) Flocculation in biotechnology and separation systems. Elsevier, Amsterdam

12. Gregory J (1973) Rates of flocculation of latex particles by cationic polymers. J Colloid
Interface Sci 42:448–456

13. Tjipangandjara K, Huang YB, Somasundaran P, Turro NJ (1990) Correlation of alumina
flocculation with adsorbed polyacrylic acid conformation. Colloid Surf A 44:229–236

14. Fleer GJ, Cohen Stuart MA, Scheutjens JMHM, Cosgrove T, Vincent B (1993) Polymers at
interfaces. Chapman and Hall, New York

15. Somasundaran P, Runkana V (2003) Modeling flocculation of colloidal mineral suspensions
using population balances. Int J Miner Process 72:33–55



230 M.F. Chong

16. Ahmad AL, Ismail S, Bhatia S (2003) Water recycling from palm oil mill effluent (POME)
using membrane technology. Desalination 157:87–95

17. Ahmad AL, Ismail S, Bhatia S (2005) Optimization of coagulation-flocculation process for
palm oil mill effluent using response surface methodology. Environ Sci Technol 39:2828–2834

18. Kumar S, Ramkrishna D (1996) On the solution of population balance equations by discretiza-
tion: I. A fixed pivot technique. Chem Eng Sci 51:1311–1332

19. Spicer PT, Pratsinis SE (1996) Coagulation and fragmentation: universal steady-state particle
size distribution. AlChE J 42:1612–1620

20. Thill A, Moustier S, Aziz J, Wiesner MR, Bottero JY (2001) Flocs restructuring dur-
ing aggregation: experimental evidence and numerical simulation. J Colloid Interface Sci
243:171–182

21. Bushell GC, Yan YD, Woodfield D, Raper J, Amal R (2002) On techniques for the measure-
ment of the mass fractal dimension of aggregates. Adv Colloid Interface Sci 95:1–50

22. Hopkins DC, Ducoste JJ (2003) Characterizing flocculation under heterogeneous turbulence.
J Colloid Interface Sci 264:184–194

23. Flesch JC, Spicer PT, Pratsinis SE (1999) Laminar and turbulence shear-induced flocculation
of fractal aggregates. AlChE J 45:1114–1124

24. Runkana V, Somasundaran P, Kapur PC (2004) Mathematical modeling of polymer-induced
flocculation by charge neutralization. J Colloid Interface Sci 270:347–358

25. Runkana V, Somasundaran P, Kapur PC (2006) A population balance model for flocculation of
colloidal suspensions by polymer bridging. Chem Eng Sci 61:182–191

26. Vincent B (1973) The van der Waals attraction between colloid particles having adsorbed layers
II. Calculation of interaction curves. J Colloid Interface Sci 42:270–285

27. Gregory J (1981) Approximate expressions for retarded van der Waals interaction. J Colloid
Interface Sci 83:138–145

28. Bell GM, Levine S, McCartney LN (1970) Approximate methods of determining the double-
layer free energy of interaction between two charged colloidal spheres. J Colloid Interface Sci
33:335–359

29. Israelachvili JN (1991) Intermolecular and surface forces, 2nd edn. Academic, New York
30. Genes PG (1981) Polymer solutions near an interface. 1. Adsorption and depletion layers.

Macromolecules 14:1637–1644
31. Genes PG (1982) Polymer solutions near an interface. 2. Interaction between two plates

carrying adsorbed polymer layers. Macromolecules 15:492–500
32. Sterling MC, Bonner JS, Ernest ANS, Page CA, Autenrieth RL (2005) Application of

fractal flocculation and vertical transport model to aquatic sol-sediment systems. Water Res
39:1818–1830

33. Amal R, Coury JR, Raper JA, Walsh WP, Waite TD (1990) Structure and kinetics of
aggregating colloidal hematite. Colloid Surf A 46:1–19

34. Constantinides A, Mostoufi N (2000) Numerical methods for chemical engineers with
MATLAB applications. Prentice Hall PTR, Upper Saddle River, pp 502–522

35. Chong MF, Lee KP, Chieng HJ, Ramli IIS (2009) Removal of boron from ceramic industry
wastewater by adsorption–flocculation mechanism using palm oil mill boiler (POMB) bottom
ash and polymer. Water Res 43:3326–3334

36. Ma AN (2000) Environment management for the palm oil industry. Palm Oil Developments
30:1–10



Chapter 9
Combined Macromolecular Adsorption
and Coagulation for Improvement of Membrane
Separation in Water Treatment
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Nomenclature

Cp Permeate concentration (mg/l)
Cb Bulk concentration (mg/l)
Cw Wall concentration (mg/l)
Rm Hydraulic membrane resistance (m�1)
P Trans-membrane pressure (bar)
J0 Pure water flux (L/m2.s1)
Jv Permeate flux (L/m2.s)
Ji Pure water flux after 30 min backwash (L/m2.s)
k Mass transfer coefficient (L/m2.s)
dh Hydraulic diameter of the filtration channel (m)
D Bulk diffusivity of solute (m2/s)
Rg Gel layer resistance (m�1)
Cg Gel concentration (mg/l)
Rc Concentration polarization resistance (m�1)
Ra Adsorption resistance (m�1)
Ra1 Weak adsorption resistance (m�1)
Ra2 Strong adsorption resistance (m�1)
� Dynamic viscosity (kg/m/s) or (Pa.s)
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9.1 Introduction

Desalination is the process of removing contaminants and reducing the dissolved
salts content in a water source to produce water suitable for a particular application.
Several technologies were developed to achieve this and these can be categorized
as thermal or membrane processes. Reverse osmosis (RO) is the most commonly
used membrane technology for water desalination. In the marketplace, when judged
by installed capacity, the RO process leads with 44% of total capacity, closely
followed by the multistage flash with 40% of total capacity. The remaining 16%
are divided between other processes [1]. The estimated water cost for the multistage
flash process is $0.52/m3, whereas the RO cost is $0.45/m3 of desalinated seawater
[2]. The expected costs for the RO desalination of brackish water are between $0.20
and $0.35 per m3 of produced water [3]. The cost figures indicate that RO will be
the dominating desalination technology in the near future.

Fouling is the biggest obstacle facing the operation of RO desalination plants.
Ideal RO membranes should be resistant to chemical and microbial attack, where
their separation and mechanical characteristics should not change after a long-term
operation. Unfortunately, seawater contains many foulants that foul RO membranes
such as suspended particles, natural organic matter (NOM), micro-organisms, and
heavy metals. RO process is restricted to certain operating conditions. The typical
RO elements have limitations with respect to temperature (45ıC), pH value (2–10),
silt density index (<3 SDI), chlorine (dechlorination mandatory), and several other
parameters [4]. Seawater and brackish water contain different composition of pollu-
tants, depending on the source of collection. These pollutants cause different dete-
riorating effects on the RO desalination process; thus, many pretreatment methods
have been proposed to obtain the desired results. Extensive pretreatment is required
to increase the water recovery ratio of 30:50% for RO seawater desalination [5].

Different processes such as coagulation, flocculation, acid treatment, pH adjust-
ment, addition of anti-scalant, and media filtration have been used as conventional
pretreatment for years [6]. Nowadays, the trend is moving in the direction of
integrated membrane systems pretreatment. Reasons are mainly feasibility, process
reliability, plant availability, modularity, relative insensitivity in the case of raw
water, and lower operating costs. Integrated membrane systems are expected to offer
14% reduction in RO treatment plant compared to conventional pretreatment [7].
This is due to the substantial drop in membrane prices in the last few years, and
further reduction is expected in the coming years [3].

9.2 Seawater Composition

9.2.1 Humic Substances

Typical natural water contains natural organic matter (NOM), mono- and multi-
valent ions, micro-organisms, and organic and inorganic colloids [8]. These
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contaminants are divided into soluble (<1 nm), colloidal (1 nm to 1 �m), and
particulate fractions (>1 �m) [9]. Natural organic matter is present in all water
sources and is a complex mixture of compounds formed from the breakdown of
plant and animal material in the environment. It has no readily identifiable structure.
It consists of small, low molecular weight species such as carboxylic, amino acids,
and proteins, through to larger and higher molecular weight humic substances (HS).
Natural organic matter is one of the major fouling agents during membrane filtration
[10]. They bind particles to each other and to the membrane surface [11].

Humic substances constitute a major part of the NOM present in ground water
[12]. They occur as long linear chains at high pH and low ionic strength due
to charge repulsion of functional groups, and as coiled, spherical molecules at
low pH and high ionic strength; hence, they are more soluble at high pH [8].
It is well established that HS are amphiphilic molecules, containing at the same
time hydrophilic and hydrophobic groups. Representing the hydrophilic groups
in HS are those containing oxygen, nitrogen, phosphorous, and sulfur, while
hydrophobic groups are aliphatic, aromatic, and cyclic hydrocarbons [13]. HS are
refractory anionic macromolecules of low to moderate molecular weight. They
contain both aromatic and aliphatic components with primarily carboxylic and
phenolic functional groups. Carboxylic functional groups account for 60–90% of
all functional groups. As a result, humic substances are negatively charged at the
pH range of natural waters [14].

Humic substances are usually defined as substances containing humic acids (HA)
and fulvic acids (FA) plus other components. Humic acids are acidic components
that are soluble in bases but precipitate in acids. Fulvic acids are the acidic
components that are soluble in both bases and acids [15]. To better understand the
different behavior of HA and FA, it is necessary to consider their different molecular
weight as well. Fulvic acids have a lower molecular weight and a higher percentage
of carboxylic groups than HA, and that increases their hydrophilicity. Therefore,
FA are soluble also at low pH values (pH �2), where humic acids precipitate. Thus,
FA have less affinity for binding hydrophobic compounds, while they often show
a high metal complexion capacity; otherwise, the high molecular weight and basic
hydrophobicity of the HA favor the formation of micelle-like structures [16].

The molecular weight and molecular weight distribution of humic substances
differ from site to site. The average molecular weight varies from 0.5 to 10 kDa
for aquatic FA [17] to a value as high as 40–300 kDa for soil-extracted HA [18].
These values are far greater than the values reported earlier, typically, 0.5–2 kDa for
aquatic FA, 1.5–5 kDa for aquatic HA, and 4–6 kDa for soil HA and FA [19–21].

9.2.2 Heavy Metals

Many metals exist in natural water. Their concentration varies significantly with
water source [22]. River and anthropogenic inputs, and biological and geochemical
cycling may influence the concentration of metals in estuarine and coastal seawater
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to a much greater extent than that occurring in open ocean water. Transport of
metals from rivers and estuaries is dependent on the partitioning of metals between
dissolved and particulate phases. The partitioning of trace metals between dissolved
and particulate phases is a function of several factors including specific metal ion,
metal concentration, nature of particles, particle concentration, pH, salinity, and
dissolved oxygen [23, 24]. In a study of trace elements, three groups had been
distinguished according to their behavior during filtration and association with
colloids. Heavy metals like Co, Ni, Zn, Cu, and Cd were grouped as elements of
1–10 kDa fraction that have a tendency to form inorganic or organic complexes [22].

Although the toxicity of trace metals to humans is fairly low, bioaccumulations
of even small amounts in the body may be lethal [25]. In addition to trace metal
toxicity, they are of particular concern in desalination due to their effects on RO
membrane fouling [26]. The conventional and most commonly used method for the
treatment of industrial wastewater containing heavy metals is chemical precipitation
method. However, this process requires a large amount of treatment chemicals.
However, nanofiltration (NF) and RO membranes can achieve >97% and >99%
removal, respectively [27].

9.2.3 Colloids

The term “colloids” is still subject to an operational definition, although there is a
general consensus that colloids fall largely in the nanometer to sub-micrometer size
range and occur in relatively large concentrations (more than 109 colloids per liter).
Colloids are ubiquitous; they occur in natural waters, seawater, groundwater, and
interstitial soil water. Colloids may include clay minerals, oxides, or hydroxides
of iron and aluminum, colloidal silica, organic matter, and biocolloids, including
viruses and bacteria [28]. In suspensions, colloids interact with each other via
electrostatic double-layer repulsion and/or van der Waals attraction and/or short-
range repulsion (born or hydration forces) [29].

Colloids have a large specific surface area and a large number of reactive
surface functional groups per unit mass because of their small size. Therefore,
they are efficient sorbents for contaminants such as heavy metals, nonpolar organic
compounds, and radionuclides and can potentially enhance contaminant mobility
[30]. Eyrolle and Benaim [31] studied Amazonian surface water using sequential
ultrafiltration (UF). Several fractions defined by the nominal molecular weight
cut-off (MWCO) of the UF membranes were obtained: <5 kDa, 5–20 kDa,
20–100 kDa, 100 kDa to 0.2 �m, and 0.2–0.45 �m. The metal binding capacity
of these fractionated samples revealed that the 20–100 kDa fraction was the most
efficient fraction for copper binding. In addition, the UF experiments conducted by
Pokrovsky and Schott [22] showed that several transition metals including Cu, Zn,
Ni, Co, and Cd can be partially transported by low molecular weight (<1–10 kDa)
organic acids. A full understanding of metal chemistry in natural waters and their
membrane filtration needs to take into account the competitive reactions of metals
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with humic matter. The binding ability of HS toward heavy metals is known to
depend on ion size [32] as well as HS–metal ratio [28]. Therefore, although trace
metals have molecular sizes less than the pore sizes of ultrafiltration membranes,
they can still be rejected in the presence of HS using UF membranes due to HS–
metal complex formation [28, 33].

9.3 Ultrafiltration Membranes

Ultrafiltration membranes have pore sizes in the range of 10–500 nm and are
capable of retaining species of molecular weight higher than 1 kDa. Typical rejected
species include sugars, biomolecules, polymers, and colloidal particles. Most UF
membranes are described by their nominal molecular weight cut-off (MWCO),
which is usually defined as the smallest molecular weight species for which the
membrane has more than 90% retention. Ultrafiltration can provide high-quality
feedwater with low SDI and free from all suspended solids and microorganisms
[34]. UF process is strongly dependent on membrane material, operating conditions,
and raw water quality, but it is insensitive to high salinity [35].

9.3.1 Retention Mechanisms

Membranes and membrane suitability for a particular separation is measured by
their retention among other factors. Single solute retention is defined as [36]:

Robs D 1 � Cp

Cb
(9.1)

where Robs is solute retention, Cp is permeate concentration, and Cb is bulk (feed)
concentration.

However, during actual separation, membrane performance changes with time,
depending on many factors including membrane fouling. Real retention of solutes
differs with different membrane-fouling phenomena. There are different retention
models that have been developed to approximate solutes’ real retention instead of
observed retention such as concentration-polarization model and gel-layer model.
These fouling phenomena are discussed in Sect. 9.3.2.

During any membrane separation process, the concentration of solute at the
membrane surface is higher than the bulk concentration due to the gradual increase
of the rejected solute near the surface. This well-known phenomenon is concentra-
tion polarization. Concentration-polarization retention model is used when higher
solute concentration at the membrane surface forms a thin boundary layer above the
membrane of thickness (ı). Real retention is calculated using [36]:

Cw

Cb
D Rreal:e

. Jv
k / C 1 �Rreal (9.2)
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where Cw is membrane surface concentration, Rm is hydraulic membrane resistance,
Jv is permeate flux, k is mass transfer coefficient, and Rreal is solute real retention.
The mass transfer coefficient (k) is related to Sherwood number:

Sh D kdh
D

D aRebScc
�
dh

L

�d
(9.3)

where Sh is the Sherwood number (kdh/D), dh is the hydraulic diameter of the
filtration channel, D is the bulk diffusivity of the solute, Re is the Reynolds
number (udh/v), Sc is the Schmidt number (v/D), L is the length of the membrane
channel, and a, b, c, and d are constants. The value of k depends strongly on the
hydrodynamics of the system and, therefore, can be optimized.

Concentration polarization can be very severe in membrane filtration, especially
if membrane flux is high and the diffusivity of the macromolecules is low, leading to
high membrane retention. This may result in the formation of a high concentration
gel layer at the surface of the membrane. The difference between concentration-
polarization and gel-layer resistances is that the former is a thermodynamic
modification of the pressure driving force, and the latter is the viscous resistance
for flow through highly concentrated (precipitated or gelled) solutes [37]. Gel-layer
concentration depends on the size, shape, chemical structure, and degree of salvation
[38]. In the gel-layer region, k is expressed using the equation:

Jv D k ln

�
Cg

�

.Cb/
(9.4)

where Cg is gel concentration, assuming that the gel concentration remains constant
across the layer.

9.3.2 Membrane Fouling

Fouling often associated with accumulation of substances on the membrane surface
or within the membrane pore structure, worsens membrane performance and,
ultimately, reduces membrane efficiency and shortens membrane life. These include
dissolved and macromolecular organic substances, sparingly soluble inorganic
compounds, colloidal and suspended particles, and microorganisms [39–41]. The
following fouling mechanisms may play a role: colloidal or particulate fouling,
organic fouling, biological fouling (biofouling), and scaling. To prevent RO mem-
brane fouling, organic, colloidal, and biological matter need to be removed from the
feedwater to the RO system [42]. Different fouling mechanisms require different
pretreatment strategies. Biological fouling, defined as accumulation of microorgan-
isms at the surface of the membrane, is reduced by a biological process in the
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pretreatment stage. It can be controlled by reducing the degradable components in
the feed using slow sand filtration or by soil passage or using membrane filtration
and effective cleaning procedures [39]. Scaling can be dealt with by reducing
membrane recovery and by adding chemicals, e.g., acid and anti-scalants.

Colloidal matter in natural water includes sulfur, silica, and ferric and aluminum
hydroxides. Their residual colloids form membrane deposits with a high hydraulic
resistance contributing to the permeate flux decline due to their small size. They
can also precipitate at the membrane surface forming gel layer and enhancing the
osmotic pressure [43, 44]. Natural organic matter is considered a major cause of
fouling in membrane filtration of natural waters. HS is the most detrimental NOM
foulant, causing fouling by membrane adsorption and pore plugging [4, 45–47].
Organic fouling of membranes is dependent on the chemical properties of the NOM
molecules and/or chemical transformations that they undergo at the membrane
surface [48, 49]. Colloidal and organic fouling pretreatment includes conventional
pretreatment such as coagulation and sedimentation and membrane pretreatment.

Two kinds of fouling can be distinguished: reversible and irreversible fouling.
Reversible fouling is caused by the physical separation mechanisms that induce
concentration-polarization phenomena, deposit formation, and plugging of the
pores. The phenomena induce important variations of the system permeability.
These variations can be regulated by enhancing the hydrodynamic shear stresses
close to the membrane such as cross-flow circulation, back flushing, and momentary
filtration stopping. Irreversible fouling is linked to interactions between compounds
in solution and membrane material. Chemical cleaning is necessary to detach these
compounds from the membrane surface. However, in water treatment, this kind of
fouling does not cause very important variation of membrane permeability [50].
Polysaccharides usually foul the membranes irreversibly [51].

There are different causes of flux decline. In general, the flux decline is caused
by a decreased driving force and/or an increased resistance [52]. The fouling
process may be attributed to a number of mechanisms including pore blocking
by solutes that are of similar diameter to the pores, formation of a cake from
rejected solutes, precipitation or gelation of inorganic and organic particulates at
the membrane surface as a result of the localized high concentrations that occur
at the membrane/solution interface and reversible and irreversible physical changes
to the membrane (e.g., compression). A schematic diagram of membrane fouling
mechanisms is found in Fig. 9.1 [52]. These mechanisms can be defined using a
resistance in series model [37]:

Jv D �P

�
�
Rm CRc CRg CRa

� (9.5)

where Jv is flux through the membrane, �P is trans-membrane pressure, � is
dynamic viscosity, Rm is membrane hydraulic resistance, Rc is concentration
polarization resistance, Rg is gel layer resistance, Ra is adsorption resistance.
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Concentration polarization

Pore blockage
Adsorption

Gel layer

Fig. 9.1 Schematic diagram of membrane fouling mechanisms

9.4 Pretreatment Prior to Desalination

9.4.1 Conventional Pretreatment

A conventional water treatment plant consists of a multistep process applying screen
filtration, ozonation, coagulation and flocculation, sedimentation, sand filtration,
and usually disinfection as a last step. Each step of this process has to be controlled
to get an optimal performance of the overall process, which results in a complex
control system [53, 54]. Pretreatment chemicals may include ozone, flocculants,
coagulants, hydrogen peroxide, lime, chlorine, sulfuric acid, sodium metabisulfiate,
and anti-scalants. The use of such chemicals requires special precautions for
safety purposes [55]. A conventional pretreatment is an extremely complicated
chemical process. Due to its complexity and inefficiency compared to membrane
pretreatment, it frequently fails in providing the required seawater quality [56].
Conventional filtration is also susceptible to inconsistent filtrate water quality when
the feedwater quality varies. In addition, chemical addition and changing water
conditions can lead to an operator intensive plant [57].

9.4.2 Membrane Pretreatment

The failure of conventional methods to produce treated seawater capable of reducing
the fouling tendencies of RO plants and the high cost of specific operations of such
conventional methods are the main factors that lead to the use of membrane filtration
as a pretreatment to RO [4]. Membrane technology is widely accepted as a means
of producing various qualities of water from surface water, brackish water, and
seawater. Over the past years, such processes have been widely adopted by different
industries. The advantages of membrane processes as compared to conventional
process include [53, 58]:

• Little conditioning or ripening time after backwashing.
• Limited or no chemical requirement. No chemicals are used apart from those for

cleaning the membranes, i.e., substantially reduced residues and by-products.
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• Ease of operation and minimal operator involvement. The membrane plant is
easier to automate owing to its simple design and greater flexibility owing to its
modular construction (e.g., later extension of capacity).

• Reduction of sludge and water volume.

Desirable membranes must have suitable porosity to ensure high volume flux,
low pore sizes, and a narrow pore-size distribution to meet the separation require-
ments, essential mechanical strength to withstand the pressure employed in the
operation, and also have high chemical and biological resistance [59]. Application
of UF pretreatment has the benefits of a better/safer pretreatment compared to
conventional pretreatment. It has the potential to reduce the cost of seawater
desalination [60]. UF systems require significantly less space and often have
less power and chemical consumption than conventional pretreatment systems.
As a result, UF membrane systems are a practical solution to seawater reverse
osmosis (SWRO) pretreatment needs, especially for locations with limited space
or variable seawater quality [57]. UF pretreatment also allows the economical
utilization of RO membranes in areas where membrane desalination has not been
considered as the appropriate technology due to difficult raw water conditions.
UF, unlike conventional pretreatment technologies, provides a physical barrier to
microorganisms, particulates, and colloids, which ensures that the RO plants can
operate on a continuous basis, at high and stable fluxes, at higher recovery rates,
and also allow a better control of contaminants limit values [61].

Water Supply Company of North Holland and Kiwa combined UF/ultralow
pressure RO for the treatment of surface water. Measurements showed >95%
removal of haloacetic acids [62]. Removal of colloidal silica and bacteria can be
significant using UF membrane treatment [63]. In addition, removal of fouling
constituents of seawater is more efficient using UF pretreatment compared to
conventional pretreatment [51]. A study by Van Hoof et al. [64] showed a reduction
of turbidity from 3 to 4 NTU to around 0.3 NTU using UF. UF has the potential of
complete turbidity removal [65]. UF membrane pretreatment is a reliable technology
capable of providing consistently excellent quality water independently of the
fluctuation in raw water quality [66, 67]. Installation of UF prior to RO may increase
the output of RO by >25% [68].

9.4.3 Fouling During Membrane Filtration

The loss of membrane flux due to fouling is a major impediment to the development
of membrane processes for use in drinking water treatment [69]. The general
mechanistic view of NOM interactions with membranes which plays a major role in
the filtration process are [63, 70]:

• The NOM mixture has an intrinsic chemical nature (aromaticity, polarity,
ionizable groups, etc.) and molecular size. The actual charge, configuration,
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and chemical potential of the NOM in solution depend on the current solution
environment (pH, ionic strength, ion compositions, temperature, pressure, etc.),
which varies throughout the filtration process.

• The combination of (a) the operating conditions of the filtration process (trans-
membrane pressure and hydrodynamic mass transfer at the membrane/feed
interface); (b) the membrane geometry (porosity and pore size distribution),
and (c) the membrane’s retention characteristics toward the NOM controls the
NOM’s concentration at the membrane surface and in the pores.

• The chemical nature of the NOM; its concentration at the membrane fluid–solid
interfaces and the chemical and geometrical nature of the membrane (under the
given solution conditions) control the amount (and degree) of gel or precipitate
formation and reversible and irreversible adsorption that occurs.

• The NOM’s interfacial concentration, the interfacial solution’s viscosity, and the
mass and porosity of the adsorbed layer influence the hydrodynamic aspects of
flux decline and the change in the filtration process’s apparent retention of the
NOM through both porous media and physical property aspects.

Increasing the feed flow increases both permeate flow and recovery up until an
optimum feed flow is reached, then recovery begins to decline [71]. According to
Teng et al. [63] low flux–high recovery operation is more suitable than high flux–
low recovery approach for direct application on seawater UF. Intending to increase
the production capacity with higher flux has to be weighed carefully against the
increase in chemical cost of backwashing. Brehant et al. [51] showed that combined
MF/UF cannot operate at high-flux rates when treating highly fouling surface water
because of severe membrane fouling and plugging of fibers.

Membranes may be fouled by relatively hydrophilic and/or hydrophobic NOM
components, depending on NOM characteristics, membrane properties and operat-
ing conditions [72]. The major contribution to fouling was attributed by the NOM
fraction comprising small, neutral, hydrophilic compounds. The NOM fractions
comprising HA and FA made only a minor contribution to fouling [73]. Yiantsios
and Karabelas [74] studied the effect of colloid stability on membrane fouling.
The rate of fouling was relatively low for hydrophobic fractions of NOM and for
the charged hydrophilic fraction. However, in the case of the neutral hydrophilic
fraction, the rate of fouling was considerably faster. Colloidal material may cause
fouling by forming a cake on the membrane surface, while dissolved material
may cause fouling by precipitating at the membrane surface or adsorption within
the membrane pore space [73]. In the study by Jarusutthirak et al. [75], colloidal
fractions showed high flux decline on UF membranes primarily due to the effects of
pore blockage. The hydrophobic and transphilic fractions exhibited less fouling than
the colloids due to their molecular size as well as electrostatic repulsion between
organic acids and the membrane surface.
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9.5 Coagulation

In general, very small particles are difficult to remove from water using conven-
tional separation methods such as sedimentation and filtration. Those separation
techniques work very effectively for larger particles. The goal of coagulation
and flocculation is to coalesce the smaller particles into larger and more easily
removed particles (flocs). Removal of NOM by chemical coagulation requires
physical/chemical incorporation into flocs, which are subsequently removed by a
solid–liquid separation process [76]. Coagulation/flocculation processes are mainly
used for colloidal material removal, which cause color and turbidity [77]. HS
interact strongly with cationic additives, especially hydrolyzing metal coagulants
and cationic polyelectrolytes [78]. Kinetics of coagulant reactions is very fast and is
normally complete within the first few seconds after coagulant addition [79].

Due to the sensitivity of coagulation processes, different optimal doses were
obtained for different water and NOM qualities. Variations in the daily and
seasonal raw water quality and chemistry issues such as pH, alkalinity, NOM,
and temperature determine the optimum coagulant dose [79]. Coagulation has an
optimum dosage since a higher dose may result in an increase of the residual
turbidity of the settled water; and, at low dosages, a substantial reduction of residual
turbidity may be observed [80]. There exists a threshold coagulant concentration
value below which there is deleterious effect on plant operation. This implies that
floc growth needs to proceed to a certain critical floc size prior to challenging
membrane filtration, which otherwise is, apparently, partially irreversibly clogged
by the flocculants solids [81].

Humic substances with higher apparent molecular weight and lower carboxylic
acidities are preferentially removed by alum coagulation [76]. Enhancement of
coagulation is more obvious when the organic content in water is relatively high [80]
and the multivalency of the coagulant could conceivably lead to large aggregates
[82]. Experimental results indicate that the removal of organics by coagulation
is directly related to molecular weight. The interaction of alum with HS involves
complexation, charge neutralization, precipitation, and adsorption. As the dosage
is increased, the major mechanism of HS removal can be expected to shift from
complexation–charge neutralization–precipitation to adsorption [83].

Jar tests done by Bolto et al. [84] on reconstituted water with alum and/or
cationic polyelectrolyte showed synergistic benefits from combinations of the
two. The more hydrophobic NOM fractions were the most easily removed by
the polymer. The performance of cationic polymers improved significantly with
increasing charge density and molecular weight. In a study by Kam and Gregory
[78], they disagreed in that there was no systematic effect of molecular weight
in removing dissolved organic matter, but agreed in that the most highly charged
polyelectrolyte showed good removal of HA (up to around 90%) over a fairly narrow
range of dosages. As the charge density of the polyelectrolyte decreases, the zone
of good removal becomes broader and the removal becomes progressively worse
(to about 75%).For cationic polymers with a charge density of around 3 meq/g or
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greater, there seems to be a simple one-to-one charge interaction, so that charge
neutralization occurs with a certain amount of added polymer charge, irrespective
of charge density or molecular weight.

9.6 Integration of Coagulation with Membrane Filtration

Seawater pretreatment may constitute up to one fourth of the total costs of a
membrane desalting facility [85]. Pretreatment may consist of chlorination, coagu-
lation, sand filtration, acidification, anti-scalant, micro-filtration, and dechlorination
[86]. Combination of different water treatment processes depend on the feedwater
quality, feedwater composition, and product requirements [7, 34, 51, 71]. The use
of membrane separation as opposed to conventional clarification techniques permits
a much reduced flocculation time and, thus, a more compact plant [81]. According
to Kampa et al. [87], coagulation, sedimentation, and filtration (CSF) pretreatment
led to unacceptable colloidal fouling, which could not be improved by an additional
(in line) filtration step. Additional pretreatment by UF showed a superior particle
removal. In addition, combined use of CSF/UF reduced biological parameters
significantly; thereby, reducing the risks of a severe biofouling. Therefore, the
treatment scheme CSF-UF-RO was pursued for a practical application.

The literature contains many contradictory results on the effects of coagulation
on membrane fouling. This contradiction may be attributed to the type of water
treated, type of coagulants and membranes used, and operational conditions.
According to Abdessemed and Nezzal [88], coagulation improves the permeate flux
in a very significant way. The coupling makes it possible to modify the structure
of the deposit on the surface of the membrane by the formation of larger particles
of flocs. Results obtained by Maartens et al. [82] indicate that a reduction in NOM
concentration by coagulation before filtration cannot reduce or prevent membrane
fouling. In fact, irreversible membrane fouling was much worse, indicating that
more substances were adsorbed onto the membranes from the pretreated water,
probably because metal-ions that remained in solution formed complexes with the
NOM in the feed solution. On the contrary, Low et al. [89] stated that it is possible to
protect polypropylene membranes from fouling occurring inside the membrane
pores as well as the formation of a cake layer using a two-step coagulation using
ferric chloride with anionic polyelectrolyte in the first step and aluminum coagulant
in the second one.

Most studies available in the literature used inorganic coagulants combined
with membrane filtration as pretreatment to seawater desalination. Recently, the
industry introduced polyelectrolyte coagulants as an aid to membrane pretreatment.
Unfortunately, all available research studied the use of polyelectrolytes under low
salinity feedwater conditions. The aim of this study is to investigate the benefits of
combined polyelectrolyte coagulation and membrane filtration as pretreatment to
brackish water and seawater using synthetic water resembling their salinity.
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Fig. 9.2 P005F membrane real retention using polyethylene glycols (PEG)

9.7 P005F Membrane Properties

P005F polyethersulfone membrane used during the study was provided by Nadir
filtration GmbH (Germany). It has an MWCO of 5 kDa as specified by the
manufacturer although a real retention study illustrated in Fig. 9.2 showed that the
membrane has an MWCO of 3.6–3.8 kDa. In addition, atomic force microscopy
study showed that the membrane has a mean pore size of 10.0 nm and porosity of
17.3%, as illustrated in Fig. 9.3. More details are provided in Hilal et al. [90].

9.8 Membrane Retention

9.8.1 Agglomerates of Humic Substance and Heavy Metals

9.8.1.1 Humic Substance Retention

The influence of salinity, HS concentration, and heavy metals concentration on
HS retention is studied using P005F-UF membrane. HS retention decreased when
salinity level increased from 10,000 to 25,000 ppm NaCl, but no further in-
crease in retention was experienced when salinity level was further increased to
35,000 ppm NaCl, as shown in Fig. 9.2. HS retention using P005F operating at
3 bar and initial feed concentration of 10 mg/l HS and 5 mg/l heavy metals was
0.77 and 0.73 at salinity of 10,000 and 25,000 ppm NaCl, respectively, as shown
in Fig. 9.4.

Cation sodium ions (NaC) are attracted to the area surrounding the anionic
HS particles, forming a layer called the diffuse layer. As the salinity increases,
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Fig. 9.3 3D topographic AFM image of P005F membrane under air environments

more counterions are added to the suspension and being attracted toward the HS
particles causes the diffuse layer to compress [91]. Ionic strength has an effect
on HS retention due to the increased coiling of HS molecules with increasing
ionic strength. At low salinity level, HS functional groups are stretched. When
salinity level is increased, these groups curl up and aggregate causing reduction
in size of colloids, thus increasing HS permeability, as shown in Fig. 9.5 [8]. This
phenomenon is called double-layer compression [91]. Discussion of the effects of
high-level salinity (35,000 ppm NaCl) is provided in Sect. 9.8.2.

HS retention slightly decreased with increasing HS concentration, as shown in
Fig. 9.4. HS retention using P005F operating at 3 bar and initial feed concentration
of 25,000 ppm NaCl and 10 mg/l heavy metals was 0.73, 0.71, and 0.68 at HS
concentration of 10, 20, and 30 mg/l, respectively. As HS concentration increases,
the number of HS species settling at the surface of membrane will increase. This
settling will enhance concentration polarization at the surface of the membrane and
reduce HS retention.

Figure 9.4 shows the effect of heavy metals concentration on HS retention. Heavy
metals concentration did not affect HS retention. Retention of HS using P005F
operating at 3 bar and initial feed concentration of 25,000 ppm NaCl and 10 mg/l
HS was 0.72, 0.73, and 0.73 at heavy metals concentration of 0, 5, and 10 mg/l,
respectively. The same trend was experienced by Alpatova et al. [28] and Verbych
et al. [92] using UF membranes.

Divalent ions affect HS removal through double-layer compression similar to
monovalent ion effect. Divalent ions also affect HS removal through chemical
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Fig. 9.4 Effect of salinity, HS concentration and heavy metals concentration on HS retention;
P005F membrane operating at 3 bar. (a) 10,000 ppm NaCl and (b) 25,000 ppm NaCl

association. It is well known that HS offers binding and mobility sites for heavy
metals in aquatic water and soil [93]. It may be hypothesized that the effect of
double-layer compression (reducing HS colloids’ size) is opposed by the chemical
aggregation of heavy metals with HS (increasing the size of resultant colloids).
Thus, the aggregation effects of heavy metals and HS did not affect HS retention
using the tested P005F membrane. More details are presented elsewhere [94, 95].

9.8.1.2 Cu and Zn Retention

The influence of salinity, HS concentration, and heavy metals concentration on
heavy metals retention was studied using P005F membrane. Heavy metal solutions
consists of equal concentration of Cu, Co, Ni, Zn, and Cd, Co, Ni, and Cd retention
will not be discussed in this study.



246 M. Al-Abri et al.

HS in solution HS on membrane surface

High ionic
strength

Low ionic
strength

Coiled, compact configuration 

Stretched, linear configuration 

Compact, dense, thick fouling layer

Severe permeate flux decline 

Loose, sparse, thin fouling layer 

Small permeate flux decline 

Fig. 9.5 Schematic description of the effect of ionic strength on the conformation of HS in the
solution and on the membrane surface and the resulting effect on membrane permeate flux [8]

Cu and Zn retention decreased with increasing salinity level as shown in Fig. 9.6.
Cu retention using P005F operating at 3 bar with initial feed concentration of
10 mg/l HS and 5 mg/l heavy metals was 0.92 and 0.85 at salinity levels of
10,000 and 25,000 ppm NaCl, respectively. The reduction in heavy metal retention
with increase in ionic strength is due to the effect of salinity on HS structure, as
discussed previously. As the ionic strength increases, HS molecules coil up and their
surface area is reduced. Heavy metals interact with the surface of the colloidal HS
molecules and the reduction in the surface area of the HS molecules will decrease
the removal efficiency of the heavy metals. This results in an increase in the quantity
of nonassociated metal ions that pass through the membrane pores decreasing their
retention [96, 97].

Figure 9.6 shows the effect of HS concentration on Cu and Zn retention.
Heavy metals retention increased with HS concentration. Cu retention using P005F
operating at 3 bar with initial feed concentration of 25,000 ppm NaCl and 5 mg/l
heavy metals was 0.92, 0.94, and 0.98 at HS concentration of 10, 20, and 30 mg/l,
respectively. HS have a great capacity for interaction with heavy metal ions forming
soluble complexes, colloidal, and/or insoluble substances because of the HS col-
loidal character and their high number of surface functional groups. This mechanism
involves the complexation of metallic ions with soluble HS [93, 98]. Increase in HS
concentration increases HS complexation because more HS molecules are available
as binding sites for the heavy metals [99]. In previous experiments on fresh water
undertaken by Alpatova et al. [28] and Verbych et al. [92], a limit was reached
where an increase in HS concentration does not improve the removal of the heavy
metals; HS–metal ratio of 2:1 was optimalfor maximum metal removal. Present
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Fig. 9.6 Effect of salinity and HS concentration on heavy metals retention using P005F membrane
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Fig. 9.7 Effect of heavy metals concentration on heavy metals retention using P005F membrane
operating at 3 bar; Initial feed concentration of 25,000 ppm NaCl

results show a higher ratio; between 2:1 and 4:1. This limit was not experienced in
this study due to the effect of salinity on the aggregation of heavy metals with HS
molecules. Salinity compresses HS colloidal structure and reduces their active sites,
as discussed previously. This will increase the amount of HS molecules required to
obtain the same heavy metal removal.

Figure 9.7 shows the effect of heavy metal concentration on heavy metal reten-
tion. Heavy metal retention decreased with increasing heavy metal concentration.
Cu retention using P005F operating at 3 bar with initial feed concentration of
25,000 ppm NaCl and 10 mg/l heavy metals was 0.84 and 0.71 at heavy metals
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concentration of 5 and 10 mg/l, respectively. Retention of heavy metals decreases
when heavy metal concentration is increased due to the increase in concentration
polarization at the surface of the membrane. When heavy metals concentration
is increased, more metal ions are available in the bulk solution. These ions are
transported to the surface of the membrane, where they accumulate and increase
concentration polarization, thus reducing retention. In addition, increasing heavy
metals concentration will increase the amount of dissociated heavy metals in
solution due to limitation of heavy metals binding with HS.

Heavy metals retention is in the range of Cu (II)>Zn (II) using P005F, as shown
in Fig. 9.7. Heavy metals retention is dependent on metal ions size, their stability
constants, and the reactivity and selectivity of HS [28, 92]. The molecular weights
of the studied heavy metals are 63.4 and 65.4 Da for Cu (II) and Zn (II), respectively.
As the metals’ molecular weight increases, their binding with HS colloids decreases.
In addition, metals with higher stability constants form more stable complexes with
HS. Stability constants (Log K values) of the studied heavy metals are 4.6 and 3.1
for Cu (II) and Zn (II), respectively [100].

9.8.2 Humic Substance Coagulation

The influence of salinity, HS concentration, and polyelectrolyte type and concen-
tration on HS retention are investigated using P005F membrane. HS retention
decreased when salinity level increased from 10,000 to 25,000 ppm NaCl, but
no further increase in retention was experienced when salinity level was further
increased to 35,000 ppm NaCl, as shown in Fig. 9.7. HS retention using P005F
operating at 3 bar with initial feed concentration of 10 mg/l HS and 1 mg/l
PDADMAC was 0.88, 0.82, and 0.83 at salinity levels of 10,000, 25,000, and
35,000 ppm NaCl, respectively.

Salinity effects on HS retention with polyelectrolyte coagulation follow the same
behavior as the effect of salinity on HS retention with heavy metals agglomeration,
as discussed previously. At low salinity level, HS functional groups are stretched.
As salinity increases, these groups curl up and aggregate causing reduction in size of
colloids due to double-layer compression [91]. The increase in salinity from 25,000
to 35,000 ppm did not exert any change in HS retention due to the very high salinity
of the feed; salinity is no longer an important factor. The stability of HS is a function
of the attraction and the repulsive forces. The attraction force is independent of the
ionic strength; whereas, the repulsive force is affected by ionic strength. Repulsive
force affects the stability of HS through the factors

P �
niz2i

��1
and e� P

.niz
2
i /, where

zi is the valency and ni is the number of ions of the ith species per unit volume. Due
to the negative exponential factor, the increase in double-layer compression will
rapidly become smaller as the ionic strength grows. Therefore, at a certain point HS
colloids can be considered fully destabilized and any additional increase in ionic
strength will not affect the HS colloidal structure [101].
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Fig. 9.8 Effects of salinity and HS on HS retention. P005F operating at 3 bar with initial feed
concentration of 1 mg/l PDADMAC

Humic substance retention decreased with HS concentration, as shown in
Fig. 9.7. HS retention using P005F operating at 3 bar with initial feed concentration
of 25,000 ppm NaCl and 1 mg/l PDADMAC was 0.88, 0.83, and 0.97 at HS concen-
tration of 10, 20, and 30 mg/l, respectively. These results follow the same behaviour
as described in Sect. 9.8.1.1. As the HS concentration increases, the number of HS
species settling at the surface of membrane will increase. This settling will enhance
concentration polarization at the surface of the membrane and reduce HS retention.

Figure 9.8 shows the effect of polyelectrolyte type and concentration on HS re-
tention. HS retention using PDADMAC was higher than CoAA. HS retention using
P005F operating at 3 bar with initial feed concentration of 25,000 ppm NaCl and
10 mg/l HS was 0.92 and 0.88 using 2 mg/l PDADMAC and CoAA, respectively.
HS retention also increased with polyelectrolyte concentration. HS retention using
P005F operating at 3 bar with initial feed concentration of 25,000 ppm NaCl and
10 mg/l HS was 0.72, 0.82, and 0.92 at PDADMAC concentrations of 0, 1, and
2 mg/l, respectively.

Polyelectrolytes strengthen the linkage between colloidal HS, which enlarge the
size of the colloids, thus increasing their retention using the tested membranes.
Furthermore, the polyelectrolytes’ molecular weights are very high (>250 kDa)
and HS particles might be adsorbed onto the polyelectrolyte flocs forming polymer–
floc complexes, leading to higher HS retention [78, 102]. Coagulation performance
exhibited by the various types of polyelectrolytes is influenced by the charge density
of the polyelectrolyte rather than the molecular weight. PDADMAC produces higher
retention of HS because PDADMAC has charge density of 100% compared to
85% charge density of CoAA. Increasing polyelectrolyte concentration will provide
more cationic species to interact with the HS, thus increasing HS neutralization and
HS retention.
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Fig. 9.9 Effects of polyelectrolyte type and concentration on HS retention. P005F operating at
3 bar with initial feed concentration of 25,000 ppm NaCl

9.8.3 Humic Substance and Heavy Metals Coagulation

9.8.3.1 Humic Substance Retention

The influence of salinity, HS concentration, heavy metals concentration and poly-
electrolyte type and concentration on HS retention was studied using P005F
membrane. Humic substance retention decreased with increasing salinity level using
P005F membrane at low polyelectrolyte concentration. No effect of salinity on HS
retention was experienced at high polyelectrolyte concentration, although highest
HS retention was achieved at lower polyelectrolyte concentration using 10,000 ppm
NaCl, as shown in Fig. 9.9. HS retention was 0.86 and 0.81 at 10,000 and
25,000 ppm NaCl, respectively, at initial feed concentration of 2 mg/l PDADMAC,
while HS retention was 0.98 and 0.99 at 10,000 and 25,000 ppm NaCl, respectively,
at initial feed concentration of 2 mg/l PDADMAC. Maximum HS retention was
reached at 5 and 7 mg/l PDADMAC at 10,000 and 25,000 ppm NaCl, respectively.
These results show the same behavior as previous results discussed in Sect. 9.8.1.
Due to the coiling of HS structure and compression of the double layer with
increased ionic strength, HS colloidal size decreases; thus, a reduction in HS
retention is experienced. At high polyelectrolytes concentration, salinity does not
play a major role in HS retention since maximum HS retention is achieved due to
the addition of high polyelectrolyte dosage.

HS retention decreased with increasing HS concentration using P005F mem-
branes, as shown in Fig. 9.10. HS retention using P005F operating at 3 bar at was
0.91, 0.85, and 0.81 at HS concentration of 10, 20, and 30 mg/l, respectively. These
results follow a similar behavior as previous results discussed in Sect. 9.8.1. As
HS concentration increases, the number of HS species settling at the surface of
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Fig. 9.10 Effects of membrane type and salinity on HS retention using P005F membrane
operating at 3 bar. Initial feed concentration of 30 mg/l HS, 5 mg/l heavy metals and using
PDADMAC

membrane will increase. This settling will enhance concentration polarization at
the surface of the membrane and reduces HS retention. At high polyelectrolyte
concentration, similar maximum HS retention was achieved at all studied HS
concentrations, although a higher polyelectrolyte concentration was required to
reach the maximum achievable HS retention at higher HS concentrations, as shown
in Fig. 9.10. Maximum HS retention reached using P005F was 0.99 and was
achieved at PDADMAC dose of 3, 5, and 7 mg/l at HS concentration of 10, 20,
and 30 mg/l, respectively.

Comparison of HS coagulation without heavy metals results, Sect. 9.8.1, with
HS and heavy metals coagulation shows that the addition of heavy metals does not
increase HS retention at the same conditions, as illustrated in Fig. 9.11. HS retention
using P005F was 0.81 and 0.82 at 5 and 10 mg/l heavy metals, respectively. As stated
previously, the effect of double-layer compression (reducing HS colloids’ size) is
opposed by the chemical aggregation of heavy metals with HS (increasing the size
of the resultant colloids).

Figure 9.11 shows the effect of polyelectrolyte type and concentration on HS
retention using P005F membrane. Typical to the results shown in Sect. 9.8.2,
PDADMAC produced higher HS retention compared to CoAA at low polyelec-
trolyte concentration. HS retention was 0.81 and 0.77 for PDADMAC and CoAA,
respectively, at 2 mg/l polyelectrolyte. Coagulation performance exhibited by
the various types of polyelectrolytes is influenced by the charge density of the
polyelectrolyte rather than the molecular weight. PDADMAC produces higher
retention of HS because PDADMAC has a higher charge density of 100% compared
to 85% charge density of CoAA. Furthermore, no difference in HS retention using
PDADMAC and CoAA was observed at high polyelectrolyte concentration. HS
retention was 0.99 for both polyelectrolytes at 7 mg/l. Increase in polyelectrolyte
concentration increased HS retention until the maximum retention was achieved.
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Fig. 9.11 Effects of HS concentration on HS retention using P005F membrane operating at 3 bar.
Initial feed concentration of 25,000 ppm NaCl, 5 mg/l heavy metals, and using PDADMAC

Further increase in polyelectrolyte concentration deteriorated HS retention, as
shown in Fig. 9.11. HS retention was 0.75, 0.81, 0.93, 0.99, 0.99, and 0.77 at
PDADMAC concentration of 1, 2, 5, 7, 10, and 15 mg/l, respectively. Increasing
polyelectrolyte concentration will provide more cationic species to interact with
the HS, which increases HS neutralization, thus increasing HS retention. At
polyelectrolyte concentration higher than the optimum dosage, HS colloids will be
surrounded by excess polyelectrolyte molecules leading to high electrostatic and
steric repulsion thus reducing HS retention.

9.8.3.2 Cu and Zn Retention

The influence of salinity, HS concentration, heavy metals concentration, and
polyelectrolyte type and concentration on Cu and Zn retention was studied. Cu
and Zn retention decreased slightly with increasing salinity at low polyelectrolyte
concentration as shown in Fig. 9.12. Cu retention was 0.99 and 0.96 at salinity levels
of 10,000 and 25,000 ppm NaCl, respectively. Reduction in heavy metal retention
with increase in ionic strength is due to the effect of salinity on HS structure, as
explained earlier in Sect. 9.8.1.2. As the ionic strength increase, HS molecules
coil up reducing their colloidal surface area. Contraction of HS double layer will,
thereby, reduce the probability of HS–metal interaction. This results in an increase
in the quantity of nonassociated metal ions that pass through the membrane pores
and decreases retention.

Figure 9.13 shows the effect of HS concentration on Cu and Zn retention. Cu
and Zn retention increased with HS concentration. Cu retention was 0.86, 0.92, and
0.96 at HS concentration of 10, 20, and 30 mg/l, respectively. These results follow
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Fig. 9.13 Effect of salinity on Cu and Zn retention using P005F membrane operating at 3 bar.
Initial feed concentration of 30 mg/l HS, 5 mg/l heavy metals and using PDADMAC

a similar trend to previous experiments discussed in Sect. 9.8.1.2. As explained
previously, due to properties of HS colloidal surface, HS have a great capacity
for interaction with heavy metal ions. This mechanism involves the complexation
of metallic ions with soluble HS. Increase in HS concentration increases humic
substance complexation because more HS molecules are available as binding sites
for the heavy metals.

Figure 9.14 shows the effect of heavy metal concentration on Cu and Zn reten-
tion. Heavy metal retention decreased with increasing heavy metal concentration.
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Fig. 9.14 Effect of HS concentration on Cu and Zn retention using P005F membrane operating at
3 bar. Initial feed concentration of 25,000 ppm NaCl, 5 mg/l heavy metals, and using PDADMAC

Cu retention was 0.95 and 0.89 at heavy metals concentration of 5 and 10 mg/l,
respectively. These results follow a similar trend to previous results discussed
in 9.8.1.2. Retention of heavy metals decreases when heavy metal concentration
is increased due to the increase in concentration polarization at the surface of
the membrane. When heavy metals concentration is increased, more metal ions
are available in the bulk solution. These ions are transported to the surface of the
membrane, where they accumulate and increase concentration polarization, thus
reducing retention. In addition, increasing heavy metals concentration will increase
the amount of dissociated heavy metals in solution due to limitation of heavy metals
binding with HS.

Figure 9.15 shows the effect of polyelectrolyte type and concentration on Cu and
Zn. Cu and Zn retention using PDADMAC was higher than CoAA. Cu retention
was 0.96 and 0.93 for PDADMAC and CoAA, respectively. PDADMAC higher
retention of heavy metals is due to its higher retention of HS. Metal retention is
dependent on HS retention using P005F membrane as discussed previously. As HS
retention increase, metals retention increase.

Increasing polyelectrolyte concentration increased Cu and Zn retention until
maximum retention is achieved. Further increase in polyelectrolyte concentration
reduced metal retention. Cu retention was 0.95, 0.96, 0.98, 0.98, 0.98, and 0.94
at 1, 2, 5, 7, 10, and 15 mg/l PDADMAC, respectively. As explained previously,
metals retention using UF membranes is dependent on HS retention. An increase
or decrease in HS retention due to the effect of polyelectrolyte will increase metals
retention.
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Fig. 9.15 Effect of heavy metals concentration on Cu and Zn retention using P005F membrane
operating at 3 bar. Initial feed concentration of 25,000 ppm NaCl, 30 mg/l HS, and using
PDADMAC

9.9 Membrane Fouling

9.9.1 Agglomerates of Humic Substance and Heavy Metals

Many factors affect membrane fouling such as membrane’s surface charge, proper-
ties, and composition of the bulk solution and hydrodynamic conditions. Different
membranes respond differently to any changes in these factors. The influence of
salinity, HS concentration, and heavy metals concentration on P005F UF membrane
fouling were studied. Figure 9.16 shows the effect of salinity on membrane fouling.
Increasing salinity level increased membrane fouling. P005F fouling at 3 bar and
initial feed concentration of 10 mg/l HS and 5 mg/l heavy metals were 27.1%
and 32.3% at salinity levels of 10,000 and 25,000 ppm NaCl, respectively. As
explained in Sect. 9.8.1, increasing the ionic strength compresses the diffuse layer
of HS colloids. Double-layer compression will reduce HS colloidal charge and the
electrostatic repulsion between HS colloidal macromolecules. The reduction in HS
interchain repulsion will coil up HS colloids forming as a result a more densely
packed deposition of HS at the surface of the membrane and formation of a compact
fouling layer, as shown in Fig. 9.5.

Figure 9.16 shows the effect of HS concentration on membrane fouling. In-
creasing HS concentration increased membrane fouling. P005F fouling at 3 bar
and initial feed concentration of 25,000 ppm NaCl and 5 mg/l heavy metals were
32.3%, 35.6%, and 37.9% at HS concentration of 10, 20, and 30 mg/l, respectively.
As HS concentration increases, number of HS molecules settling at the surface of
membrane increases. This settling enhances concentration polarization at the surface
of the membrane and increases membrane fouling.
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Fig. 9.16 Effect of polyelectrolyte type and concentration on Cu and Zn retention using P005F
membrane operating at 3 bar. Initial feed concentration of 25,000 ppm NaCl, 30 mg/l HS, and
5 mg/l heavy metals

Figure 9.16 shows the effect of heavy metals concentration on membrane
fouling. Membrane fouling increased with heavy metals concentration. P005F
fouling at 3 bar and initial feed concentration of 25,000 ppm NaCl and 10 mg/l
HS were 31.2%, 32.3%, and 35.9% at heavy metals concentration of 0, 5, and
10 mg/l, respectively. Unlike NaC cations, divalent cations interact specifically
with humic carboxyl functional groups; thus, substantially reducing HS charge and
the electrostatic repulsion between the HS macro-molecules. The reduction in HS
interchain repulsion results in increased HS deposition at the membrane surface and
the formation of a densely packed fouling layer.

9.9.2 Humic Substance Coagulation

The influence of salinity, HS concentration, and polyelectrolyte type and concentra-
tion on membrane fouling was studied using P005F membrane. Figure 9.17 shows
the effect of salinity level on membrane fouling. Increasing salinity level from
10,000 to 25,000 ppm NaCl increased fouling, but no further increase in fouling
was experienced when salinity was increased to 35,000 ppm NaCl. P005F fouling
at 3 bar and initial feed concentration of 10 mg/l HS and 2 mg/l PDADMAC were
30.1%, 36.0%, and 35.2% at salinity levels of 10,000, 25,000, and 35,000 ppm
NaCl, respectively. Increasing the ionic strength compresses the diffuse layer of
HS colloids. Double-layer compression reduces the HS colloidal charge and the
electrostatic repulsion between HS colloidal macro-molecules. The reduction in HS
interchain repulsion will coil up HS colloids forming as a result a more densely
packed deposition of HS at the surface of the membrane and formation of a compact
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Fig. 9.17 Effect of membrane type, salinity, and HS concentration on membrane fouling using
P005F operating at 3 bar. (a) 10,000 ppm NaCl and (b) 25,000 ppm NaCl

fouling layer. The increase in salinity from 25,000 to 35,000 ppm did not exert any
change in HS colloids; due to the very high salinity of feed, salinity is no longer an
important factor, as explained in Sect. 9.8.2.

Figure 9.17 shows the effect of HS concentration on membrane fouling. Mem-
brane fouling increased with HS concentration. P005F fouling at 3 bar and initial
feed concentration of 25,000 ppm NaCl and 2 mg/l PDADMAC were 36.0%,
39.2%, and 40.6% at HS concentration of 10, 20, and 30 mg/l, respectively. These
results follow a similar trend to previous results discussed in Sect. 9.9.1. As HS
concentration increases, the number of HS molecules settling at the surface of
membrane will increase. This settling will enhance concentration polarization at
the surface of the membrane and increase membrane fouling.

Figure 9.18 shows the effect of polyelectrolyte type and concentration on
membrane fouling. No difference in fouling was experienced using PDADMAC
and CoAA coagulants. P005F fouling at 3 bar and initial feed concentration of
25,000 ppm NaCl and 10 mg/l HS were 33.5% and 34.0% using 1 mg/l PDADMAC
and CoAA, respectively. In addition, membrane fouling increased with increasing
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Fig. 9.18 Effects of salinity and HS on membrane fouling using P005F operating at 3 bar. Initial
feed concentration of 2 mg/l PDADMAC

polyelectrolyte concentration. P005F fouling at 3 bar and initial feed concentration
of 25,000 ppm NaCl and 10 mg/l HS were 31.2%, 33.5%, and 36.0% at PDADMAC
concentration of 0, 1, and 2 mg/l, respectively. The increase in fouling with increase
in polyelectrolyte concentration is due to the increase in polyelectrolyte and colloids
settling at the surface of membrane. An increase in polyelectrolyte concentration
will increase the amount of polyelectrolyte molecules settling at the surface of the
membrane inducing concentration. The addition of polyelectrolyte also changes the
structure of the HS molecules enabling them to foul the membrane more extensively.

9.9.3 Humic Substance and Heavy Metals Coagulation

The influence of salinity, HS concentration, heavy metals concentration, and
polyelectrolyte type and concentration on membrane fouling were studied using
P005F membrane. Figure 9.19 shows the effect of salinity on membrane fouling.
Increasing salinity level increased membrane fouling. P005F fouling was 36.0 and
41.7% at salinity levels of 10,000 and 25,000 ppm NaCl, respectively. As explained
previously, increasing the ionic strength compresses the diffuse layer of HS colloids.
Double-layer compression will reduce HS colloidal charge and the electrostatic
repulsion between HS colloidal macromolecules. The reduction in HS interchain
repulsion will coil up HS colloids forming as a result a more densely packed
deposition of HS at the surface of the membrane and formation of a compact fouling
layer as shown in Fig. 9.5.

Figure 9.20 shows the effect of HS concentration on membrane fouling. Increas-
ing HS concentration increased fouling. P005F fouling was 37.0%, 39.0%, and
41.7% at HS concentration of 10, 20, and 30 mg/l, respectively. These results show
similar trend to previous results discussed in Sect. 9.9.1. As HS concentration in-
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Fig. 9.20 Effect of salinity on membrane fouling using P005F membrane operating at 3 bar. Initial
feed concentration of 30 mg/l HS, 5 mg/l heavy metals, and using PDADMAC

creases, the number of HS molecules settling at the surface of membrane increases.
This settling enhances concentration polarization and increases membrane fouling.

Figure 9.21 shows the effect of heavy metals concentration on membrane fouling.
Membrane fouling increased with heavy metals concentration following similar
trend as previous results discussed in Sect. 9.9.1. P005F fouling was 44.7% and
45.9% at heavy metals concentration of 5 and 10 mg/l, respectively. As explained
previously, divalent cations interact specifically with humic carboxyl functional
groups thus, substantially reducing HS charge and the electrostatic repulsion
between the HS macromolecules. The reduction in HS interchain repulsion results
in increased HS deposition at the membrane surface and the formation of a densely
packed fouling layer.
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Fig. 9.21 Effect of HS concentration on membrane fouling using P005F membrane operating at
3 bar. Initial feed concentration of 25,000 ppm NaCl, 5 mg/l heavy metals, and using PDADMAC
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Figure 9.21 also shows the effect of polyelectrolyte type and concentration
on membrane fouling. No difference in fouling was experienced using PDAD-
MAC and CoAA coagulants. P005F fouling was 44.7% and 45.9% using 2 mg/l
PDADMAC and CoAA, respectively. In addition, fouling increased with increasing
polyelectrolyte concentration. P005F fouling was 41.7%, 44.7%, 48.7%, 52.9%,
56.6%, and 60.9% at PDADMAC concentration of 1, 2, 5, 7, 10, and 15 mg/l,
respectively. These results show similar behaviour to previous results discussed
previously in Sect. 9.9.2. Increase in fouling with increasing polyelectrolyte con-
centration is due to the increase in polyelectrolyte and colloids settling at the
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surface of membrane. An increase in polyelectrolyte concentration will increase
the amount of polyelectrolyte molecules settling at the surface of the membrane
inducing concentration. The addition of polyelectrolyte also changes the structure of
the HS molecules enabling them to foul the membrane more extensively (Fig. 9.22).
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Chapter 10
Hybrid Sonochemical Treatment of
Contaminated Wastewater: Sonophotochemical
and Sonoelectrochemical Approaches. Part I:
Description of the Techniques

B. Neppolian, M. Ashokkumar, I. Tudela, and J. González-Garcı́a

10.1 Introduction

The chemical and biological effects of ultrasound were reported by Loomis et al.
about 80 years ago [1, 2]. Ultrasound as an initiator of chemical reactions and phys-
ical transformations of material has emerged as a potential technology within last
few decades (from 1970). There are widespread applications of ultrasound in many
industrial fields. Ultrasound frequencies in the range 20 kHz–1 MHz have been
used in sonochemistry [3]. The physical and chemical effects of ultrasound have
been widely used in numerous applications such as cleaning, degassing, polymer-
ization, emulsification, drilling, cutting, flow measurements, imaging, biomedical,
automotive, food preservation, drug delivery, and dairy industry [4, 5]. Ultrasound
irradiation has found use in plastic welding, drying, air scrubbing, and nebulization.
It is used in manufacturing industries such as synthetic textiles and reinforced
composite materials [5]. Over the last two decades, new opportunities have emerged
for utilizing ultrasound for chemical reactions such as controlled synthesis of
nanomaterials and oxidation of organic pollutants (wastewater treatment) [6–22].
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This chapter is concerned with the applications of ultrasound for the treatment
of water and wastewater in environmental remediation. The focus of this chapter
is to introduce different experimental techniques that are commonly used for the
degradation of organic pollutants present in an aqueous environment.

10.2 Equipment

Sonochemical degradation of organic pollutants is a very simple process that can
be easily adapted to any working environment. Ultrasound waves are generated by
transducers that convert electrical energy into mechanical energy. The transducers
may be magnetostrictive- or piezoelectric-type materials [23]. Among the two types,
piezoelectric transducers are commonly used in ultrasonic instruments. In lab-scale
studies, bath- and horn-type ultrasonicators are commonly used. Most experimental
studies to date have used low-frequency (�20 kHz) horn type or high-frequency
plate type (100–600 kHz) sonicators (200–500 mL reactor capacity). In lab-scale
experiments, reactors are fabricated mostly in Pyrex glass of about 1 L capacity.
For industrial or pilot-scale studies, stainless steel reactors that can hold many high-
frequency piezoelectric transducers of different capacity are used. Calorimetery is
the most common method used to measure the acoustic power delivered into the
liquid.

10.3 Operational Variables

Sonochemistry is strongly influenced by many operational variables of ultrasound
such as frequency, power delivered to the liquid, different types of transducers,
namely, horn type (low frequency, �20 kHz) and plate type (high frequency,
�100 kHz–1 MHz), different modes of operation (pulse and normal mode),
solution temperature, dual frequency configuration, geometry, and size of the
reactor [24–29]. These are important considerations in the effective application of
ultrasound for any particular type of chemical reaction. All operational variables
play a significant role in the direction and efficiency of the sonochemical oxidation
reactions that take place in the reactor [24, 25, 27]. For example, the choice
of frequency has a major impact on the sonochemical reactivity. Low-frequency
ultrasound (20–100 kHz) generates a large bubble and as a result violent cavitational
collapse occurs, producing higher localized temperatures and pressures at cavitation
sites as well as strong shockwaves [23]. This cavitation effect is commonly used in
industry for cleaning particles bound to a surface and for wastewater treatment.
Whereas, at higher frequencies (100 kHz–1 MHz), more cavitation events occur per
unit time but the smaller bubbles tend to collapse less violently, producing lower
temperatures and pressures [29]. Hence, high-frequency ultrasound is used in the
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electronics industry to clean components such as silicon wafers [3]. The production
of free radicals is much higher at higher frequencies and, hence, the rate of chemical
reactions is relatively faster.

Another important variable of ultrasound is acoustic power. Most of the com-
mercially available ultrasonic equipments usually operate at a fixed frequency with
variable power levels [8, 9, 25, 30]. Depending on the nature of reactions, one
needs to optimize the acoustic power to be delivered to the medium. Many reports
have demonstrated the importance of using optimal acoustic power in sonochemical
reactions. The use of higher acoustic power results in stronger cavitation events. The
rate of oxidation of organic compounds, e.g., is greatly enhanced with an increase
in acoustic power [8].

10.4 Lab-Scale Reactors Used in Environmental
Remediation

10.4.1 Low-Frequency Horn-Type Ultrasonic Reactors

10.4.1.1 Sonochemical-Oxidative Degradation of Organic Compounds

There have been many reports on utilizing low-frequency horn-type ultrasonicators
for the degradation of either volatile or nonvolatile organic pollutants. Simple
glass reactor vessels with a double wall for cooling water circulation have been
used in lab-scale studies. As an example, a low-frequency horn-type ultrasonicator
(20 kHz) is used for the degradation of highly volatile organic compounds such as
methyl tert-butyl ether (MTBE) that is widely used in petroleum industry. MTBE
is considered to be a potential carcinogen. The total degradation of MTBE was
achieved by ultrasound irradiation within a short period of time in the presence
of other oxidizing agents [8, 31]. MTBE is a highly volatile organic compound
and, hence, the reactor was fabricated in such a way that it remains air tight
and could hold the volatile compound without releasing it into the atmosphere.
Figure 10.1 shows the reactor setup used for the effective degradation of volatile
organic compounds by ultrasound, using a low-frequency horn-type ultrasonicator.
The reactor assembly is made up of borosilicate glass of 150 mL equipped with
an ultrasonicator (VCX-400 vibracell). The O-ring with metal collar connects the
glass reactor to the stainless steel probe. Sampling and gas purging ports are sealed
with Teflon valves and covered with rubber septa. The temperature of the reactor
is maintained by circulating cooling water between the double walls of the reactor,
as shown in Fig. 10.1. The rate of degradation of MTBE steadily increased with
an increase in power density of the ultrasonicator from 22 to 76 W and also with
a rise in reactor solution temperature from 10ıC to 30ıC. In the presence of an
oxidizing agent, potassium persulfate, the sonolytic rate of degradation of MTBE
was enhanced substantially. The intermediate products formed such as tert-butyl
formate and acetone were also completely degraded by this process [8].
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Fig. 10.1 Schematic diagram of a gas-tight glass reactor with a metal collar for attachment to
stainless-steel sonication probe. This type of reactor design is recommended for the degradation of
volatile compounds (Reproduced from Ref. [8]. With kind permission of © Elsevier (2002))

10.4.1.2 Sonochemical Oxidation of Highly Toxic As(III) Metalloid
to Less Toxic As(V)

Ultrasound irradiation can also be used for the oxidation of metalloids, such as
As(III) to As(V). As(III) is highly toxic and more mobile than As(V). Once
As(III) is oxidized to As(V), the latter can be easily removed from the water and
wastewater systems by using conventional adsorption methods. Many researchers
have used different techniques for the oxidation of As(III) to As(V) [32–37].
Recently, Neppolian et al. reported on the effect of the sonochemical oxidation
of As(III) to As(V) using a low-frequency horn-type ultrasonicator [24, 25]. OH
radicals generated during acoustic cavitation oxidize As(III) to As(V). The physical
forces generated during acoustic cavitation at low ultrasound frequency (20 kHz)
substantially enhanced the As(III) oxidation rate. Sonication in a pulse mode has
been found to show a profound effect on the rate of the oxidation of As(III) to As(V)
in comparison with the continuous mode of operation. An almost two times higher
rate of As(III) oxidation was observed in the pulse mode of ultrasonication. Further,
the reaction rate was remarkably faster for the oxidation of As(III) to As(V) by
ultrasound in combination with other oxidizing agents such as peroxydisulfate [24].
Figure 10.2 shows the percentage oxidation of As(III) to As(V) using low-frequency
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Fig. 10.2 Effect of the different initial concentrations of As(III) on the rate of oxidation of
As(III) to As(V). Experimental conditions: pH D 7, tip diameter D 19 mm and power D 36 W
(Reproduced from Ref. [25]. With kind permission of © The American Chemical Society (2009))

Table 10.1 Amount of
As(III) oxidized into As(V)
after Sonication

Initial
[As] (ppb)

Amount oxidized
in 10 min (ppb)

Amount oxidized
in 30 min (ppb)

500 325 500

750 390 690

1000 430 820

1500 680 1050

2000 690 1200

Reproduced from Ref. [25]. With kind permission of
© The American Chemical Society (2009)

(20 kHz) sonication. It can be seen in this figure that the percentage of sonochemical
oxidation of As(III) increases with an increase in As(III) concentration. The data
shown in Fig. 10.2 are processed for a better understanding of the effect of [As(III)]
and presented in Table 10.1. It is clearly seen that the amount of oxidation of
As(III) increases with an increasing concentration of As(III) [25]. For example,
within 10 min of sonication time, 325 ppb of As(III) was oxidized into As(V)
when the initial concentration of As(III) was 500 ppb, at the same time, 680 ppb of
As(III) could be oxidized for the initial concentration of 1,500 or 2,000 ppb As(III).
The same trend was observed for 30 min of reaction time (Table 10.1). Thus, the
overall oxidation was higher for the higher concentration of As(III). This is a great
advantage of using the sonochemical method for oxidizing high concentration of
As(III) [25].
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Fig. 10.3 TEM image of Au
loaded-graphene oxide
prepared by ultrasonic
irradiation (Reproduced from
Ref. [50]. With kind
permission of © The
American Chemical Society
(2010))

10.4.2 Ultrasonic Reactors with Plate-Type Transducers

High-frequency ultrasound in the range 100–700 kHz is suitable for degradation
of organic pollutants. The production of OH radicals is generally high with high
frequency of the ultrasonicator [4]. Ashokkumar et al. reported that the amount
of OH radicals obtained from a 200 kHz frequency ultrasonicator is about ten
times higher than that generated by using a 20 kHz horn sonicator [4]. Many
reports demonstrated the application of high-frequency ultrasound for the oxidation
of organic compounds, such as different surfactants that are commonly used in
domestic as well as industrial applications. The use of high-frequency ultrasound
efficiently degrades surfactants without the addition of any external chemicals or
catalysts [11, 13, 14]. Various other pollutants such as phenols and textile dyes were
also successfully degraded by high frequency of ultrasound [38–44].

Recently, catalyst assemblies, based on metal nanoparticles deposited on single
or few layers of graphene sheets, have gained considerable attention in a variety of
applications ranging from photocatalysts to fuel cells and sensors to storage batteries
[45–53]. Recently, Vinodgopal et al. [50] reported that high-frequency ultrasound at
211 kHz was very effective for the simultaneous reduction of metallic precursor
to pure metal as well as converting graphene into reduced graphene oxide. The
sonochemically prepared metal particles along with graphene oxide sheets were
found to be very stable over a long period of time. With high-frequency ultrasound,
graphene oxide sheets consisting of few layers of (�2–3) could be obtained by this
method. Further, due to the physical forces generated from the collapse of acoustic
cavitation during ultrasound irradiation, high levels of metal nanoparticles were
deposited on the sheets of graphene oxide, as shown in the following TEM image
(Fig. 10.3). Thus, ultrasound is useful for reducing graphene very effectively as well
as for the effective loading of metal catalysts onto the sheets.
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Fig. 10.4 Schematic diagram of dual frequency bath reactor (Reproduced from Ref. [58]. With
kind permission of © Elsevier (2001))

10.4.3 Dual-Frequency Ultrasonic Reactors

It is generally reported that when using a single frequency transducer, the chemical
reaction zone is limited to the volume of propagation or transmission of ultrasonic
waves in a liquid medium. For large-scale industrial wastewater or water treatment,
flow-through reactors attached with many transducers are required in order to
achieve maximum volume for reaction. Few reports described the application of
dual frequencies for different sonochemical processes [54–57]. Sivakumar and
Pandit [58] fabricated a reactor, which could be operated for both continuous as
well as batch type reactions. Their study involved the degradation of rhodamine blue
dye as a model pollutant to check the feasibility of the reactor for environmental
remediation. The reactor was made up of a stainless steel vessel and fitted with
20 and 40 kHz frequency piezoelectric transducers, as shown in Fig. 10.4. This
reactor can work either with single frequency or dual frequency. A cooling pipe
located inside the reactor (Fig. 10.4) was used for the circulation of water from a
thermostated bath in order to maintain the temperature at around 25ıC. The reactor
was operated at three modes: 20, 40, and 20 C 40 kHz. The results showed that
there was no synergetic or detrimental effect on the degradation of the dye with dual
frequency. Only an additive effect of the separate frequencies was observed in the
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dual frequency mode. Despite the absence of a synergy effect, this work showed that
flow-through reactors are suitable for the effective treatment of large-scale volumes
of wastewater containing organic pollutants.

10.5 Large Size Reactors

10.5.1 Multifrequency Reactors

Utilizing ultrasound for industrial-scale studies is a challenging issue with limited
information available in the literature. One has to study the effect of various
important parameters of ultrasound for a large-scale reactor. Gogate et al. [59]
reported the effect of various operational variables of ultrasound such as frequency
of irradiation, use of multiple frequencies and power dissipation into the system on
the extent of degradation of Rhodamine B as a model pollutant with a 7.5 L capacity
reactor. The configuration of hexagonal reactor setup is shown in Fig. 10.5, which

Fig. 10.5 Schematic
representation of triple
frequency flow cell used in
the experimental work
(Reproduced from Ref. [59].
With kind permission
of © Elsevier (2004))
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Fig. 10.6 Scheme of the experimental setup: 1. Peristaltic pump; 2. three-stage sonochemical
reactor; 3. continuously stirred vessel (Reproduced from Ref. [60]. With kind permission of
© Elsevier (1999))

consists of three different frequency transducers mounted on each side. A total of 18
transducers with equal power rating of 50 W are present in the reactor. This reactor
was able to operate both batch as well as continuous mode of operation. There were
seven different configurations of frequencies (20, 30, 50, 20 C 30, 20 C 50, 30 C 50,
and 20 C 30 C 50 kHz) that could be operated to control the effect of power and
frequency for a particular reaction. The maximum power dissipation was 900 W
when all transducers were in use with a combination of 20 C 30 C 50 kHz. This
study revealed that the rate of degradation of Rhodamine B strongly depended on
the cavitation intensity of a particular application. Aeration and the presence of solid
particles could effectively enhance the rate of degradation of the dye. The above
information is useful with respect to designing large- and appropriate-scale reactors
for sonochemically assisted wastewater treatment.

10.5.2 Flow-Through Reactors

As a part of scale-up of the ultrasonic process for a large-scale wastewater
treatment, Petrier and coworkers [60] first reported a three stage sonochemical
reactor operating in continuous flow mode for the degradation of pentachlorophenol
(PCP) as a model pollutant. Figure 10.6 shows the three stage sonochemical reactor
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Fig. 10.7 Cylindrical reactor of 35 kHz (Reproduced from Ref. [61]. With kind permission of
© Elsevier (2003))

setup. Each unit consists of a 500 kHz piezoelectric disk with a variable power
supply in the range of 0–100 W. The temperature of the reaction solution was
maintained at 20ıC using a cooling unit. The study involved the influence of
different operating variables such as ultrasonic power, volume of the reactor, and
volumetric feed flow rate on the reactor performance. The rate of PCP degradation
increased with an increase in the acoustic power of the ultrasonicator. At the same
time, the reaction decreased with an increase in the flow rate of the solution. The
rate of oxidation of phenol with the flow-type reactor mainly depended on acoustic
power as well as flow rate of the solution, similar to other batch type reactors.
According to theoretical as well as experimental results and interpretations, many
challenging factors need to be taken into consideration when scaling up this method
for industrial-scale application is desired.

10.5.3 Cylindrical Reactors

Generally, geometry and size of reactors play a significant role in determining the
rate of a particular reaction. Many reports have described batch or semi-batch type
reactors with square or rectangular shape for ultrasonic reactions. Petrier [61] was
able to fabricate a cylindrical flow-through reactor with three different frequencies
(20, 35, and 500 kHz), operated in a continuous flow mode for the degradation of
phenol in aqueous solutions. Figure 10.7 shows the reactor assembly in which the
reactor can be fitted with one of the transducers at a particular time. A titanium tube
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Fig. 10.8 Schematic of the large-scale sonoreactor and the location of measurement of cavitation
energy (side view) (Reproduced from Ref. [62]. With kind permission of © Elsevier (2009))

was used for transmitting ultrasound waves at 20 kHz, whereas a piezoelectric disk
fixed on a Pyrex plate emits ultrasound at 500 kHz. The degradation of phenol was
carried out using a continuous flow mode of operation within a reaction volume
of 350 mL. The rate of degradation of phenol was higher at 500 kHz than that
at 20 or 35 kHz. However, the cylindrical type flow reactor enhanced the rate
of phenol oxidation at lower frequency (35 kHz) than that of higher frequency
(500 kHz) in the presence of oxidizing agent H2O2 and copper sulfate. Further, the
intermediate products formed during the degradation of phenol were easily degraded
by 35 kHz frequency. This is a simple and highly efficient way of degradation
organic pollutants by using cylindrical flow type reactor.

10.5.4 Large-Scale Reactors

It is necessary to study the effect of operational variables of ultrasound for large-
scale reactors (>100 L capacity) during organic compound degradation. This
type of study might give sufficient information to build a pilot-plant reactor for
industrial applications using ultrasound. Son et al. [62] described the performance
and the cavitation energy distribution in a large-scale reactor (250 L capacity).
They were able to design a large-scale reactor with variable frequencies from 35 to
170 kHz. Figure 10.8 shows a schematic representation of the reactor. The large-
scale reactor consists of an acrylic bath (L 1.20 m � W 0.60 m) and ultrasonic
transducer module placed at the face center of the reactor as shown in Fig. 10.8.
The module has nine PZT transducers and can produce ultrasound at 35, 72, 110,
and 170 kHz frequencies. The temperature of the reactor was maintained around
18ıC. Among the various frequencies of the ultrasonicator, 72 kHz provided both
the maximum and uniform energy distribution throughout the large-scale reactor
(Table 10.2). Many research reports suggested that high frequencies in the range of
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Table 10.2 Average cavitation energy in the whole sonoreactor

Frequency (kHz) 35 72 110 170
Average cavitation energy (W) 53.50 83.87 6.41 0.10

Reproduced from Ref. [62]. With kind permission of © Elsevier (2009)

200–1,700 kHz were more efficient for complete and relatively faster degradation
of pollutants in small-scale reactors. This is due the formation of large number of
bubbles at high frequencies that lead to more radical production. However, in large-
scale reactors, the energy distribution was found to be very high and uniform only
for low-frequency sonication (Table 10.2) because sound waves over 100 kHz do not
propagate as effectively for long distances in a reactor as those of lower frequency.
Such information is highly useful in designing a large-scale reactor for industrial
wastewater treatment.

10.6 Ultrasound and Other AOTs as Examples of Hybrid
Sonochemical Treatments

10.6.1 Sonolysis in Combination with Photocatalysis

Advanced oxidation technologies (AOTs) such as photocatalysis, sonolysis, ozonol-
ysis, the Fenton’s process, and photochemical oxidation have been extensively used
for the treatment of contaminated water and wastewater. These AOT processes can
produce OH radicals as a primary nonselective oxidant, which assists the oxidation
process. Many researchers reported the effect of combining two or more AOTs
to increase the rate of degradation of organics by combining the advantages of
individual process [4, 8, 9, 30, 31, 38–45, 63–70]. For example, during TiO2

photocatalysis, adsorbed reaction intermediates on the TiO2 surface slowly decrease
the activity of TiO2. The fluid flow generated by ultrasound acoustic bubbles
enhances mass transport of pollutants as well as prevent particles settling at the
bottom of the reactor. In combining both these AOTs, adsorption of reaction
products on the surface of catalysts can be prevented as well as make the catalyst’s
surface readily available for reaction. Using this approach, Stock et al. [70] reported
the effect of combining photocatalysis and sonolysis for the degradation of the
textile azo dye naphthol blue black (NBB). They used 600 kHz high-frequency
ultrasonicator for this study. The reaction cell had a volume capacity of 600 mL
and was placed 4 cm above the transducer (Fig. 10.9). The temperature of the
reactor during sonolysis was maintained around 30ıC. The reaction solution was
sparged with oxygen throughout the experiment. The results revealed that sonolysis
was an effective method for the degradation of the parent compound (NBB);
whereas, photocatalysis was highly effective for complete mineralization of NBB
and the reaction intermediates. Thus, this combined method result in complete
mineralization and an additive effect on the degradation of NBB.
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Fig. 10.9 High-frequency
ultrasound sample cell. The
transducer is separated from
the sample solution by a
polyethylene film
(Reproduced from Ref. [70].
With kind permission of
© The American Chemical
Society (2000))

10.6.2 Degradation of Organic Pollutant by Ultrasonic
Irradiation Along with Ozone

The generation of high temperatures during the acoustic cavitation bubble collapse
provides the conditions with which to decompose not only water molecules but also
oxidants like ozone very efficiently [71–73]. Ozone readily decomposes in the gas
phase of the cavitation bubbles in a process that generates molecular oxygen and
oxygen atoms (Reactions 10.1 and 10.2). Oxygen atoms react with water molecules
and produce OH radicals. In addition to this, many other reactions occur between
ozone and other free radicals in this coupled method, which facilitates the fast
and rapid mineralization of organic pollutants. Kang and Hoffmann [71] applied
ultrasound irradiation coupled with ozonation for the oxidation of methyl-tert-butyl
ether (MTBE). The rate of oxidation of MTBE was remarkably high using the
coupled method of oxidation of MTBE than the individual methods of oxidation,
as shown in Table 10.3. The ozone-US coupled method enhanced the rate of MTBE
oxidation by a factor of 1.5–4, depending on the initial concentration of MTBE.
Similarly, the coupled method showed a very rapid mineralization of phenol into
CO2. On the other hand, ozone itself could not degrade phenol completely and led to
intermediate products such as formate and oxalate, which accounted for the residual
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Table 10.3 Comparison of various pseudo-first order rate constants for the sono-
chemical degradation of MTBE for various initial reaction conditions

Conditionsa
[O3] or [O2]
(mM)

[MTBE]o

(mM)
Power
(WL–1) ko (s–1) t1/2(min)

O2 C US 0.25 0.05 200 8.7 x 10 -4 13.3
O3 C US 0.31 0.05 200 8.7 x 10 -4 3.7
O2 C no US 0.25 0.70 NAb 0 NA
O3 C no US 0.25 0.31 NA 8.7 x 10 -4 192

Reproduced from Ref. [71]. With kind permission of © The American Chemical
Society (1998)

Gas-sparge

Emitting Surface

To power generator

Transducer
Glass-jacketed
vessel

Fig. 10.10 Ultrasonic reactor configuration for sonication at 513 kHz (Figure reproduced from
Ref. [72]. With kind permission of © The American Chemical Society (1997))

total organic carbon (TOC). A 205 kHz ultrasonic transducer was used in this study
and mounted with a glass reactor, as shown in Fig. 10.10. The reactor capacity
was 500 mL with a double walled construction for water cooling during ultrasonic
irradiation. The reactor had four ports, which were used for gas inlet, gas outlet, to
withdraw samples, and for adding other chemicals.

O3

///���! O2 C O (10.1)

O C H2O ! 2OH� (10.2)
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Fig. 10.11 A comparison of degradation rates of AR88 dye in the presence of Fe3C using different
processes (Reproduced from Ref. [41]. With kind permission of © Elsevier (2010))

10.6.3 Ultrasound-Assisted Homogeneous Photocatalysis

Ultrasound irradiation is also used as a source for the production of H2O2 as
well as to accelerate homogenous photocatalytic degradation of organic pollutants.
Fenton’s reaction (Fe2C/H2O2) and modified Fenton’s like oxidation (Fe3C/H2O2,
Fe3C/oxone and etc.) in the presence of UV light irradiation is known as homo-
geneous photocatalysis (reaction 10.3). This method has also been reported as a
method for the effective degradation aqueous organic pollutants. Fenton’s reaction
produces OH radicals through splitting of H2O2 by iron salts (reaction 10.4). Ultra-
sound assists water splitting reaction to generate hydrogen peroxide by pyrolysis.
H2O2 produced from ultrasound is a source for OH radicals that react with Fe2C
ions; and considered to be one of the main advantages of combining this Fenton’s
process along with ultrasound, since the external addition of H2O2 is not required.

Fe3C C H2O C h	 ! Fe2C C HO� C HC (10.3)

Fe2C C H2O2 ! Fe3C C HO� C H2O (10.4)

Madhavan et al. [43] have developed a method for the degradation of a mono-
azo textile dye acid-red 88 (AR88) using this combined process. Hydrated iron(III)
nitrate was used as a source for Fe3C ion. A 213 kHz frequency ultrasonicator was
used to produce cavitation. The reactor volume had a capacity of 200 mL. Water
was circulated around the reactor to maintain the constant temperature at around
25ıC. The study demonstrated that there was a synergistic effect on the degradation
of textile dye with a synergistic index of 2.3 (Fig. 10.11) compared with individual
processes. UV light irradiation played a major role in reducing Fe3C to Fe2C, which
instigated the Fenton’s reaction for the dye degradation. The regeneration of catalyst
could be achieved with OH radicals by continuous UV light irradiation of Fe3C. This
is another simple and highly efficient method for the degradation of textile dyes.
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10.6.4 Ultrasound-Assisted Fenton-Like Oxidation

Goethite (FeOOH) is solid iron oxide, which reacts with H2O2 at low pH values
(�3) and produce OH radicals. It is, generally, known as Fenton-like oxidation. This
process has been used in the past few years to decompose organic contaminants
present in wastewater as well as in soil. Neppolian et al. [9] studied the effect of
ultrasound coupled with Fenton’s like oxidation using FeOOH particles for the
oxidative degradation of p-chlorobenzoic acid (p-CBA) with a 20 kHz horn type
ultrasonicator. The reactor setup is described in Sect. 10.4.1.1. During sonochemical
reactions, the physical forces of ultrasound can enhance mass transport of FeOOH
particles and H2O2. As a result, there was enhanced decomposition of H2O2

observed in the presence of FeOOH, which led to a higher oxidation rate of organics
present in this system. Figure 10.12 shows the influence of ultrasound on the
decomposition efficiency of H2O2 under this coupled method of oxidation. The
high rate of decomposition of H2O2 and organic compounds could be attributed
to the indirect chemical effects associated with continuous cleaning and activation
of FeOOH surfaces and the enhanced mass transport resulting from the turbulent
effects of cavitation in the system.

10.6.5 Ultrasound-Assisted Preparation of Highly Active
TiO2 Photocatalysts for Water Treatment

Many researchers have reported the application of ultrasound during the synthesis
of semiconductor nanoparticles [7, 74–80]. Neppolian et al. [7] applied ultrasound
during the pH swing method of preparation of TiO2 photocatalysts and observed a
reduction in the particle sizes of the TiO2 particles than in the absence of ultrasound.
The authors also reported that during ultrasonic irradiation, the fragmentation of
nanoparticles and increased high velocity interparticle collisions prevented the for-
mation of larger particles. The catalytic activity of prepared TiO2 showed a relatively
better performance than the P-25 commercially available TiO2. Figure 10.13 shows
the application of ultrasound and its effect on the particle size during the pH swing
method of synthesizing TiO2 nanoparticles. It was also found that not only particle
size of TiO2 could be controlled by ultrasound but also other important parameters
of TiO2 such as surface area, ratio of anatase, rutile, and brookite, aggregated pore
volume as well as the pore size of TiO2 particles very effectively just by altering
the ultrasound irradiation time [80]. Both horn- (20 kHz) as well as bath-type
ultrasonicators (a cleaning bath, 40 kHz) showed almost the same trend on the
physicochemical characteristics of TiO2 particles produced.

Figure 10.14 shows the surface area of TiO2 particles, steadily increasing with
increasing ultrasound time and then decreasing after 100 min. The decreasing size



10 Hybrid Sonochemical Treatment of Contaminated Wastewater. . . 283

1.1a

b 1.1

1.0

1.0

0.9

0.9

0.8
0.0375g
0.075g
0.150g
0.300g
0.450g
0.600g

0.0375g
0.0750g
0.150g
0.300g
0.450g
0.600g

[H
2O

2]
/H

2O
2]

0
[H

2O
2]

/H
2O

2]
0

0.8

0.7

0.7

0.6
0 10 20 30

Time (min)

Time (min)

40 50 60 70

0 10 20 30 40 50 60 70

0.6

0.5

0.4

Fig. 10.12 Effect of FeOOH concentration in Fenton-like method on H2O2 decomposition:
without using ultrasound (a); with ultrasound (b) (Reproduced from Ref. [9]. With kind permission
of © Elsevier (2004))

of TiO2 after some time was due to the formation of large size rutile particles.
During ultrasound assisted preparation, the important operating variables of an
ultrasonicator such as power density, ultrasound irradiation time, initial solution
temperature, and different types of ultrasonic sources (horn and bath types) play a
significant role in controlling the properties of TiO2 nanoparticles. Thus, ultrasound
is a useful technique to control many properties of synthesized semiconductor
nanoparticles.
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Fig. 10.13 Schematic representation of pH swing method with ultrasound (Reproduced from
Ref. [7]. With kind permission of © Springer (2008))
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10.7 Ultrasound and Electrochemistry as Hybrid
Sonochemical Treatment

The combination of an electrical field with an ultrasound field, namely, sonoelec-
trochemistry has been studied since 1930s [81] as an interesting way to generate
chemical reactions. This is due to the high-energy chemical microenvironment
provided by the combination of both fields. These benefits have been routinely
highlighted in the literature [82–84], where several reviews [85–88] summarized
different applications of this discipline. Among these applications, the approach to
the environmental remediation can be considered as a hybrid methodology for the
treatment of contaminated wastewater [89]. There are several special features of
the sonoelectrochemical technique, coming from the electrochemical contribution,
which justify a specific section in this chapter. One of them is the possibility to
carry out reduction and oxidation processes at the same time in different regions of
the reactor, and with the same operating cost. Another aspect is the enhancement
of the kinetics of reactions, as will be discussed later. Finally, the avoidance of
dangerous and harmful reagents and solvents remains as a remarkable feature of the
sonoelectrochemical treatment of wastewater from an environmental point of view.

10.7.1 Different Adaptations of the Sonoreactors
in Sonoelectrochemical Devices

The mechanical nature of the ultrasound field opens different possibilities in the
application of electrochemistry. In this way, while the electrical field is established
directly in the working solution with the introduction of the electrodes, the
ultrasound field can be (or not) applied to an external medium that can be transmitted
through the wall of the electrochemical cell. Therefore, different experimental
setups can be found for the development of sonoelectrochemical reactions, which
are discussed below.

10.7.1.1 Physical Separation Configuration

The most easy and convenient experimental setup is the immersion of the electro-
chemical cell in an ultrasonic bath [90], as shown in Fig. 10.15. This configuration
is still in use, despite the commercial availability of ultrasonic horns [91, 92], due
to its low cost and an easier control of the electrochemical system from an electric
point of view. As we can find low- and high-frequency devices in an ultrasound
bath configuration, it is possible to develop sonoelectrochemical experiments in a
wide range of frequencies. However, drawbacks such as its low reproducibility and
the fact that the power transmitted inside the cell is low and the dependence of
the efficiency on the position of the cell inside the ultrasonic field could prevent
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Fig. 10.15 Electrochemical cell dipped into an ultrasonic bath (Reproduced from Ref. [90]. With
kind permission of © The Royal Society of Chemistry (RSC) for the Centre National de la
Recherche Scientifique (CNRS) and the RSC (1998))

its use for systematic analysis. Due to these practical issues, sonoelectrochemists
have developed more sophisticated designs with high-pressure conducting liquid
[93], trying to overcome its drawbacks. Better reproducibility has been achieved,
although technical issues with the overpressure remain to be improved further [94].
In spite of the fact that there is no reason for not working in flow-through mode, this
physical separation configuration has been routinely used in lab-scale, batch mode
with low volume of working solution [95].

10.7.1.2 Electrode-Apart-Transducer Configurations

In this configuration, the electrodes and the ultrasonic horn are directly dipped
into the working solution of the sonochemical cell. The configuration design
depends on the transducer shape and geometry and, therefore, different experimental
arrangements can be found. The simplest configuration is the introduction of the
electrodes and ultrasonic horn from the top of the cell, as shown in Fig. 10.16 [96].

The other one is the introduction of the electrodes and horn from opposite sides:
(1) the electrodes from the bottom and the ultrasound tip from the top (Fig. 10.17
[96]) and (2) the ultrasound horn from the bottom and the electrodes from the top
(Fig. 10.18 [97]).

All previous configurations are normally used for high-power low-frequency
ultrasound field, due to the fact that there are many different commercially available
equipments in the market. Besides, its technology is further developed with low
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Fig. 10.16 Experimental setup for sonoelectrolysis in a batch scale in divided configuration:
(1) ultrasound horn, (2) working electrode (or cathode), (3) luggin capillary, (4) counter-electrode,
(5) separator (membrane), (6) glass cell, (7) cooling jacket, and (8) port for the cooling fluid
(Reproduced from Ref. [96]. With kind permission of © Elsevier (2010))

Fig. 10.17 Sonovoltammeric
cell: (1) luggin capillary, (2)
glass cell, (3) gas port, (4)
counter-electrode, (5)
working electrode, and (6)
ultrasound horn (Reproduced
from Ref. [96]. With kind
permission of © Elsevier
(2010))

power, high frequencies. At low-power, high-frequency ultrasound fields, the
configuration is basically limited to the flat plate configuration (see Fig. 10.19).

With all these different kinds of configurations, we can find in the literature
that studies have been carried out in batch and flow-through operation modes
[87], which have provided a wide range of database for the performance of the
sonoelectrochemical technology from the technical, economical, and environmental
point of views.
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Fig. 10.18 20 kHz
sonoreactor adapted as a
sonoelectrochemical device:
(1) lead dioxide electrode, (2)
copper counter-electrode
(foam geometry), (3) working
solution, (4) cooling jacket,
(5) glass cell, (6) Teflon
holder, (7) ultrasonic
transducer (Reproduced from
Ref. [97]. With kind
permission of © Elsevier
(2011))

Fig. 10.19 Scheme showing
a high-frequency
sonoelectrochemical reactor:
(1) working electrode, (2)
counterelectrode, (3) working
solution, (4) luggin capillary,
(5) temperature probe, (6)
stirring bar, (7) glass reactor,
(8) cooling fluid, (9)
ultrasonic transducer
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Fig. 10.20 Schematic diagram of a sonoelectrochemical reactor in the sonoelectrode configura-
tion: [a] Ti sonotrode (working electrode), [b] saturated sulfate electrode in a Tacussel bridge
(reference electrode), [c] Pt grid (counter-electrode) (Reproduced from Ref. [98]. With kind
permission of © Elsevier (1996))

10.7.1.3 Sonotrode or Sonoelectrode Configuration

Finally, in this case, the working electrode acts as an ultrasound tip, see Fig. 10.20
[98]. This configuration provides a much localized microenvironment for the
reaction at the surface of the sonoelectrode, which normally works at low frequency
and high-power ultrasound.

In these conditions, not only acoustic streaming by cavitation [86, 99] occurs
but also other effects of cavitation such as microjetting [94] and shock waves
[100] occur at the electrode surface. Therefore, the presence of ultrasound in an
electrochemical process enhances various processes such as depassivation [101],
electrochemical reaction mechanism modification [102], surface activation [103],
decrease of adsorption phenomena [104], and the mass transport [105]. This
idea has also been used in scale-up processes at flow-through operation mode.
The equipment is commercially provided by Advanced Sonic Processing Systems
(Fig. 10.21 [106]), where the flat electrodes are also the ultrasound emitters.
Each electrode oscillates at different frequencies and this provides a well-defined
cavitation pattern in the electrode chambers.

10.7.2 Sonoelectrochemical Treatment of Contaminated
Wastewater

As we have discussed above, a sonoelectrochemical process presents a wide
variety of strategies. It can be carried out with or without separation between the
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Fig. 10.21 Schematic
diagram of the
electro-acoustical reaction
cell from advanced sonics
(Reproduced from Ref. [106].
With kind permission of
© Advanced Sonic
Processing System (2004))

anodic (oxidation) and the cathodic (reduction) reactions. This possibility allows
environmental researchers not only to study the degradation of the pollutant by
oxidation, reduction or by forcing the pollutants (and their by-products) to undergo
both electrons transfer possibilities, but also to investigate the relation among them
by modifying the reaction mechanisms with the formation of new intermediates. In
addition, we can apply both electrical and ultrasonic energy fields simultaneously
in the same reactor or in different chambers. Therefore, extensive study of the
sonoelectrochemical treatment of wastewater could be developed. However, the
chemical nature of the pollutant can normally allow the choice among the anodic,
cathodic, or dual treatment. This suggestion can be supported on the preliminary
analysis carried out using sonovoltametric techniques [90] that may also provide
information about the electrocatalysis of the different electrodic materials to be
used or the need for the separation between cathodic and anodic compartment in
a sonoelectrochemical reactor. After this study, the design of a sonoelectrochemical
degradation process at lab scale in batch configuration can be carried out. All these
trials provide a clear idea of the feasibility of the sonoelectrochemical treatment
from a technical and environmental point of views. In spite of the fact that not
always a systematic analysis has been followed, in the following subsections, we
will develop the most popular approaches found in the literature, leaving the specific
case of the sonoelectrochemical treatment of organics for Chap. 14.

10.7.2.1 Sonoelectrochemical Treatment by Oxidation

The oxidation process is the most popular route for the degradation of chemical
pollutants. Two strategies are normally followed: (1) the transformation of the initial
compounds to CO2, H2O, and other small molecules and (2) the transformation of
the initial compounds to other forms with a higher biodegradability. An example

http://dx.doi.org/10.1007/978-94-007-4204-8_14
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of this is the oxidation of the cyanide anion. Cyanide can be electrochemically
degraded by direct oxidation, first giving cyanate, which is further oxidized, or
by indirect oxidation using chloride (forming ClO�) as an oxygen carrier [107].
Both electrochemical procedures have been used in combination with ultrasound
[108] analyzing six types of electrodic materials. Cyanide indirect electrochemical
degradation under sonication provided better results.

Other applications of sonoelectrochemical oxidation are the improvement of the
electrochemical water disinfection. The disinfecting species, mainly hypochlorous
acid and hypochlorite, can be electrochemically produced from chloride ions in
electrolyzed water, but the deposition of calcareous deposits on the cathode surface
is the main drawback of the process. In this case, the combination of ultrasound
with this process has been studied by Kraft et al. [109] who showed that the
sonotrode efficiently removed calcium carbonate scales from the cathode surface.
Thus, electrochemical water disinfection in potable water can be performed on a
long timescale, without the necessity for cathode cleaning, through the use of acids
or the polarity reversal method.

10.7.2.2 Sonoelectrochemical Treatment by Reduction

The other route in electrochemical processes is the reduction, which is currently the
most widely employed method for metal recovery. The low concentration of metals
in wastewater is one of the most important problems of electrodeposition, because
the mass transport of metallic cations to the cathode, often the rate-controlling step,
can be very slow. Therefore, the deposition of metals under the influence of an
ultrasonic field has received significant attention [93]. Nevertheless, this work has
been focused on the electrodeposits rather than on the recovery processes [110].
Much of this work has been carried out from an industrial standpoint, particularly on
metals that are important in the electroplating industry. The results of various studies
[110–112] dealing with copper removal show an improvement in the deposition
rate with an ultrasonically agitated bath. Farooq et al. [111] used electrodeposition
and ultrasound at 35 kHz to remove copper in wastewater. The copper removal
efficiency was enhanced from 55.1% to 94.6% in the presence of an ultrasonic field.
The removal of zinc [110] and lead [112] from industrial wastewater has also been
studied. Hyde et al. [113] concluded that in electrodeposition under the influence
of ultrasound, the critical effect is the increase in mass transport, which may be
high enough to change from a diffusion-controlled system to a charge-controlled
system. In addition, ultrasound also ablates material from the electrode surface, but
has no effect on growth through charge transfer from the electrode to the metal ion.
All these observations demonstrate that ultrasound can dramatically improve the
efficiency of heavy metal wastewater treatment.

Other example of the sonoelectrochemical methodology in metal recovery appli-
cation is developed in the removal of silver from photographic processing solutions,
which consist mainly of sodium thiosulfate, sodium bisulfite, and silver halides.
Currently, the most widely employed method for silver removal is electrolysis,
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where vigorous agitation is required in order to overcome electrode fouling. The
reduction of silver cations has been deeply studied by Pollet and coworkers
[114–118] at platinum, stainless steel, and carbon stationary or rotating electrodes in
the absence and presence of ultrasound. In these studies, low-frequency experiments
were performed using either a typical single-compartment voltammetric cell, or
using a cell similar in design to that of Compton et al. [119] except that the
ultrasound source was placed at the bottom of the electrochemical cell, while
high-frequency experiments were performed using a three-compartment cell [114],
and bulk electrolysis was carried out in a specially designed cell enabling the
use of three ultrasonic probes [116]. Their results indicate that the AgC cathodic
discharge potential does not significantly vary with the ultrasonic frequency [114],
but rather with ultrasonic intensity [115] and the position of the ultrasonic probe
with respect to the electrode [117]. More results were obtained using a combination
of ultrasonic irradiation at 20 kHz and bulk potential–controlled electrolysis with
sonoelectrochemical cells adapted to use three ultrasonic probes in “face-on”
(probe 2) and “side-on” (probes 1 and 3) geometries (Fig. 10.22 [116]). Their results
confirm that the cell geometry is an important parameter in the removal of silver
and for most sonoelectrochemical processes. The specially designed cell permitted
different ultrasound probe combinations. Operating the one side probe (“side-
on”) and the bottom ultrasonic probes (“face-on”) simultaneously (i.e., probes 1
and 2) led to a higher rate constant for a given ultrasonic power. Other probe
combinations (probes 2 C 3 or 1 C 2 C 3) were less effective, and the use of the
three ultrasonic probes operating at the same power did not significantly improve
the rate constant of silver removal compared with that obtained for the “face-on”
geometry.

10.7.2.3 Sonoelectrochemical Treatment by Dual Degradation

Finally, it is important to point out the interrelation and mutual influence between
anodic and cathodic reactions during the process. In this way and following with
the previous processes shown, the anodic reaction for silver removal reaction
from photographic “fixer” processing solutions has also been studied [120]. The
sonoelectrochemical treatment used in silver removal enhances not only the silver
recovery rates, but also the thiosulfate oxidation process. A 50-fold increase was
observed compared with silent conditions in the degradation of thiosulfate on
platinum. Under the conditions studied, the thiosulfate degradation increased as the
ultrasonic power was increased, suggesting that the oxidation of thiosulfate was also
limited by diffusion.

In the same way, industrial wastewaters usually contain metal complexes,
e.g., copper-ethylenediaminetetraacetic acid (EDTA). During the electrodeposition,
organic pollutants can be degraded at the anode while heavy metals are reduced
at the cathode. Nevertheless, a very low current efficiency for treating wastewater
containing chelated heavy metals is observed, reducing the economical viability
of the electrodeposition technique; e.g., a 97.7% recovery rate, but a 3.1% current
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Fig. 10.22 Sonoelectrochemical cell for bulk electrolysis fitted with three ultrasonic probes
(Reproduced from Ref. [116]. With kind permission of © Elsevier (2000))

efficiency, for EDTA-Cu system was obtained for the Cu electrodeposition process
[121]. Therefore, the influence of ultrasound on electrodeposition applied to EDTA-
Cu solutions has been studied [122]. In this case, an ultrasonic transducer with a
round tip was placed in the middle of the reactor to produce the ultrasonic wave
instead of using an ultrasonic bath. Again, it is concluded that the mass transport
mechanism changes to a charge-controlled system under ultrasonic conditions, with
the oxidation of EDTA by the combined technique and an 84% COD removal.
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10.8 Energetic Costs Analysis

In spite of the increasing number of sonochemical and hybrid ultrasonic applications
for environmental remediation, very few processes have actually been scaled-up
with industrial purposes due to the lack of standard strategies for the design of large
and efficient reactors. As stated by different authors [123, 124], the economical
viability of sonochemical and hybrid ultrasonic processes is, without any doubt, the
main goal to achieve in order to consider overall ultrasonic processes as competitive
as other technologies. This is due to the high energy consumption associated
with the application of ultrasound inside the reactors and the nonhomogeneous
distribution of cavitation phenomena, both of which make the current sonochemical
and hybrid ultrasonic wastewater treatments hardly feasible for the industry from an
economic point of view.

Unfortunately, this key issue has received poor attention from most of the
scientific community, as only a few studies found in the literature include an
estimation of the energetic consumption of the sonochemical treatment. In this
sense, Peters and coworkers found that the degradation of highly volatile chlori-
nated compounds in natural ground water with concentrations in the mg/L range
consumed 640 kWh m�3 [125], while in the �g/L range 500 kWh m�3 [126]
was necessary for the removal of the pollutants. In a different study, Shemer and
Narkis [127] calculated that 300–1,400 kWh m�3 would be necessary to reach
a degradation of 90% of the trihalomethanes (CHCl3, CHBr3, and CHI3, among
others) present in a water sample with an initial concentration of 10 mg/L.

For hybrid ultrasonic technologies, Ragaini et al. [69] evaluated the energy
consumption of the sonophotocatalytic degradation of 2-chlorophenol in water,
comparing the results with other techniques (photocatalysis, photocatalysis with
ozone, sonophotocatalysis with ozone, among others). They estimated the energy
consumed to obtain a degradation of 70% for all different experimental techniques.
They found that the combination of ultrasound and ozone (190 kWh m�3, reaction
time of 130 min) was quite competitive compared with the ozone treatment
(177.5 kWh m�3, reaction time of 170 min). A similar procedure was carried out
by Selli et al. [128] to study the degradation of methyl tert-butyl ether in water,
where they measured the energy required to reach a degradation of 90% of the
initial concentration in the solution (10–3 M). The sonophotocatalytic treatment
with intermittent stirring was the most efficient (4,900 kWh m�3, reaction time of
148 min), compared to the sonophotocatalytic treatment with continuous stirring
(9,550 kWh m�3, reaction time of 280 min) or the photocatalytic treatment
(8,750 kWh m�3, reaction time of 322 min). More recently, Rokhina et al. [129]
studied the silent and ultrasound-assisted oxidation of phenol over RuI3 catalyst,
estimating that the sonocatalytic oxidation yielded lower energy consumption
(501.8 kWh m�3) than the sonochemical treatment in presence of hydrogen peroxide
(2,297.8 kWh m�3) or the sonolysis alone (31,265.5 kWh m�3). Analogous
conclusions have been made by Mahamuni and Adewuyi regarding the combination
of ultrasound and other AOTs for wastewater treatment [130]. In their work, a quite
complete review of different hybrid ultrasonic processes is presented, with a focus
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on the estimation of the economic cost. In their analysis, they concluded that the
combination of ultrasound with different AOTs was economically more attractive
than the use of ultrasound alone for the degradation of diverse pollutants, specifi-
cally for the degradation of reactive azo dyes, where the combination of ultrasound,
ultraviolet light and H2O2 achieved a competitive cost of $65.17/1,000 gal, which is
an order of magnitude less than commercially available processes.

In order to shed more light on the benefits of combining ultrasound with other
technologies, we comment on the different degradation strategies followed by Sáez
and coworkers’s work on the removal of perchloroethylene (PCE) and its degrada-
tion by-products from water. While the more optimized electrochemical treatment
(ECT) in sodium sulfate aqueous media (sodium sulfate acted as background
electrolyte) yield a conversion of PCE of 84% [131], the nonoptimized 20 kHz
sonochemical treatment (SCT) reached a 99% [132]. However, poor degradation
efficiency was obtained in the removal of C–Cl bonds (30% for SCT vs. 68% for
ECT) and a tremendous energetic consumption was observed (900 kWh m�3 for
SCT vs. 3.8 kWh m�3 for ECT). A complete degradation of PCE was observed
with the nonoptimized 20 kHz background-electrolyte-assisted sonoelectrochemical
treatment (BEA-SECT) [133], although a lower C–Cl degradation efficiency (57%)
and higher energy consumption (902 kWh m�3) were observed compared with the
ECT process. And more recently, the nonoptimized 20 kHz sonoelectrochemical
treatment with no further addition of a background electrolyte (SECT) [134] enabled
to reach not only the complete degradation of PCE in the sample, but also to
achieve an outstanding C–Cl degradation efficiency of 99%, while reducing the
energy consumption (682 kWh m�3) compared with the SCT and the BEA-SECT
processes. Yet, the energy consumption of the ECT degradation of PCE remains
much lower compared with the SECT process; but we have to keep in mind
that, from an environmental point of view, the benefits of the SECT degradation
(complete removal of the toxicity inherent to the presence of C–Cl bonds in polluted
freshwater) far outweigh the drawback of the energy consumption.

Besides the combination of ultrasound with other technologies as those briefly
commented in this chapter, other efforts are being pursued by different research
groups in order to increase the energetic efficiency of all kinds of chemical processes
involving ultrasound. These include the improvement of high power ultrasonic
devices [135], the previously commented use of multiple frequencies, the use
of pulsed ultrasound [136], the proper selection of the working frequency near
a resonance peak of the system [137] and the design of the reactor taking into
account its geometry and materials. For the latter, a proper understanding of the
spatial distribution of the acoustic pressure in the reactor is, therefore, mandatory
in order to precisely predict the cavitation phenomena inside the reactor and to
effectively design large-scale reactors. Regarding this issue, new developments with
computer-aided simulations have been recently raised involving linear [138–140]
and nonlinear [141–143] acoustics. These developments would eventually lead to
the efficient design of ultrasonic systems and devices that would also enable in
controlling the extent of transient and stable cavitation phenomena [144], depending
on the specifications of the desired application.
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10.9 Concluding Remarks

Although an increasing number of studies have been reported, the ultrasound-
assisted degradation of organic pollutants is still in its early stage of development,
especially with respect to large-scale treatment. The rate of chemical reactions
depends on various operational parameters of ultrasound such as frequency, acoustic
power, reactor size and design, initial temperature, and mode of operation. The
nature of the contaminant, influence of oxidizing agent, mass transport of catalysts,
etc., also play a considerable role in the degradation process. During ultrasonic
irradiation of a contaminated fluid, many intermediate products are formed that
requires a long time for complete mineralization. On the other hand, the coupled
method of oxidation can considerably enhance the complete mineralization of an
organic compound within a short period of sonication time. Applying double, triple,
or multiple acoustic frequencies was found to provide an additive effect on the
chemical reactivity generated in most of the studies undertaken. Low-frequency
ultrasound is able to distribute acoustic energy more efficiently within a reaction
vessel for large-scale reactors than with higher acoustic frequencies. In addition, the
development of hybrid technologies involving ultrasound is in progress in order to
obtain a practical technology for the degradation of recalcitrant pollutants. Among
them, the sonophotocatalysis and sonoelectrochemistry have provided promising
results from a technical and environmental point of views while the economics
aspects are still being optimized.
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102. Rejňák M, Klı́ma J, Svodoba J, Ludvik J (2004) Synthesis and electrochemical reduction
of methyl 3-halo-1-benzothiophene-2-carboxylates. Collect Czechoslov Chem Commun
69:242–260

103. Zhang H, Coury LA Jr (1993) Effects of high-intensity ultrasound on glassy carbon
electrodes. Anal Chem 65:1552–1558

104. Compton RG, Eklund JC, Page SD, Sanders GHW, Booth J (1994) Voltammetry in the
presence of ultrasound. Sonovoltammetry and surface effects. J Phys Chem 98:12410–12414

http://www.hielscher.com
http://www.sonics.com/


10 Hybrid Sonochemical Treatment of Contaminated Wastewater. . . 301

105. Cooper EL, Coury LA Jr (1998) Mass transport in sonovoltammetry with evidence of
hydrodynamic modulation from ultrasound. J Electrochem Soc 145:1994–1999

106. Advanced Sonic Processing Systems Company. http://www.advancedsonics.com/Reaction
%20Cells.htm

107. Perret A, Haenni W, Skinner N, Tang NM, Gandini D, Comninellis C, Correa B, Foti G (1999)
Electrochemical behavior of synthetic diamond thin film electrodes. Diam Relat Mater 8:
820–823

108. Iordache I, Nechita MT, Rosca I, Aelenei N (2004) Ultrasound assisted electrochemical
degradation of cyanides: influence of electrode type. Turk J Eng Environ Sci 28:377–380

109. Kraft A, Blaschke M, Kreysig D (2002) Electrochemical water disinfection part III:
hypochlorite production from potable water with ultrasound assisted cathode cleaning. J Appl
Electrochem 32:597–601

110. Walker R (1997) Ultrasound improves electrolytic recovery of metals. Ultrason Sonochem
4:39–43

111. Farooq R, Wang Y, Lin F, Shaukat SF, Donaldson J, Chouhdary AJ (2002) Effect of ultrasound
on the removal of copper from the model solutions for copper electrolysis process. Water Res
36:3165–3169

112. Yaqub A, Ajab H, Khan S, Farooq R (2009) Electrochemical removal of copper and lead from
industrial wastewater: mass transport enhancement. Water Qual Res J Can 44:183–188

113. Hyde ME, Compton RG (2002) How ultrasound influences the electrodeposition of metals.
J Electroanal Chem 531:19–24

114. Pollet BG, Lorimer JP, Phull SS, Mason TJ, Walton DJ, Hihn JY, Ligier V, Wéry M (1999)
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Chapter 11
Hybrid Sonochemical Treatments
of Wastewater: Sonophotochemical
and Sonoelectrochemical Approaches. Part II:
Sonophotocatalytic and Sonoelectrochemical
Degradation of Organic Pollutants

B. Neppolian, M. Ashokkumar, V. Sáez, M.D. Esclapez, and P. Bonete

11.1 Introduction

After discovering the photocatalytic splitting of water using TiO2 photoelectrode
by Fujishima and Honda in 1972, there have been widespread applications of
photocatalysis for the degradation of both organic as well as inorganic pollutants
in environmental remediation. Numerous research reports have demonstrated the
fundamental processes in photocatalysis [1–12]. The major advantages of this
technology are as follows: (1) complete degradation of organics into carbon dioxide
and water in a relatively short period of time, (2) OH radicals obtained from
this method are nonselective oxidants, which can be used to degrade a variety of
hazardous compounds in different wastewater streams, (3) the technology can be
applied to aqueous and gaseous-phase treatments, (4) the operating conditions for
photocatalysis are simple, (5) the efficiency can be improved by doping with transi-
tion metals, and (6) visible light photocatalysts can also be used to harvest sunlight.

The common disadvantages of photocatalysis are: (1) the strong adsorption of
pollutants on the photocatalyst particles that deactivates the catalyst and (2) mass
transfer limitations: catalyst particles settle at the bottom and direct contact between
catalyst and pollutants is largely prevented that need continuous stirring at all times.
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Recently, sonochemical oxidation has gained much attention as an advanced
oxidation process for the degradation of organic contaminants in aqueous envi-
ronment [13–20]. The chemical reactions that occur from the ultrasonic irradiation
of a solution are produced through the phenomenon of cavitation. The process of
cavitation refers to the rapid growth and implosive collapse of bubbles in a liquid
resulting in an extreme reaction environment within and in the vicinity of bubbles.
The temperature produced during the collapse of a cavitation bubble is as high as
4,500 K. During ultrasonication of an aqueous solution, thermolytic cleavage of
water molecules occurs, leading to the formation of H and OH radicals. OH radicals
are powerful nonselective oxidants that can be used for the complete degradation
of organic pollutants in aqueous solutions. Generally, the sonochemical oxidation
of organic compounds in aqueous solution occurs by two-reaction pathways:
(1) volatile compounds evaporate into the cavity during the expansion cycle and
degrade via pyrolytic reaction within the collapsing bubble and (2) it proceeds by
the reaction of OH radicals with the solute adsorbed at the bubble interface. The
nature of the reaction pathway depends on the volatility, hydrophobicity and surface
activity of the compound in question [16]. Advantages of this method are: (1) there
is no requirement to use any added chemicals or catalysts for the oxidation of
organic pollutants, (2) a simple ultrasonic transducer is sufficient for the complete
oxidation of organics in water, and (3) effective mass transfer. Disadvantages of
this method are: (1) complete mineralization of pollutants takes relatively longer
time and (2) sonochemically formed H2O2 is stable in the presence of low levels of
pollutants.

Combining photocatalysis and sonochemistry offers a potentially useful way of
overcoming the existing problems of the individual methods, i.e., (1) the aggregation
of photocatalyst nanoparticles in aqueous solutions is prevented by the physical
effects of acoustic cavitation, leading to an increase in the active surface area,
(2) the catalyst surface is continuously cleaned due to acoustic microstreaming,
which has the ability to further increase the catalytic performance of the photo-
catalyst, (3) increase in the mass transport of the pollutants to the catalyst surface,
(4) sonochemically formed H2O2 is stable in the presence of low levels of pollutants
due to the facilitated transport by shockwave propagation, and can be cleaved
into OH radicals during photolysis [21], (5) enhance the rate of mineralization of
organic pollutants, and (6) more free radicals are available for degradation (from
photocatalysis as well as sonolysis).

Electrochemical degradation of pollutants in wastewater treatment is not being
routinely used because cheaper conventional treatments are available. They are
usually composed of a physicochemical step followed by a biological degradation.
However, these methods have continuously presented deficiencies, mainly treating
some refractory compounds because they are toxic for the microorganisms in the
biological plant [22].

From an environmental point of view, one of the most important requirements
is the use of effective procedures that avoid, if possible, the use of stoichiometric
quantities of nonreusable chemicals. In this sense, in the last decades, ultrasonic
irradiation has been used as degradation treatment or in combination with other
techniques. Although sonolysis does not require the use of chemicals, it has
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been observed that the addition of some salts improves the degradation of some
pollutants. On the other hand, the electrochemical treatment is a versatile technology
with a well-known theoretical basis that has made possible its application not only
in synthesis processes but also for the degradation of contaminants in water reme-
diation. The electrochemical treatment requires, a priori, a supporting electrolyte
when the solution to electrolyze does not have enough electrical conductivity. This
is the only chemical required which increases the salinity of solutions when its use is
needed. Polluted freshwaters usually show low electrical conductivity but industrial
effluents have a high salinity degree.

Textile dyes are one of the major classifications under the organic dyes, which are
commonly used in textile industries and considered to be potentially carcinogenic.
During dye production as well as textile manufacturing processes, a large quantity of
wastewater containing dyestuffs with intensive color and toxicity is introduced into
the aquatic systems. Due to the large degree of organics present in these molecules
and stability of modern textile dyes, conventional biological treatment methods are
ineffective for their decolourization and degradation [23–32]. This led to the study of
other effective methods. Recent studies have demonstrated that photocatalysis and
sonochemical methods can be used to degrade dye compounds using semiconductor
photocatalysts under ultrasonic irradiation [2, 3, 33–41].

Among various organic contaminants, pharmaceutical products are of significant
concern because of their large variety and high consumption over the last few
decades. Main sources of pharmaceutical products are emission from production
sites due to inadequate treatment of manufacturing effluents, direct disposal of
unused medicine and the release of drug-containing waste by human beings and
animals. The presence of low levels of pharmaceutical products in water can have
potential health effects on humans, through drinking water or consumption of
food irrigated by polluted water. Therefore, it is necessary to treat the effluents
containing pharmaceutical compounds adequately before discharging them into
water streams [42].

A large number of pesticides and herbicides are currently in use worldwide for
agricultural and nonagricultural activities. The use of both pesticides and herbicides
in the targeted areas is found to contaminate the surrounding aqueous environment.
The treatment of wastewater containing pesticides and herbicides is important in
order to protect the ecosystem and, hence, has attracted much attention of many
researchers in recent years [43–45]. The use of advanced oxidation technologies
(AOTs), such as heterogeneous photocatalysis, Fenton and photo-Fenton oxidation,
ozonation, sonolysis, and UV/H2O2, for the degradation of aqueous organic pollu-
tants have been widely described in the literature [46–50].

Similarly, surfactants have been widely used in various applications to remove
contaminants from surfaces of human skin, textiles, and also used in industries such
as paper, food, polymers, pharmaceuticals, and oil recovery for various purposes
[51]. Every year large quantities of surfactants are produced worldwide for the
above purposes to face the demand. For example, the average annual production of
detergent is �8 million tons from the western countries alone [52]. Many types of
synthetic surfactants that include alkyl-benzenesulfonate such as dodecylbenzene-
sulfonate (DBS) have been let into water systems after the use, which constitutes a
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serious environmental pollution and attracted much environmental concerns [13].
DBS is nonbiodegradable in nature and accumulated in water systems over a
period of time [13]. The conventional treatment methods for the total removal and
degradation of DBS are still in primitive stage.

The persistent presence of halogenated hydrocarbons in all environmental media
is still a serious problem, but especially in aqueous medium. Disposal and spills of
chlorinated solvents at industrial sites, military bases, government facilities, or dry
cleaner sites have led to extensive groundwater contamination [53, 54]. As a conse-
quence of the poor efficiency of the biological methods for the degradation of chlo-
rinated compounds, a large number of alternative technologies have emerged and
been developed in the last decade. These include not only simple procedures such as
catalytic hydrogenation [55], metal alloys in dilute aqueous alkaline solutions [56],
photochemistry [57], or the techniques mentioned above such as sonochemistry
[58] and also electrochemistry [59], but also combined treatments such as reductive
dehalogenation and biodegradation [60], which are being considered as possible
methods for the degradation of chlorinated organocompounds. On the other hand,
several authors have pointed out, not only that the treatment of water with chlorine
in the distribution system produces trihalomethanes and haloacetic acids, which
prevents its use as drinking water [61], but also the resistance of these compounds to
transformation via mainstream biochemical processes [62] used in the water treat-
ment plants, and the formation and fate of haloacetic acid within these plants [63].

The aim of this chapter is to provide an overview of the studies available on the
effective degradation of few selected organic pollutants such as (1) organic dyes,
(2) pesticides and pharmaceuticals, and (3) surfactants using combined processes.
This may provide a broad scope for the researchers to know about the advantageous
of these methodologies for environmental remediation. In addition, the application
of sonoelectrochemistry to the protection of the environment is an emerging field
of research that has been applied successfully for the degradation of a range
of important contaminants in water. Sonoelectrochemistry for the degradation of
contaminants has several advantages over the conventional methods in that it can
be carried out under mild conditions, at room temperature and without the need
for additional chemical treatment. The sonoelectrochemistry section summarizes
the treatment of major pollutants including textile dyes, phenolic derivatives,
nitrocompounds, chlorinated pollutants, and metals that have been studied to date.

11.2 Sonophotocatalytic Degradation of Organic Pollutants

11.2.1 Degradation of Organic Dyes

Information available for the sonophotocatalytic degradation of some organic
dyes in recent years is listed in Table 11.1, which provides a clear outline of
sonophotocatalytic degradation of various organic compounds, the type of ultrason-
icator, catalysts, and name of the organic compound used along with experimental
conditions and important observations.
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Table 11.1 Overview of the work done in sonophotocatalytic degradation of organic dyes,
surfactants and pesticides, and pharmaceuticals

S. No. References Experimental details Key findings

1 Stock et al. [64] Naphthol blue black
(NBB), P-25-TiO2

(Degussa) 640 kHz
ultrasonicator,
240 W

Enhancement observed in the
rates of decoloration and
mineralization of the azo
dye, NBB – the
simultaneous process is
better than sequential

2 Madhavan et al. [72] Orange G (OG),
P-25-TiO2

(Degussa) 213 kHz
ultrasonicator,
continuous mode,
20 W

An additive effect was
observed during the
sonophotocatalytic
oxidation of OG

3 Vinu and Madras [74] Six different anionic
dyes, TiO2, horn
type sonicator,
25 kHz, 36 W, 80 W
high pressure
mercury UV lamp

Sonophotocatalytic degradation
of all dyes was higher
compared to the individual
processes. P-25 TiO2 led to
lesser mineralization and
their prepared TiO2 showed
better conversion

4 Son et al. [75] Reactive black 5 (RB5),
35 kHz
ultrasonicator,
254 nm wavelength
UVC lamp

Observed enhanced
degradation under acidic
conditions and there was no
effect of NaCl with high
concentration due to
physical effect of
ultrasound

5 Madhavan et al. [76] Acid red 88 (AR88),
Fe3C is used for
homogeneous
photocatalysis,
P-25-TiO2

(Degussa), 213 kHz
ultrasonicator,
continuous mode,
55 mW L–1

Heterogeneous
sonophotocatalysis showed
1.3 synergy index whereas,
Fe3C assisted homogeneous
sonophotocatalysis showed
2.3 synergy index for the
dye degradation

6 Ashokkumar et al. [65] Orange G (OG), Fe3C,
213 kHz
ultrasonicator,
continuous mode,
20 W

Photolysis was found to be
responsible for the increase
in the synergy index.
Sonophotocatalysis was
shown to be more efficient
than the individual
processes

7 Yuan et al. [66] TiO2 nano array,
methylene blue
(MB), different
frequencies from 18
to 30 kHz

Frequency has great effect on
the synergy, at 27 kHz, the
synergistic effect was as
high as 22.1%

(continued)
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Table 11.1 (continued)

S. No. References Experimental details Key findings

8 Zhang et al. [77] Visible light
irradiation,
Fe-TiO2-
MWCNTs,
methylene blue
(MB), 28 kHz

The sonophotocatalysis was faster
than the respective individual
processes due to the increase of
the active surface area of
Fe/TiO2-MWCNT under
visible light

9 Bejarano-Perez and
Suarez-Herrera
[71]

Congo red and
methylene
orange, TiO2,
4 W lamp,
47 kHz, 81 W

A positive effect of ultrasound not
only occurred on oxidation
reactions, but also on reduction
reactions, a remarkable
increase on the rate of
combined process

10 Kaur and Singh [67] Reactive red 198,
visible light,
dye-sensitized
TiO2, 47 kHz,
130 W

Synergy effect was observed,
reaction took place via
formation of singlet oxygen,
superoxide and hydroxyl
radicals

11 Berberidou et al. [68] Malachite green
(MG), TiO2,
80 kHz, up to
150 W

The parent molecules are easily
oxidizable, its degradation
products are more stable to
total oxidation and synergy
index was observed with
combined process

12 Wang et al. [69] Methyl orange,
CNTs/TiO2,
20 kHz, 0–50 W

Results indicated that the
photocatalytic efficiency of
CNTs/TiO2 remarkable
increased in the presence of
ultrasound, compared with
P25, CNTs/TiO2 nanoparticle
showed much higher
sonophotocatalytic ability

13 González and
Martı́nez [70]

Basic blue 9, TiO2,
20 kHz,
76 W,15 W UV
lamp, 352 nm

Rate of the reaction increased
many folds with combined
process. Reaction was
dependent on the pH solution
with the highest at pH 7

14 Wang et al. [73] Methylene orange
(MO), P-25
TiO2, Ag-TiO2,
40 kHz, 180 W

Degradation ratio of MO increased
with increase of ultrasonic
power. MO can be remarkably
degraded by the
sonophotocatalytic reaction in
the presence of photocatalysts
under simulated sunlight

15 Madhavan et al. [78] Ibuprofen (IBP),
P-25-TiO2,
Fe3C, 213 kHz
frequency,
55 mW mL–1

A significant synergy effect was
observed for the
sonophotocatalysis in the
presence of Fe3C, sonication of
IBP led to the formation of its
mono and di-hydroxylated
intermediates

(continued)
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Table 11.1 (continued)

S. No. References Experimental details Key findings

16 Madhavan et al. [79] Diclofenac (DF), an
anti-inflammatory
drug, TiO2, ZnO,
and Fe–ZnO,
213 kHz,
55 mW mL–1

Combined process showed a
slight synergy effect with
TiO2, an additive effect with
Fe-ZnO. However, the
mineralization process during
the combined process showed
a detrimental effect

17 Bahena et al. [80] Alazine and gesaprim
(herbicides), P-25
TiO2, 20 kHz,
500 W, 15 W UV
light emits at 352 nm

90% of the active component in
the gesaprim and alazine
were completely degraded,
photodegradation of these
commercial herbicides
enhanced by ultrasound, a
complete mineralization in
both commercial herbicides

18 Ashokkumar et al. [81] Formetanate
hydrochloride
(pesticide), TiO2,
Fe3C, 213 kHz,
55 mW mL–1

TiO2-assisted sonophotocatalysis
resulted in a negative effect
(synergy index 0.7), whereas
with Fe3C showed a
synergistic enhancement
(synergy index 1.7)

19 Ashokkumar et al. [82] Monocrotophos (MCP),
pesticide, TiO2,
Fe3C, 213 kHz,
55 mW mL–1

The mineralization process was
additive for both TiO2 and
Fe3C

20 Anandan and
Ashokkumar [84]

Nonylphenol ethoxylate
(NPE), surfactant,
Au-TiO2, 358 kHz,
17 W

Photocatalysis was efficient for
the degradation of an organic
surfactant, synergetic effects
could not be observed in the
sonophotocatalytic process

21 Neppolian et al.
(submitted) [83]

Dodecylbenzene-
sulphonate (DBS),
surfactant,
Pt-graphene oxide
(GO)-TiO2,
215 kHz, 17 W

There was no pH effect on the
sonophotocatalytic
degradation of DBS, additive
effect was observed with
combined process. Fast
mineralization was observed

One of the major concerns in any advanced oxidation technique is the formation
of reactive intermediates during the oxidation of organics. A fast mineralization
of any organic compound should be the goal to minimize the reaction time as it
takes prolonged time for complete mineralization. A combined sonophotocatalytic
approach has led to faster mineralization. TiO2 and TiO2-based photocatalysts have
been widely used for this combined study for the degradation of organic dyes
including textile dyes. Generally, the following observations were reported for the
sonophotocatalytic degradation of organic dyes:
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1. The rate of sonophotocatalytic degradation of dyes mostly follows pseudo-first-
order kinetics.

2. The rate of degradation of organics dyes mainly depends on the initial concen-
tration of the dye. Similarly, the amount of photocatalyst also controls the rate of
degradation. The optimization of both amount of catalyst as well as concentration
of the dyes is inevitable.

3. The solution pH may be an important factor, depending upon the nature of
pollutants.

4. The nature and the structure of the dyes are very important factors for the
mineralization of the dyes.

5. The nature of the catalysts plays a considerable role: size, shape, surface areas,
and other morphologies of the catalysts need to be considered.

6. Experimental parameters such as nature (UV or visible) and intensity of the light
source and the reactor assembly are important factors.

7. Intensity of ultrasound is also taken into consideration as one of the important
parameters during the dye degradation.

A few studies have reported on the effects of various experimental parameters on
the sonophotocatalytic degradation of textile dyes [64–71]. Kamat et al. in their
study on the sonolytic degradation of a textile dye, naphthol blue back (NBB),
showed that the rupture of azo group by OH radical attack produced several organic
intermediates, which needed to be further degraded to achieve complete mineraliza-
tion [64]. It was mentioned that the reaction intermediates compete with the parent
compound for OH radicals and, hence, slow down the overall degradation process.
The enhancement observed in the combined method with TiO2 photocatalysts
was an additive effect. About 68% mineralization in 12 h was obtained by the
photocatalytic degradation of NBB solution. Only 35% mineralization was noted
in the sonolysis experiment. Nearly 80% in 12 h was obtained when they performed
simultaneous photocatalysis and sonolysis treatments. Two types of combinations
were attempted: (1) simultaneous and (2) sequential. The simultaneous sonolysis
and photocatalysis experiment was found to be better than the sequential combina-
tion. It has been suggested that the sonication prevents the catalyst from aggregation
and keeps them as individual nanoparticles. This is almost a general observation for
most of the textile dyes degradation by this combined [64–77].

It is generally seen that neutral solution pH is good for sonophotocatalytic
degradation of textiles dyes. The TiO2 surface charge plays an important role on
the kinetics of photo-oxidation of ionic dyes. It has been reported that TiO2 has a
superficial pH of �6.3, which coincides with its zero point charge (zpc). Therefore,
the attractive interaction with cations is stronger at higher pH values (pH> pH
zpc), but at lower pH the interactions forces are repulsive; the anions behave in
the opposite way. For example, Congo red dye molecules have two sulfonic groups
that are charged negative at alkaline pH, and it prevents the adsorption of the dye
molecule to the negative surface of TiO2. On the other hand, at acidic pH, the
adsorption of Congo red seems to be high and does not allow the adsorption of O2

on TiO2 particles, making the photo-oxidation process very difficult. Experiments
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performed at different pH values showed that the optimum pH value for the
photo-oxidation process of Congo red was near to the isoelectric point of TiO2, as
reported by Bejarano-Pérez et al. [71]. Madhavan et al. also reported similar results
during the degradation of textile dye orange G. They have explained the results on
the basis of pKa of the dye [72, 73].

The effect of dissolved gases was studied by Vinu and Madras [74]. The
sonophotocatalytic degradation of textile dyes in the presence of different gases
follows the order, O2>N2>Ar>dissolved natural air. The observed behavior could
be explained with the solubility of the gases in water. Ar is highly soluble in water
compared to N2 and O2 and, hence, it exhibited the slowest degradation. Among
N2 and O2, although N2 is less soluble in water, it exhibited a lower activity, which
can be attributed to the scavenging of hydroxyl radicals by N2 to yield nitrogen
and nitrous oxides. Moreover, O2 chemically participates in the reaction pathway
of photocatalysis and the formation of oxygen radicals in sonocatalysis, thereby
leading to complete degradation. But, Ar and N2 are inert gases and, hence, their
relative contribution to the UV and ultrasound pathways is diminished. Among the
different gases, presence of oxygen enhances the rate of reaction substantially. After
carrying out a complete investigation on the sonophotocatalytic degradation of 6
different textile dyes, Vinu and Madras proposed that UV light played a significant
role in the degradation of dyes in the initial period, whereas ultrasound had a more
influential effect at longer exposure hours in TOC removal [74].

The effect of additives such as sodium chloride on the sonophotocatalytic
degradation of dyes was studied by Son et al. [75]. Interestingly, there was
no significant difference in the removal trends of the dye under various NaCl
concentrations ranging from 50 to 5,000 mgL�1 (0.86–86 mM). When salt was
present in the solution, salt could be an inhibitor in AOTs as NaCl acted as OH
radical scavenger and generated by-product radicals, which are considered as weak
oxidants. When the concentration of a pollutant was high, NaCl acted as an inhibitor,
but there was no significant change in removal rate at various NaCl concentrations.
On the contrary, the presence of NaCl largely increased removal rate at low pollutant
concentrations. Owing to a relatively high initial concentration of the pollutant, it
appeared that salt concentration did not affect ultrasonic degradation in this study.
The physical forces of ultrasound are able to clean the surface of TiO2 continuously
and, hence, the problem associated with NaCl was largely prevented during this
combined method.

The effect of ultrasound power during sonophotocatalysis was reported by
many researchers [21, 73, 74, 76]. Recently, Madhavan et al. studied the effect of
ultrasound power on the sonophotocatalytic degradation of textile dye acid red 88
[76]. It was reported that the degradation rate increased with an increase in the
ultrasound power. For example, a higher degradation rate of 36.9 � 10�7 M min�1

was obtained at 55 mW mL�1, whereas only about 0.77 � 10�7 M min�1 of dye
degradation was observed at 16 mW mL�1. Vinu and Madras also observed a
similar effect on the degradation of textile dyes. This is due to the formation of
more cavitation bubbles and their transient behavior in solution [74], which may
lead to their increase in average size. Generally, the transient cavitation bubbles
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contain vapor, which implode violently, as there is not much gas to cushion their
collapse. This contributes to higher local temperature and pressure and, hence, the
generation of more hydroxyl radicals. It is worthwhile to note that the rate increased
with an increase in ultrasound intensity, signifying that increasing the ultrasound
power amplitude imparts a cleaning effect on the catalyst particles. This leads to
desorption of the dye from TiO2 active sites.

Generally, UV irradiation is harmful to human beings. Many researchers have
been using solar light as a source of irradiation, which is freely available with
abundant source of energy. Zhang et al. studied the effect of visible light on the
degradation of textile dyes using different types of photocatalysts [77]. Methylene
blue (MB) degradation was monitored by means of simultaneous visible light and
ultrasound in the present of pure TiO2, Fe/TiO2 and Fe/TiO2-multi-walled carbon
nanotube (MWCNT) catalyst. It is reported that the sonophotocatalytic degradation
of MB dye by Fe/TiO2-MWCNT catalyst was better than that of pure TiO2 and
Fe/TiO2 catalyst under visible light irradiation.

Homogeneous photocatalysis using Fenton (Fe2C/H2O2) and modified Fenton
reagents (Fe3C/H2O2, ferrioxalate, Fe3C/oxone) have also been reported as a useful
method for the degradation of aqueous organic pollutants [76]. Madhavan et al. [76]
have developed a method for the degradation of a mono-azo textile dye, acid-red
88 (AR88) using sonophotocatalysis. During this homogeneous sonophotocatalytic
oxidation method, the synergy index was observed more than two times. In addition,
Fe3C can also be regenerated during the combined method as described in Part 1 in
Chap.10. The simultaneous operation of sono-Fenton and photo-Fenton reactions is
likely to be the underlying reason for the observed synergy in the presence of Fe3C-
assisted sonophotocatalysis. This approach is relatively simple and an efficient way
for the degradation of organics.

The above-mentioned studies clearly suggest that sonophotocatalysis is an
effective method for the degradation of textile dyes in terms of both fast degradation
as well as fast mineralization, i.e., an additive effect can be achieved by this
method. The general conclusion is that sonolysis is effective for inducing faster
degradation of the parent dye, while TiO2 photocatalysis is effective for promoting
mineralization.

11.2.2 Degradation of Pesticides and Pharmaceuticals

Madhavan et al. described the sonophotocatalytic degradation of two commonly
used pharmaceuticals (ibuprofen and diclofenac) with TiO2, Fe-ZnO, and Fe3C-
mediated homogeneous sonophotocatalysis (Table 11.1) [78, 79]. The results
discussed are almost similar to those results obtained for the degradation of
textile dyes. The rate of the degradation of pharmaceuticals followed first-order
degradation. Ibuprofen (commonly used as analgesic and anti-inflammatory drug)
can be easily degraded by TiO2 and Fe3C homogenous sonophotocatalysis. Both
catalysts showed a slight synergy in the degradation of ibuprofen whereas an
additive effect was observed with mineralization of ibuprofen. On the other hand, a

Chap. 10
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synergistic effect was observed with homogeneous photocatalysis in the presence
of Fe3C ion. This is due to the complex formation of photoactive complexes
between Fe3C and carboxylic acid intermediates. The degradation of diclofenac
(anti-inflammatory drug) using TiO2 and Fe–ZnO photocatalysts showed an additive
effect. However, mineralization studies revealed that TiO2 exhibited a detrimental
effect but Fe–ZnO attributed an additive effect. The rate of degradation of phar-
maceuticals also depends on the nature of TiO2 and organic compounds. Many
intermediate products were identified during the degradation processes. Most of the
intermediates were more highly toxic than their parent compounds. Hence, complete
mineralization of pharmaceuticals is a very important aspect in this method. Most of
the pharmaceuticals are nonvolatile in nature; hence, there was less chance for them
to undergo pyrolytic degradation during sonolysis. Most of the reactions are induced
by OH radicals. All other parameters discussed for the dye degradation have shown
almost similar trend for the degradation of pharmaceuticals.

Details of some herbicides and pesticides degradation studies with sonophoto-
catalysis performed in recent years are provided in Table 14.1. Bahena et al. and
Ashokkumar et al. described the sonophotocatalytic degradation of few herbicides
and pesticides using TiO2 and Fe3C photocatalysts [80–82]. Bahena et al. attempted
to degrade alazine and gesaprim, commercial herbicides, in aqueous TiO2 suspen-
sions under UV light (15 W, 352 nm) and using an ultrasound source of 20 kHz [80].
Alazine and esaprim are herbicides used for the control of broadleaf weeds and
some grassy weeds. Alazine contains alachlor and atrazine as active compounds,
and esaprim comprises atrazine as active compound. HPLC was used to monitor
the parent compounds as well as active compounds during the reaction. The amount
of catalysts and concentration of herbicides were optimized before proceeding for
further experiments. TOC results clearly indicated that both the active compounds
present in alazine and esaprim were completely degraded by the combined method
of degradation in 2 h. According to TOC results, the degradation of gesaprim
preceded this order: sonophotocatalysis> photocatalysis> sonolysis> photolysis.

Madhavan et al. have studied the sonophotocatalytic degradation of commonly
used insecticides such as formetanate hydrochloride and monocrotophos (MCP)
[81, 82], which have been found as pollutants in aqueous environments. The reaction
was carried out in the presence of homogeneous (Fe3C) and heterogeneous (TiO2)
photocatalysts with high frequency ultrasound 213 kHz and high intensity UV lamp
(400 W). The combination of sonolysis with TiO2 photocatalysis showed a negative
effect on the degradation of formetanate hydrochloride with a synergy index of 0.7.
The degradation rates obtained for US C Fe3C, UV C Fe3C, and US C UV C Fe3C
were 14.1, 10.1, and 40.9 � 10�7 M min�1, respectively. Fe3C addition during the
sonophotocatalysis process was found to be beneficial with a synergy index of
1.6. The total organic carbon analysis showed that the mineralization process was
synergistic by combining the two processes in the presence of Fe3C. On the other
hand, the rate of photocatalytic degradation of monocrotophos using TiO2 was found
to be lower than that of sonolysis alone due to the interference of phosphate ions
formed as an intermediate product. A 15-fold enhancement in the degradation rate
was achieved when photolysis was carried out in the presence of Fe3C compared
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to the rate observed with photolysis alone. The combination of sonolysis and
photocatalysis (using either TiO2 or Fe3C) showed a detrimental effect. Synergy
indices of 0.62 and 0.87 were noted for the sonophotocatalytic degradation of MCP
in the presence of TiO2 and Fe3C. The mineralization process was additive for both
TiO2 and Fe3C sonophotocatalysis according to TOC results. It is clearly seen that
again the complete mineralization of organics strongly depends on the nature of pol-
lutants. Dimethyl phosphate, dimethylphosphonate, 3-hydroxy 2-buteneamide, and
N-methyl 3-oxobutanamide were identified as intermediates during the degradation
of monocrotophos and all of them degraded effectively under this process.

11.2.3 Degradation of Surfactants

Ashokkumar and coworkers studied the sonophotocatalytic degradation of
commonly used surfactants dodecylbenzenesulphonate (DBS) and nonylphenol
ethoxylate Teric GN9 (GN9) in aqueous solution using TiO2 based photocatalysts
(Table 11.1) [submitted 83, 84]. In their study, it was found that the initial pH
of the solution played an important role during the photocatalytic degradation
of DBS; whereas, there was no effect of pH during both sonolytic as well as
sonophotocatalytic degradation using Pt-graphene oxide (GO)-TiO2 nanoparticles.
It is an added advantage of coupling both methods especially for surfactants
degradation at any pH condition. Moreover, in the presence of GO, an enhanced
rate of DBS oxidation was observed. When doped with platinum, mineralization of
DBS was further enhanced. Many intermediate products were identified during the
DBS degradation within 10 min of reaction using electrospray mass spectrometry,
mostly by the removal of CH2-groups from the chain and also subsequent addition
of very few CH2- and OH-groups onto DBS. In 1-h reaction time, almost all the
intermediate products were completely decomposed with a small amount of parent
compound remaining, as a result more than 75% mineralization was observed
(0.2 mM DBS concentration). Ag doped TiO2 was used as a photocatalysts for the
degradation of nonylphenol ethoxylate under the visible region of light. Ag-TiO2

was able to degrade GN9 within 3 h of reaction. There was no synergetic effect on
the rate of this combined method for the degradation of both surfactants. This is
due to the formation of many intermediates during the degradation, which took long
time for the complete mineralization of surfactants.

11.3 Sonoelectrochemical Degradation of Organic Pollutants

11.3.1 Degradation of Textile Dyes

Lorimer et al. studied the decolorization of several dye effluents [85, 86] such
as Sandolan Yellow and Maxilion Blue 5G using sonolysis (SCT), electrolysis
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(ECT), and background electrolyte-assisted sonoelectrolysis (BEA-SECT).
Sandolan Yellow solutions were not decolorized under ultrasound (20 and 40 kHz).
Decolorization could be achieved using electro-oxidation and the decolorization
process was further enhanced under simultaneous sonication (40 kHz) [85]. This
work showed that the decolorization process was dependent on the type of electrode
used, the current density applied, and the nature and concentration of the electrolyte.
Only alkali metal chloride solutions promoted the decolorization of dye solutions
due to the production of hypochlorite during electrolysis. Furthermore, platinum
electrodes led to better efficiencies than carbon electrodes when galvanostatic
electrolysis was carried out. Similar results were observed using a basic dye such as
Maxilion Blue 5G in high-frequency (510 kHz) sonoelectrochemical oxidation [86].

Sonovoltammetric oxidation studies of Procion Blue on a boron-doped diamond
(BDD) electrode were carried out in buffered aqueous solutions [87] as a function
of pH, dye concentration, and ultrasound treatment. The oxidation of the aqueous
solution of Procion Blue was most easily achieved in acidic solutions and at low dye
concentrations; and electrode surface fouling occurred in more alkaline solutions
and at very high dye concentrations. Upon increasing the dye concentration, a
proportional increase in the limiting current was observed. It was concluded that
a resistive layer was formed on the electrode surface as a result of the adsorption
and desorption of the large dye molecules at the BDD electrode prior and after
oxidation.

Other dyes including Lissamine Green B [88], Trupocor Red [88], Reactive
Black 5 [88], Acid Black [88], Methyl Orange [88, 89], Rhodamine B [89],
Methylene Blue [89], Reactive Brilliant X-3B [89], and Reactive Blue 19 [90] have
been used as reactive dyes for acoustic cavitation coupled with electrochemical
treatment. Hydrodynamic cavitation has also been used to enhance the electrochem-
ical treatment of Brilliant Red X-3B [91]. For all these studies, various electrode
materials such as Ti-IrO2 [91], graphite [88], platinum [89], PbO2 [90], and three-
dimensional electrodes [92] were employed and the effect of several parameters
were studied including the ultrasonic power/intensity, the cell design, come along
the pH and initial dye concentrations.

It can be concluded that the use of electro-oxidation combined with ultrasound
increases the efficiency compared to the individual treatments, and in most of the
studied cases synergic effects were observed.

11.3.2 Degradation of Aromatic and Phenolic Derivatives

Trabelsi et al. [93] reported the BEA-SECT of aqueous phenol solutions under
low (20 kHz) and high-frequency (540 kHz) ultrasound irradiation. Electrochemical
oxidation of phenol was carried out using 0.1 g L�1 phenol solutions in 0.5 g L�1

NaCl as supporting electrolyte in galvanostatic mode (6.8 mA cm�2) with a
cylindrical nickel foam as cathode and a cylindrical expanded platinized titanium
as anode. When 20 kHz ultrasonic waves were applied, conversion of 75% of initial
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Table 11.2 Sonoelectrochemical degradation of phenol at 20 kHz and 540 kHz

Time/minute Phenol/mg L–1 p-Quinone/mg L–1
Acetic
acid/mg L–1

Phenol
conversion/%

20 kHz
0 100 0 0 0

5 54 7:9 2:4 46

10 24 12:6 3:1 76

20 12:8 11:1 4:6 87

45 7:8 7:6 4:8 92

60 3 5:5 6:2 97

540 kHz
0 100 � 0 0

5 26:4 � 2:7 73:6

10 5 � 3:5 95

45 � � 11:5 100

60 � � 7:4 100

Reproduced from Ref. [93]. With kind permission of © Elsevier (1996)

phenol was achieved within 10 min of treatment. However, a toxic intermediate,
p-quinone, was formed. At 540 kHz, a conversion of 95% of the initial phenol con-
centration was obtained at the same treatment time, and final products of degradation
were acetic and chloroacrylic acids. Main by-products of the sonoelectrochemistry
treatment of phenol are shown in Table 11.2.

Zhao et al. analyzed the electrochemical oxidation of phenol on BDD and
Pt electrodes under silent and ultrasonic conditions (30 kHz, 50 W), from both
fundamental and applied aspects point of view [94]. Although both anode materials
were highly fouled, a much stronger electrode passivation took place on Pt. It was
found that the ultrasonic irradiation improved the phenol degradation leading to
high current efficiencies on both electrodes; although much higher when using
BDD electrodes. Mass transport and adsorption phenomena, as well as electrode
reactions, can explain the different behaviors of these electrode materials. It was
observed that, for the BDD electrode, (1) reaction rates and current efficiencies
were increased by 300% and 100%, respectively, under sonication and (2) lower
yields of intermediates compared to silent conditions. Figure 11.1 shows the main
by-products for both treatments. Although in the presence of ultrasound the variety
of intermediates do not change for both electrodes used, it was found that the
production and degradation rates of intermediates were especially enhanced by
ultrasound on BDD electrodes. In addition, the energy consumption of the electro-
oxidation of phenol decreased when ultrasound was used, due to the fact that the
treatment time was significantly reduced.

The potentiostatic sonoelectrochemical oxidation of 2,4-dihydroxybenzoic acid
(0.1–0.3 g L�1) was also performed using both 20 and 500 kHz ultrasonic irradi-
ations [95]. The geometry and position of the electrodes were optimized in order
to maximize the acoustic effects. The platinized titanium grid anode (cylinder
or disc at high-frequency or low-frequency ultrasonic experiments, respectively)
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was located either in the region of highest ultrasonic intensity (situated near the
air–liquid interface) or at the transducer surface for low-frequency and high-
frequency ultrasonic experiments, respectively.

11.3.3 Degradation of Nitrocompounds

The treatment of nitroaromatic compounds using sonoelectrochemistry methods
has been analyzed sonovoltammetrically [96] and galvanostatically [97]. Aque-
ous solution of nitrobenzene (pH D 13) was reduced on glassy carbon and gold
electrodes [96] under both silent and ultrasonic conditions (20 kHz and up to
40 W cm–2). A reduction mechanism was proposed. First, a chemically reversible
one electron process took place followed by an irreversible three electron reduction
and, furthermore, an overall four electron process occurred at sufficiently negative
potentials, leading to the production of phenylhydroxylamine. In these experiments,
the glassy carbon electrode surface was damaged for very short electrode–horn
distances and the gold electrode led to more complicated mechanisms due to surface
reaction pathways.

The effect of ultrasonic irradiation on galvanostatic reduction of 1,3-
dinitrobenzene and 2,4-dinitrotoluene in acid media have also been studied [97].
Ultrasound irradiation enhanced the electrochemical reduction rate.

11.3.4 Degradation of Chlorinated Compounds

2,4-Dichlorophenoxyacetic acid is one of the most widely used herbicides world-
wide. It is a poorly biodegradable pollutant with mild toxicity, which can be
converted into highly toxic chlorinated compounds such as 2,4-dichlorophenol. The
degradation of 2,4-dichlorophenol has been studied sonoelectrochemically [98] us-
ing platinum electrodes in an ultrasonic bath (44 kHz). Cyclic sonovoltrammograms
showed an increase in currents under insonation leading to an overall overpotential
decrease together with no deactivation of the electrode. Bulk electrolyses using
1.0 M Na2SO4 as supporting electrolyte were carried out galvanostatically at various
current densities. High degradation rates were obtained when the current density
was increased to 70 mA cm�2, leading to a reduction of 78% in total organic
carbon value. The mass balance based on chloride ions indicated the formation of
unanalyzed low-molecular–weight chlorinated compounds.

Other chlorinated compounds such as perchloroethylene (PCE) and trichlo-
roacetic acid [99, 100] have been treated using the sonoelectrochemistry method.
Alicante group has extensively studied the degradation of PCE using electrochem-
ical (ECT), sonochemical (SCT), and sonoelectrochemical treatments [101–107].
The following section shows the main results obtained in the degradation of this
pollutant.
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Fig. 11.2 Surface-enhanced Raman spectra of (a) bared copper, (b) 0.05 M Na2SO4 and (c–l)
10 ppm PCE C 0.05 M Na2SO4 adsorbed on SERS-active copper electrode at different potentials
showed in the figure (Reproduced from Ref. [101]. With kind permission of © Elsevier (2008))

11.3.4.1 Fundamental Studies

The study of application of ECT started with the study of the voltammetric behavior
of the aqueous supporting electrolyte/electrode system, followed by the use of
surface-enhanced Raman spectroscopy (SERS) analysis. It continues with rotating
disc electrode and bulk electrolyses experiments to give whole information about
optimal variable parameters and reactor configuration. SERS, HPLC, GC, and
ion chromatography analyses were used for the identification of degradation by-
products, their quantification and mechanistic details.

Taking into account the industrial application, only a few electrode materials
were used in this study. Copper showed a good performance on SERS experiments
and exceptional catalytic properties and was used by Sáez et al. [101] on the
preliminary voltammetric and SERS study of aqueous PCE electroreduction, using
Na2SO4 as supporting electrolyte. Authors found that as the electrode potential
decreases, the reduction of PCE is favored. The potential-dependent formation
of PCE derivatives on a copper surface reveals that PCE undergoes reduction
at E � �0.3 V vs. Ag/AgCl/KCl (3 M) electrode (all potential data on the PCE
degradation study are quoted with reference to this electrode). This is confirmed by
the emergence of intense Cu–Cl stretching (290 cm�1), C–H stretching (contribution
to the band at 2,920 cm�1) band on SERS analysis (Fig. 11.2). The presence of Cl�
and dichloroethylene (DCE) in the catholyte was observed during electrolysis at
�0.3 V detected by IC, HPLC, and GC.
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Fig. 11.3 Linear voltammograms at electrode material in 50 ppm of PCE C 0.05 M Na2SO4

aqueous solution, 0.5 V s�1, first scan (Reproduced from Ref. [102]. With kind permission of
© J New Mater Electrochem Syst (2008))

A band centered at 1,900 cm�1 (C–C structures) was detected in the 0 to �0.9 V
potential region. The presence of carbon on the surface of the copper electrode is
supported by the appearance of two bands at 1,330 and 1,590 cm�1 at potentials
lower than �1.0 V, and by the XPS analysis of the electrode surface after preparative
electrolysis carried out at �1.0 V. During the preparative electrolysis, a C–Cl
multibond cleavage process occurs as it suggests by the appearance of DCE and
the absence of trichloroethylene (TCE). The direct generation of DCE in front of a
step process via TCE is favored.

11.3.4.2 Electrodic Material Study

Other electrodic materials such as glassy carbon and lead have been studied on
the ECT of PCE by Sáez et al. [102]. No peaks can be observed on the cyclic
voltammetry of an aqueous PCE/Na2SO4 solution on glassy carbon; and, therefore,
slow kinetics for PCE reduction could be expected or its electroreduction could
take places at potentials close to the supporting electrolyte decomposition. Lead
electrode presents a stronger interaction with PCE and a peak at �0.7 V and a
shoulder at �1.2 V can be observed on cyclic voltammograms. The peak at �0.7 V is
associated to the lead oxide/lead sulfate surface reduction process and the reduction
of PCE at this potential. On copper electrodes this process is associated with the
shoulder appearing at �0.55 V. Figure 11.3 summarizes the voltammetric behavior
of the PCE electroreduction with the three electrode materials.
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11.3.4.3 Bulk Electrolyses

The controlled potential bulk electrolyses (divided glass cell, Nafion 450 cationic
membrane) confirm the electroreduction of PCE in aqueous medium at the three
electrodes (at �1.0 and �1.2 V for glassy carbon, at �0.4, �0.55, �0.7, �1.0, and
�1.2 V for lead; and �0.3, �0.55 and �1.0 V for copper electrodes), but showing
different electrocatalytic behavior. The lead electrode gave the best results and
higher chlorinated or C3 reaction products have not been detected on any electrode.
The reduction mechanism does not seem to follow a soluble radical route, and
authors suggest that reduction seems to take place in a step-wise process giving
products that are soluble and can be easily detected. A molar ratio TCE/DCE close
to 2 obtained in the preparative electrolyses is in agreement with a predominant step-
wise electroreduction pathway. Chemical reduction trials discarded the reduction of
PCE by the zero-valent metal.

For all the electrode materials studied, TCE, DCE, and Cl� anions were clearly
detected as major intermediates and final products. The major part of the chlori-
nated compounds was detected and quantified, but some nonchlorinated organic
compounds remain unidentified according to the mass balances calculations. The
current efficiencies were low but they increased as the working electrode potential
decreases.

Galvanostatic electrolyses are preferable for industrial purposes because of the
cheapest investment and easiest handling, and were carried out in the next stage.
Sáez et al. [103] studied not only the influence the initial concentration of PCE, but
also several glass cell configurations with different cathodic (divided cell, electrore-
duction), anodic (divided cell, electrooxidation) and both simultaneously (undivided
cell, dual degradation) treatments. Aqueous and gas phases were analyzed and the
mass balance of the processes was checked. Lead was chosen as cathode material
in this study because of its high overpotential for the reduction of water in spite of
the theoretical drawbacks, from an environmental point of view. An anode of lead
dioxide was used (Fig. 11.4).

The highest degradation (�50%) was obtained using the undivided configuration.
PCE can be nearly degraded (<7% of the initial product remaining) and Cl�, DCE,
and TCE were found as major reactions products. The mass balance on total chlorine
is closed. In the anodic treatment of PCE chloroacetic anions have been clearly
detected along with the presence of CHCl3 and CCl4 compounds suggesting that
the anodic degradation follows a slow and complex multipath route.

Following the study of ECT of PCE in water a scale-up to a laboratory scale
electrochemical filter-press reactor and an extensive study of the influence of
the operational variables was carried out by Sáez et al. [104]. The influences
of the initial concentration, volumetric flow and electrode geometry, as well as
the nature on the kinetics, degradation efficiency and mechanism were analyzed
by determining the values of process performance parameters such as fractional
conversion (FC), degradation efficiency (DE), current efficiency (CE), mass balance
error based on chlorine (Cl-MBE) and selectivity (SCl).
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SCl D mol of chloride ion
P

mol of detected chlorinated compounds C mol of chloride ion
; (11.5)

where [PCE]tD0 and ŒPCE�tDtf are the initial and the final PCE concentration,
[Cl–]tD0 and ŒCl��tDtf are the initial and the final chloride anion concentration,
respectively; V represents the total volume of the solution and F the Faraday
constant.

Several electrode materials and electrode geometries were tested. Three-
dimensional carbon electrodes did not provide a more competitive option. The
best results on the scale-up were an FC higher than 85%, DE of 65%, SCl close to
0.8 and energetic consumption around 3 kWh m�3 obtained with two-dimensional
electrodes. In summary, the ECT provides a high DE for PCE with low energetic
consumption; but toxic chlorinated by-products are not fully degraded (Table 11.3,
Fig. 11.5).
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Table 11.3 Main results for ECT, SCT, BEA-SECT, and SECT at batch scale

FC/% DE/% Cl-MBE/% SCl/% CE/% Time/min

ECT
QV /L h–1

100 84 51 4 0.75 2 300
150 87 65 2 0.87 2:5 300
200 86 42 5 0.71 1 300
250 84 68 13 0.84 1 300

SCT
Ia/Wcm–2–…/Wcm–3

1.84–0.065 86 24 53 0.79 � 300
3.39–0.120 98 29 59 0.88 � 300
5.09–0.180 99 30 62 0.92 � 300
6.36–0.225 98 25 64 0.90 � 300
7.64–0.270 99 21 72 0.91 � 300

BEA-SECT
Ia/Wcm–2–…/Wcm–3

1.84–0.065 95 30 52 0.83 2:3 150
97 37 38 0.86 1:2 300

3.39–0.120 96 46 45 0.97 12 150
97 46 47 0.96 5 300

5.09–0.180 96 50 50 1.00 11 150
100 57 39 0.98 6 300

6.36–0.225 97 49 48 0.99 13 150
100 53 43 0.99 7 300

7.64–0.270 97 50 46 0.98 14 150
100 56 41 0.99 8 300

SECT
Ia/Wcm–2–…/Wcm–3

1.84–0.065 82 36 23 0.78 19 150
96 50 40 0.95 9 300

3.39–0.120 96 49 46 0.98 21 150
100 57 34 0.93 14 300

5.09–0.180 95 65 20 0.98 20 150
96 74 29 0.98 13 300

6.36–0.225 97 77 16 0.99 12 150
100 84 13 0.99 10 300

7.64–0.270 100 99 1 1.00 13 150
100 100 0 0.99 10 300

Reproduced from Refs. [104, 107]. With kind permission of © Elsevier (2010) and © The
American Chemical Society (2011)

11.3.4.4 Sonochemical Treatment

SCT has routinely been used for the degradation of chlorinated compounds in order
to check water remediation applications and it has been reported in the literature
of some papers about the SCT of PCE [108–112]. A deep analysis of the reaction



324 B. Neppolian et al.

Fig. 11.5 (a) Electrochemical filter-press reactor: (1) backplate, (2) backplate joint, (3) polypropy-
lene block with flow channels, (4) electrode joint, (5) cathode, (6) anode, (7) compartment joint,
(8) compartment. (b) Experimental setup: (1) electrochemical filter-press reactor, (2) electrolyte
reservoir, (3) gasmeter, (4) pump, (5) flowmeter, (6) temperature control, (7) cooling system,
(8) power supply, (9) voltmeter, (10) probes holder, (11) pH meter, (12) conductimeter (Reprinted
from Ref. [104]. With kind permission of © The American Chemical Society (2010))

by-products, the effect of ultrasonic operational variables upon PCE degradation
(frequency, power, and system geometry as well as substrate concentration) and a
mass balance were carried out by Sáez et al. [107]. They studied these parameters
and noted Cl� and CO2/CO as major reaction products, and also TCE, and DCE at
ppm concentrations as reported earlier in the literature. The formation of very low
(ppb) concentrations of small halocompounds (CHCl3, CCl4), and also of higher
mass species, such as pentachloropropene, hexachloroethane, is noteworthy. They
also found significant quantities of chloroacetate derivatives at ppm concentrations.

The best results for PCE degradation (in terms of DE and Cl-MBE) were obtained
at 580 and 850 kHz. Taken into account the hydrophobic and volatile nature of PCE,
the authors suggest that the first step of the mechanism is the degradation of PCE
into other chloroethenes in the interior of cavitation bubbles by pyrolysis or in the
interfacial region of a cavitation bubble, rather than in the aqueous solution. Then,
two pathways can interfere: pyrolysis of the remaining compounds and oxidation
by the OH radicals. At high frequencies, the pyrolytic pathway is prevalent, taking
part in the degradation of the initial PCE and the formation of residual (at ppb
level) 1C, 3C, and 4C chlorinated compounds. At low frequency the oxidation by
the OH radicals is predominant and highly soluble oxygenated compounds such as
chloroacetates can be formed because the reaction time inside the cavitating bubbles
is longer whereas at high frequency OH radicals are rapidly ejected to the solution.

Sonolysis was very effective for PCE degradation and Sáez et al. obtained
FC> 97%, and a mass balance close to 100% in the same conditions. From an
application point of view, it should be noted that chlorinated reaction products are of
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some intrinsic toxicity, so the overall environmental benefit of insonation to destroy
pollutants of this type remains debatable. In summary, the SCT of PCE proceeds
with high DE values but with very high energetic cost and produces a higher by-
products speciation than the ECT (Table 11.3).

11.3.4.5 Sonoelectrochemical Treatment

The use of hybrid technologies such as sonoelectrochemical treatment has been
proposed by the authors in order to achieve a good level of water remediation. The
20 kHz BEA-SECT of PCE in aqueous Na2SO4 using controlled current density
sonoelectrolyses in batch mode gave an important improvement in the viability of
the SCT process when the electrochemistry is implemented [105]. On the BEA-
SECT, a fractional conversion near 100% and degradation efficiency around 55%
are obtained independent of the ultrasound power used (Fig. 11.6 and Table 11.3).
Although the main volatile compounds produced, TCE and DCE, are not only totally
degraded, similar concentration levels are achieved at shorter reaction time than in
the SCT or ECT. The current efficiency is enhanced compared to the ECT and a
higher speciation is also detected.

The combination of ultrasound and electrical fields provides a reaction environ-
ment, which greatly improves the SCT and ECT of PCE solutions, providing an
acceptable procedure from a technical point of view. Moreover, the treatment time
is significantly reduced, and then, the energetic consumption with BEA-SECT is
lower than that presented by SCT.

The treatment of PCE solutions simulating real wastewater samples completes
this study of technical viability [106]. The authors studied the sonoelectrolysis,
without the addition of the supporting electrolyte (SECT) (20 kHz, Pb/PbO2 as
cathode/anode), of low conductivity PCE solutions. A controlled-voltage mode
was selected for the electrolysis (a maximum applied voltage between anode and
cathode of 14.3 V) and the maximum permitted current density was fixed at
3.5 mA cm�2. The absence of supporting electrolyte implies that in the early stages
of the sonoelectrolysis experiments the current is quite low because of the low
conductivity of the solution. As the process proceeds, a background electrolyte is
generated due to the fact that the electrochemical process provides, at least, chloride,
chlorate and hydrogen ions.

Controlled-voltage PCE solutions sonoelectrolysis experiments at different ul-
trasound intensities (Ia) showed that when Ia was increased, an increase in the rate
of disappearance of PCE was observed. However, the CE was not influenced by
this parameter. The higher values of CE (>50% for chlorinated compounds) were
maintained during the first hour of treatment (Fig. 11.7) in comparison with those
obtained during the ECT (<8% in the best situation) or during the BEA-SECT. PCE,
TCE and DCE were totally degraded in the first 2.5 h of the process (Fig. 11.8 and
Table 11.3) in a similar way to those of BEA-SECT and in contrast to the ECT, for
which even at high volumetric flows, a steady-state was observed in the remaining
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Fig. 11.6 Normalized concentration evolution vs time: (�) PCE, (N) TCE, (•) DCE, (x) Cl�,
(*) ClO3

� for the BEA-SECT at different ultrasonic intensities (a) 1.84; (b) 3.39; (c) 5.09; (d) 6.36
and (e) 7.64 W cm�2, f D 20 kHz, 3.5 mA cm�2, 20ıC (Reproduced from Ref. [105]. With kind
permission of © Elsevier (2010))

concentration of TCE and DCE. The results obtained in the SECT suggest that the
mechanism is not fully controlled by the mass transport.

Therefore, the implementation of an ultrasound field during the electrochemical
treatment of polluted water with low electrical conductivity appears to be a
promising option enabling the electrochemical degradation of halogenated organic
compounds in polluted water, employing an electrical current as the unique reactant,
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Fig. 11.7 Normalized degradation of PCE by sonoelectrochemical treatment and in the inset the
CE for different concentrations (g L�1) of Na2SO4 (mM ionic strength in brackets): (x) 0, (�) 0.5
(3.5), (•) 2.5 (17.6), (N) 7.1 (50), (H) 12 (84.5); f D 20 kHz, 3.5 mA cm�2, 3.39 W cm�2, 20ıC
(Reproduced from Ref. [106]. With kind permission of © Elsevier (2011))

and avoiding the undesirable addition of any chemicals. The high energetic cost of
this treatment is the main drawback.

11.3.5 Hybrid Sonoelectrochemical Methods

Presently, further efforts in the development of the emerging AOTs, going deep into
the possibility of achieving high synergic effects when some of those processes
are applied simultaneously, are subject of interest. In this sense, combinations
of sonoelectrochemical treatments with ozonation, photocatalysis, and Fenton
techniques have been addressed.

As previously stated, photocatalytic degradation of water contaminants has been
successfully used alone or together with the irradiation of an ultrasonic field. Zhang
and coworkers were able to combine properly the advantages of photocatalysis,
electrocatalysis, and sonocatalysis achieving a synergistic effect [113]. The authors
raised the azodye methyl orange degradation at the 1.0 � 10–5–2.0 � 10–4 M
concentration range through different oxidative strategies in a comparative study.
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Fig. 11.8 Normalized concentration vs time: (�) PCE, (N) TCE, (•) DCE, (*) Cl–, (x) ClO3
�

for the PCE SECT at different ultrasonic intensities (a) 1.84; (b) 3.39; (c) 5.09; (d) 6.36 and (e)
7.64 W cm�2, f D 20 kHz, VA�C D 14.3 V, 20ıC, 0 g L�1 Na2SO4 (Reproduced from Ref. [106].
With kind permission of © Elsevier (2011))

Different batch photocatalytic, sonophotocatalytic, photoelectrocatalytic, and
sonophotoeletrocatalytic experiences were carried out in the same multipurpose
reactor. A photoreactor immersed in 40 kHz ultrasonic cleaning bath operating
at several acoustic powers ranging from 60 to 150 W was used. The working
electrode was a homemade TiO2 nanotube anode, the supporting electrolyte was
0.5 M Na2SO4 aqueous solution, and electrode potential applied was 0.6 V vs. SCE
for the ECT. The reactor used had a bottom-attached 11 W UV lamp with central
wavelength of 253.7 nm (0.1 Hz chopped UV irradiation was used).
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The degradation processes tested followed pseudo-first-order kinetics in all case
and their rate constants increased as follows: photocatalytic (0.0035 min�1)
< sonophotocatalytic (0.0073 min�1) < photoelectrocatalytic (0.0523 min�1)
< sonophotoelectrocatalytic (0.0732 min�1). Results showed that the hybrid photo-
electrocatalytic and sonophotoelectrocatalytic processes could efficiently enhance
the degradation efficiency of methyl orange dye achieving a degradation of 88%
of the initial pollutant after 60 min of treatment (Co D 5 � 10–5 M, ultrasound
power 150 W).

The possibility of the combination of a BEA-SECT with ozonation has also been
explored by Abramov et al. in their work on the destruction of 1,3-dinitrobenzene
and 2,4-dinitrotoluene [97]. In that case, a titanium ultrasonic horn (5 cm2) was
used as a cathode immersed in a 100 cm3 catholyte containing 100 mg L�1

of 1,3-dinitrobenzene and 2,4-dinitrotoluene. The use of ultrasound (5 W cm�2,
calorimetrically measured) enhanced the rate of electrochemical reduction (current:
50 mA), increasing the current efficiency from �15% to 55–57%, but the overall
reaction rate remained still slow. On the other hand, the compounds were shown
to be stable to reaction with ozone, even under ultrasonic activation. However, the
simultaneous application of ultrasound and ozonation (flow rate 0.1–3 L�1 h�1, O3

concentration 3–10%) to the electrochemical reaction allowed complete destruction
of the compounds in short times.

In this case, the effect was attributed to the ultrasonic enhancement of the elec-
trochemical process giving intermediates that are susceptible to ozone oxidation.
Ozone is a very efficient oxidizing agent able to interact with electron donors or
be reduced in the cathode to O3

�. This highly oxidant anion rapidly forms the
anion radical O•� in acidic media, or alternatively can generate OH radical, a very
active oxidant. It is assumed that this process is improved by the mechanical effects
provided by cavitation such as enhanced mixing, diffusion, and mass transfer.

On the other hand, different groups have tried to improve the performance of
the Fenton process applied to environmental remediation by the application of
sonoelectrochemistry. Fenton reaction is based on the H2O2 decomposition to OH
radicals in acid aqueous medium, catalyzed by the addition of a small amount of
Fe2C [114]. It involves further radical reactions among the organic compounds and
the OH radicals formed.

H2O2 C Fe2C ! Fe3C C HO� C HO� (11.6)

The potentiality of the application of electrochemical processes coupled with
Fenton treatment has revealed itself as a useful technology that improves signifi-
cantly the original approach [115]. One of the main advantages of this combination
is the possibility to generate H2O2 electrochemically in a safer process compared
with H2O2 addition to the polluted effluent. Moreover, the possibility of Fe2C
regeneration in the cathode makes the process more environmentally friendly, since
less amount of iron is needed initially. As in other electrochemical processes, some
authors have taken advantage of the outstanding beneficial effects of ultrasound in
sonochemical processes.
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The first study found in literature dealt with the sonoelectro-Fenton degradation
(SEF) of the organic dye molecule meldola blue (MDB) [116]. The authors
used a sonoelectrochemical reactor containing 100 cm3 of solution (1 � 10–4 M
MDB, 0.050 mM Na2SO4, 0.010 mM H2SO4, 0.5 mM FeSO4) with a retic-
ulated carbon felt cathode (15 mm � 10 mm � 5 mm) working at �0.7 V vs
Ag. The solution was exposed to 124 kHz ultrasound field. Assuming pseudo-
first-order kinetics, it was found that the rate constant for the dye degrada-
tion reached for the different tested treatments in the following order: ECT
(negligible)<SCT (0.0044 min�1)< sono-Fenton (0.0081 min�1)<BEA-SECT
(0.0126 min�1)< electro-Fenton (0.0142 min�1)<SEF (0.0237 min�1). In the
ECT, SCT, and BEA-SECT treatments exposed, no FeSO4 was added to the reaction
solution.

Recently, the effect of low-frequency ultrasonic irradiation on the SEF degrada-
tion has been tested again for decomposition of cationic red X-GRL [117]. It has
been found that both total organic carbon removal efficiency and mineralization
current efficiency were efficiently promoted with the electro-Fenton process.

Furthermore, the SEF treatment is a helpful technology for the degradation
of organochlorinated compounds in wastewater [118]. Outran et al. found a
synergistic effect while using an undivided electrolytic cell (250 mL) with a
three-dimensional carbon-felt cathode (15 cm � 8 cm) applying constant current
(200 mA) for the destruction of the herbicides, 4,6-dinitro-o-cresol (DNOC), and
2,4-dichlorophenoxyacetic acid (2,4-D) [119]. A 28 kHz ultrasound field operating
at 20 W was used for the SEF processes. The apparent rate constants for the
electro-Fenton and SEF processes were 0.025 min�1 and 0.046 min�1 for 2,4-D
and 0.023 min�1 and 0.051 min�1 for DNOC, respectively, and followed pseudo-
first-order kinetics in all cases.

The enhancement observed in the SEF process is partially ascribed to the
enhancement in the mass transfer of both reactants (Fe3C and O2) toward the
cathode for the electrochemical generation of Fenton’s reagent (Fe2C C H2O2)
and its subsequent transfer. González-Garcı́a et al. observed an enhancement of
the electrochemically produced H2O2 in aqueous solution by means of ultrasound
application [120]. Furthermore, the amount of OH radical in solution is expected to
be higher in irradiated systems than in silent conditions due to its formation inside
cavitation bubbles.

11.4 Conclusion

It has been shown that sonophotocatalysis seems to be a promising method for the
degradation of organic pollutants in aqueous solutions. The degradation process is
mostly governed by free radical reactions because all the organics discussed here
are nonvolatile in nature. The extent of degradation depends on many parameters
such as nature of catalysts, concentration of pollutant, amount of catalyst, intensity
of light, ultrasonic power, solution temperature, pH, and dissolved gas. Although the
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initial rate of sonochemical degradation is relatively fast, complete mineralization is
achieved along with TiO2 photocatalysts in most cases.

This chapter also has summarized the applications found in the literature on the
use of sonoelectrochemical treatment of organic pollutants in aqueous solutions.
Greater effort is needed to fully understand the degradation process that occurs
when combining both methods. This will bring improvements in existing and future
applications. Given that the contamination of water effluents is a raising problem,
an increase on the research into the new possibilities of hybrid sonoelectrochemical
technologies is also expected in the near future.
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trochemical degradation of perchloroethylene in water: enhancement of the process by the
absence of background electrolyte. Chem Eng J 168:649–655
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Chapter 12
Nature Is the Answer: Water and Wastewater
Treatment by New Natural-Based Agents

Jesús Sánchez-Martı́n and Jesús Beltrán-Heredia

12.1 Introduction

It is well known that water is the most relevant and affecting factor in life
development [1]. The immediate need of water in adequate conditions (quality and
quantity) is a crucial factor for allowing a dignified life, and it is more than obvious
that no economical development is possible without water [2]. Drinkable water
scarcity is directly linked to high morbi-mortality levels and to low economical
development; therefore, several vicious and virtuous circles are established from
and to water situation (Fig. 12.1).

As can be seen, water is not only one of the first necessities in the Maslow’s
pyramid [3], but also the promoting agent in the economic and social development.
Bad water makes this growth difficult (even impossible). These links are not
theoretical; the real situation confirms the importance of water in the global
scenario. Figure 12.2 shows three world maps that were modified according to a
specific study variable.

The first two are very similar while they are almost opposed to the third one.
Poverty is directly proportional to water scarcity (first and second world maps) and
inversely to industrial development (the third map).

Consequently, water must be considered a valuable and scarce good, not only
regarding environmental concerns, but above all bearing in mind the impact it has
on the human wellness. If it is adequately managed, treated, and cared for, water can
be an equity factor in the fight against poverty, since an appropriate and sustainable
development model that allows dignified life conditions to humankind is needed.
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Fig. 12.1 Relationship between water, poverty and human development

In this sense, research is needed with the clear focus on people’s development,
according to the current developing model [4]; i.e., the promotion of people’s
chances in agreement with sustainability, governability, democracy, and participa-
tion criteria. This kind of investigation is supported by several international actors
[5] and must also be implemented inside the university context.

The current chapter is within this general scenario. Natural resources are
evidently widespread, cheap and easy-to-handle materials. Their possibilities are
almost unlimited and many of them are still unknown. Our researching groups
have been working on natural-based solutions to water pollution problems, so the
technical solutions we are presenting are also easy to implement in developing areas.

This chapter will explore the possibilities of two main groups of natural resources
in water and wastewater treatment: Moringa oleifera seed extract as a coagulant and
tannin-derived products. The latter ones can be used under the form of cationic
coagulants (for the removal of anionic colloidal pollutants) or anionic tannin rigid
resins (tannin gels) for the removal of cationic contaminants.

12.2 Present Pollution Problem: Refractory Contaminants

The water scarcity is a global situation that reaches unacceptable levels: 40% of
the total earth population lack proper sanitation infrastructures and problems with
water quality are the fifth cause of death (above AIDS, tuberculosis, or malaria).
Nowadays, more than one in six does not have access to safe freshwater [6]. This
fact is even more acute if we take into account that the shortage of safe water
has a concomitant effect with living without basic sanitation, which is the case
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Fig. 12.2 Three world maps. The areas are proportionally deformed to (a) Human poverty index,
(b) Safe water scarcity and (c) Industrial water consumption (Source: www.worldmapper.org)

of 2.5 billion people [7]. In addition, emerging economies like India or China are
currently facing a pollution problem with special contaminants that are not easy to
remove from water effluents. These are called refractory contaminants and the most
important groups are the dyes, surfactants, and heavy metals.
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12.2.1 Dyes

The removal of dye effluents is still a challenge inside many industrial wastewater
treatments. Pigments and dyes are extensively used for several applications, such
as textiles, printing, pharmaceuticals, and a large variety of other products. The
discharge of these chemical pollutants is a dangerous and noxious practice that may
affect the aquatic systems [8, 9] and, therefore, may get into the alimentary chain,
with the corresponding risks due to their well-known toxic and mutagenic activity
to living organisms [10, 11].

Dyes may be classified into many chemical species. The most common clas-
sification of these products pertains to their industrial usage [12] (acid, basic,
direct, reactive, disperse dyes). Other criterion may be according to their chemical
composition: azo, anthraquinonic, triphenylmethane, indigoid, or thiazinic dyes can
also be considered.

Three main dyes have been selected to work on in this review.

• Alizarin Violet 3R is an anthraquinonic dye. It is a synthetic dye which is
characterized by a high chemical/biological oxygen demand and intense color.
These aspects make industrial effluents of this dye highly toxic and extremely
injurious to both aquatic and landform lives. The difficulty to degrade or remove
this dye has been thoroughly reported previously [13] and it is mainly caused by
the aromatic rings and the two sulfonate groups that make this dye a persistent
and carcinogenic agent.

• Indigo Carmine is an indigoid dye. Its structure includes two aromatic rings
with a double link inside them and two sulfonate negative-charged groups [14].
This gives it an anionic and aromatic character that allows cationic character
of different coagulant agents to link the dye molecules and provoke their
destabilization and settle in a coagulation and flocculation process.

• Palatine Fast Black WAN is an azo dye. It is an extremely long molecule whose
structure includes 12 aromatic rings and 3 sulfonate groups, apart from many
other functional groups (Fig. 12.3). The presence of chromium atoms associated
with the organic chain makes it especially dangerous, involving its mutagenic
action [15].

The chemical structures of these dyes are presented in Fig. 12.3.

12.2.2 Surfactants

Surfactants have become a very important group of compounds in modern life.
They are present in a large variety of usual and normal products, like soaps,
detergents, pharmaceuticals, personal care products, etc.; they are also used in
the chemical industry, “high-tech” devices, paints, and leather [16]. As can be
appreciated, surfactants have achieved a main position in human activity in many
fields. Analyzing the last statistical data, more than 12 M tons per year are used [17],
so surfactants can be considered as a first important chemical group. Figure 12.4
presents some of the most important anionic surfactants.



12 Nature Is the Answer: Water and Wastewater Treatment. . . 341

Fig. 12.3 Chemical
structures of different dyes
considered in this review. (1)
Alizarin Violet 3R; (2) Indigo
Carmine; (3) Palatine Fast
Black WAN
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Fig. 12.4 Chemical structures of different anionic surfactants. (1) Sodium dodecyl benzene
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Surfactants dumping into the environment represent a harmful and noxious
practice. They may be useful and needed compounds, but they are also considered
dangerous and undesirable substances because of their impact on water animal
and vegetal life. The main routes by which surfactants can alter environmental
equilibrium are contamination of groundwater and lakes [18], association with
pharmaceuticals (thereby, considerably enhancing their contaminant potential),
biopersistence and toxicity for animals including humans, etc. [19, 20].

Effluents with high content in surfactants usually presents high COD levels (up
to 50 g L�1) [21], which is a cause of problems in normal water treatment plants, so
new and cheaper methods for treating these kinds of wastewaters are still needed.

Nowadays, surfactants can be removed by several mechanisms; most of them
imply adsorption on activated carbon [19, 22], chemical oxidation [23] or electro-
chemical removal [24]. However, new removal methods should be researched on
because the impact of surfactants and tensioactives is quite high.

Due to these reasons, removing surfactants from water flows has become a
priority for a large number of researchers. As it is known, there are several types of
surfactants depending on its ionic character: anionic, cationic, amphoteric, nonionic,
etc. Cationic surfactants enter aquatic ecosystems together with polluted waters
because they are widely used in many industries, including petroleum, oil refining,
petrochemical, and gas industries. They are also used in pest control in aquaculture
for combating pathogenic organisms in fish [25].

12.2.3 Heavy Metals

Finally, the pollution with heavy metals is well known. Effluents from industrial
facilities, mainly linked to minery, are highly charged with Cu2C, Hg2C, Pb2C,
Zn2C, Ni2C, or Cd2C. These wastewaters represent cumulative pollution in the food
chain [26], so the elimination of such harmful compounds has been the subject of
research by scientists for a long time and is achieved by different ways: chemical
precipitation [27] coagulation and flocculation [28], or nanofiltration [29], among
others.

12.3 Natural Products: A Feasible Chance
of Becoming Clean

One of the possible paths of minimizing the multiple concerns that have recently
arisen on water and refractory pollutants is the implementation of new treat-
ments based on natural products. Both adsorption and coagulation are well-known
processes for eliminating these kinds of contaminants; yet, new agents must be
developed.
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Today there is a global challenge regarding water management: Water resources
may be optimized in order to guarantee an adequate availability for the large
majority of the people. This is the first and main motivation to continue research
on these kinds of resources.

12.3.1 Appropriate Technology and the Needs
of the Present World

Undoubtedly, the water shortage hits in an unequal way, depending on the devel-
oping situation of countries. Israel can produce shrimp inside the desert by using
advanced techniques of water extraction from beneath the ground [30], while almost
40% of total Nicaraguan population has no home access to tap water [31]. That
fact reveals that water subject is not linked to global technological advances, but to
particular and adequate systems of solving specific situations [32].

Among the most influencing parameters in this situation is the fact that the
pollution sources are widespread and often nonlocalized. Contaminants such as
surfactants, dyes, or heavy metals get into the alimentary chain and appear almost
everywhere, and usually there is not a specific procedure for their removal, mostly
in places where water treatment is almost a luxuriant process. Because of this, it
is necessary for the development of new materials and methods to fit into the large
variety of economical situations, both in the First and the so-called Third World.
Natural products are perhaps one of the most interesting options of making water
treatment a universal chance. Becoming clean is then a cheaper and affordable
possibility.

Technology is one of the mechanisms human beings can apply to fight against
poverty [33], but as it is a cultural construct, it is not free from social implications
[34]. The concept of appropriate technology (Fig. 12.5) arose in the mid-1970s and
included some aspects that may be especially cared for in order to guarantee social
and environmental feasibility of a technical proposal. The target is to develop a new
technological paradigm suitable mostly in developing countries (but not only) that
can be executed on the following principles [35]:

• Environmental-friendly (sustainability): It does not endanger subsequent gener-
ations’ resources

• Cultural suitability: The solutions to given problems does not interfere with social
manners or modals

• Technological transfer, not external dependency of mechanisms, apparatuses, or
equipment

These statements are summarized in one: Technology must match both the user
and the need in complexity and scale [34]. Relatively, new research concerns are
recently open in order to provide enough first-line knowledge in this sense [36] for
applying new discoveries to the Third World.
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Bearing in mind all the above, this chapter will deal with two main natural
sources: Moringa oleifera and tannin derivatives. Both seem to present rather
interesting properties in order to become important agent of water treatment in
removing contaminants according to appropriate technology principles.

12.3.2 Moringa oleifera

Moringa oleifera is a tropical tree that comes from the sub-Himalayan valleys. It is
a multipurpose tree and is generally known in the developing world as a vegetable, a
medicine plant and a source of vegetal oil. Its multiple properties have been known
for a long time [37] and several authors have referred to the importance of some
Moringa oleifera aspects: human [38] and animal nutrition [39, 40], pharmacology
[41, 42], cosmetics [43], etc.

The leaves and young seeds of Moringa oleifera are rich in calcium, iron, and
vitamin C, which serve as nutritious source for communities. The fruits are called
“pods” and roots of the tree are used as vegetables. The fruits range usually from
20 to 30 cm long. Each fruit contains more or less 20 seeds. Seeds are globular,
weighing on an average between 0.3 and 0.4 g, 0.6–1 cm long, and 0.7–1.2 cm wide
(Fig. 12.6).

Moringa oleifera is a widely spread, readily available, and easy to store product,
especially in the developing countries. It can be a social-change factor, as it allows
water treatment without external dependence [32].

According to Goh [44], the cultivation cost for producing 1 kg of Moringa
oleifera is approximately US$2. Although the cost of Moringa oleifera seems more
expensive than alum, it is more beneficiary to communities in terms of health and
economy. Community could gain income from the sale of the seeds to companies or
institutions processing them to produce coagulant or oil [45].
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Fig. 12.6 Seeds of Moringa
oleifera

Moringa oleifera has a big advantage considering its high added value, i.e.,
expensive oil is obtained from it [46], which can be used for many scopes. As
Bhuptawat et al. [47] pointed out, the simple aqueous extract that can be obtained
from the press cake residue remaining after oil extraction may be used for waste and
drinking water treatment, being a real cheap and easy way of getting profit from this
main usage of Moringa oleifera. The interest on Moringa oleifera in this aspect has
been pointed by institutions such as Food and Agricultural Organization (FAO) [48].

This chapter is focused on the removal of surfactants by means of natural
products. Moringa oleifera seed extract is one of these agents, and it acts as a
coagulant. Particularly, this coagulant presents some characteristics that make it
affordable and technologically friendly: It is obtained directly from the seeds with
a little help of reasonably low dosages of sodium chloride. The complete extraction
process involves the following steps. First, the seeds are reduced into powder by
a domestic mill. A 1 M sodium chloride solution is prepared and 5 g of powder
is added to 100 mL of it. The sodium chloride solution with powder is stirred
for 30 min at room temperature (around 25ıC). No pH modification is needed, as
natural pH 7 is achieved. Then, the extract is filtered twice, once through commercial
filter paper on Büchner funnel and again through a fine filtering Millipore system
(0.45 �m glass fiber). The result is a clear, milk-like liquid. This raw material
presents the physicochemical characteristics showed in Table 12.1.

12.3.3 Tannin Derivatives

The term tannin covers many families of chemical compounds. Traditionally, they
have been used for tanning animal skins, hence their name, but one also finds several
of them used as natural-derived coagulants and adsorbents. Their natural origin is as
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Table 12.1 Chemical
characteristics of Moringa
oleifera seed extract

Parameter Value

Dry residue (sodium chloride excluded) 3.24 g L�1

Ammonium 0.06 g L�1 (N)
Nitrate 0.55 g L�1 (N)
Nitrite 0 g L�1 (N)
KMnO4 oxidability 1.08 g L�1 (O2)
Phosphate 0.05 g L�1 (P)
Total phosphorus 0.07 g L�1 (P)

Fig. 12.7 Chemical structure
of a standard tannin
(Reprinted from Ref. [51].
With kind permission of
© The American Chemical
Society (2009))

secondary metabolites of plants [49], occurring in the bark, fruit, leaves, etc. While
Acacia and Schinopsis bark constitute the principal source of tannins for the leather
industry, the bark of other nontropical trees such as Quercus ilex, Quercus suber,
Quercus robur, Castanea, and Pinus can also be tannin-rich.

Tannins are mostly water-soluble polyphenolic compounds of molecular weight
ranging between 500 and some thousands of Daltons [50]. The chemical complexity
of tannins and the fact that they are usually taken from natural matrix without a very
thorough purification make it a very difficult task to understand their structure. Some
approaches are found in literature review and one of them is shown in Fig. 12.7.
A full study about tannins, its chemical structure, and properties can be found in
Pizzi [52].

Tannin structure involves multiple aromatic rings that provide a useful matrix
in which active centers can be introduced by means of an adequate polymerization
process [52], either for coagulant or adsorbent production. Two classes of chemical
compounds of mainly phenolic nature are included as vegetable tannins: condensed
and hydrolyzable tannins [53]. Inside the first group, one can present tannins
from Acacia mearnsii de Wild, Schinopsis balansae, or Pinus pinaster. Regarding
the hydrolyzable tannins, this group includes barks from Castanea sativa or
Caesalpinia spinosa.
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Cationization of tannins is a chemical procedure that confers cationic character
to the organic tannin matrix, so the main characteristics (such as solubility, stability
at different pH levels or heavy metals quelating activity) are retained while others
are added. These new abilities that appear have to do with the coagulating potential,
as positive charged agents may destabilize anionic colloids if mixed in aqueous
solution.

Destabilization and subsequent settlement provoke the removal of a wide variety
of anionic substances such as dyes, surfactants, or organic matter. The chemical
procedure for making tannins become cationic is known to follow a Mannich
reaction path, and different variations have been reported under several patents
[54–57]. Namely, tannins undergo Mannich aminomethylation by reaction with an
aldehyde and an amine [58]. The resulting tannin Mannich polymer possesses a
higher molecular weight due to formaldehyde and Mannich base cross-linking, and
also possesses ampholytic character due to the presence of both cationic amines
and anionic phenols on the polymer. Briefly, Mannich reaction is described as the
introduction of a quaternary nitrogen into the tannin complex structure [59].

Two main ways of obtaining Mannich bases are reported in scientific literature—
one involving the use of ammonium chloride and another involving other types of
nitrogen compounds, such as mono- or diethanolamine. The reaction is completed
in both cases by the controlled addition of formaldehyde in a lower proportion
than in gelation. Higher doses of formaldehyde would lead to tanning gelation and,
therefore, makes the product insoluble [60].

Although these kinds of coagulants are quite well known, very few examples
of investigations have been found about them. Regarding the main scope of water
treatment, according to these prescriptions, they found several previous papers that
pointed out the use of tannins as a coagulant aid [61] or other cationic compounds
[62]. We point out the use of tannin-based coagulants that has been researched by
Graham et al. [63, 64] as well as in our own previous papers.

Commercial tannin-based coagulants are available mainly as a way of getting
profit from tannery wastes. These are the situations for Acacia mearnsii de Wild
(black wattle), which is the feedstock for TANFLOC and for ACQUAPOL, and
Schinopsis balansae (quebracho colorado), which gives SILVAFLOC. Although
the production processes of these coagulants are under patent law, following the
rules of Mannich reactions we can surely make an approach of their synthesis, e.g.,
SILVAFLOC may be the reaction product of three reagents: monoethanolamine
(MEA), formaldehyde, and the tannin extract mixture. First, MEA and formalde-
hyde may react in the way described in Eq. 12.1:

H2N � CH2 � CH2OH C HCHO ! CH2 D N � CH2 � CH2OH C H2O (12.1)

which yields the reactive species called imine. This may react with aqueous tannin
extract mixture to form SILVAFLOC, whose chemical formula may respond to
Eq. 12.2:

tannin � .CH2 � NH � CH2 � CH2OH/n (12.2)



348 J. Sánchez-Martı́n and J. Beltrán-Heredia

In the case of TANFLOC, it is said to be a vegetal water-extract tannin, mainly
constituted of flavonoid structures with an average molecular weight of 1.7 kDa. It is
presented as powder. More groups as hydrocolloids gums and other soluble salts are
included in TANFLOC structure. The industrial production of TANFLOC involves
the reaction between formalin, ammonium chloride and commercial hydrochloric
acid. The mixture is stirred and heated and tannin extract is added. The reaction
continues for several hours and then a viscous mixture with 40% of solids content is
achieved. Allowing it to evaporate, TANFLOC in its powder form is produced [65].

On the other hand, tannin gelation is a chemical procedure that immobilizes
tannins in an insoluble matrix [60] so that their properties of interest, e.g., metal
chelation, are then available in an efficient adsorbent agent. In addition, the
material resulting from their gelation (sometimes called tannin rigid resin) presents
interesting properties in terms of resistance, nonflammability and mechanical
undeformability [66, 67].

Gelation of tannins has been widely described in the scientific literature and
in patents. The experimental conditions for gelation may involve the use of
formaldehyde or other aldehyde in a basic or acid medium. One may find examples
of basic gelation in the scientific literature [68–70] and in patents such as US patent
5,158,711 and acid gelation is described by other workers [71, 72].

The chemical basis of the tannin gelification are widely reported [52]. Formalde-
hyde and other aldehydes react with tannins to induce polymerization through
methylene bridge linkages at reactive positions on the tannin flavonoid molecules.
The reactive positions of the rings depend on the type of tannin; but mainly involve
the upper terminal flavonoid units. For example, the A-rings (Fig. 12.7) of Acacia
mearnsii and Quebracho tannins show reactivity toward formaldehyde compared to
that of resorcinol.

However, aspects such as size and shape make the tannin molecules lose mobility
or flexibility at relatively low level of condensation, so that the available reactive
sites are too far apart for further methylene bridge formation. The result may be
incomplete polymerization and, therefore, poor material properties. There is a need
to search for constitutional differences between several tannin extracts in order to
predict the gelation product. For example, among condensed tannins from mimosa
bark (Acacia mearnsii), the main polyphenolic pattern is represented by flavonoid
analogues based on resorcinol A-rings and pyrogallol B-rings. This is similar in
the case of Quebracho bark extract, but no phloroglucinol A-ring pattern exists
in the first or in the second type. The A-rings of pine tannin possess only the
phloroglucinol type of structure, much more reactive toward formaldehyde than
resorcinol-type counterpart. Elemental probable reaction mechanism in two steps
between generic condensed tannin and formaldehyde is shown in Fig. 12.8 [73].

Therefore, it is very difficult to state the exact and real gelation mechanism
for each type of tannin extract. Presumably, it depends on the real structure and
composition of each one, which not only has to do with the tannin source (the vegetal
bark), but also with the extraction process. In addition, researchers are not interested
in working with pure tannin extracts but with natural wood materials, the chemical
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Fig. 12.8 Probable generic gelation mechanism between condensed tannin and formaldehyde.
(1) First step: hydroxy-methylation; (2a) Second step: Methylene bridge immovilization; (2b)
Methylene ether bridge immovilization (Reprinted from Ref. [73]. With kind permission of
© Elsevier (2011))

characterization of gelified tannins is rather complex. However, researchers who
have worked with these types of adsorbents performed several characterization
procedures. This is the case of our own work [74], where a FTIR analysis was
performed, or the work of Yurtsever and Sengil [75] where SEM was presented.

12.4 Natural Coagulants

When talking about natural coagulants, one must present on the one hand the seed
extract from Moringa oleifera; and on the other hand, tannin-derived coagulants
can be commercial ones (SILVAFLOC, ACQUAPOL or TANFLOC mainly) or lab-
synthesized ones (from Acacia mearnsii de Wild and diethanolamine, ammonium
chloride or glycidyltrimethyl ammonium chloride).

The first product is the seed extract from Moringa oleifera. It can be easily
obtained by a well-known procedure. Moringa oleifera has been found to present a
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Fig. 12.9 Preliminary screening for dyes-Moringa oleifera seed extract interaction

protein with coagulating properties [76, 77]. The usual way of extracting it from the
whole kernel has been thoroughly described for the first time by Ndabigengesere
et al. [78] and has been later improved with different modifications. The most
important of these changes are referred by Okuda et al. [79, 80] and it includes
addition of salt (sodium or potassium chloride) to the extraction solution. Following
this last method, Moringa oleifera seed extract is usually obtained in this way:
A certain amount of dry shelled or nonshelled seeds are crushed in a domestic miller.
Then, the resulting mass is added to a sodium chloride solution and the active protein
principle is extracted for a given period with magnetic stirring. A clear, milk-like
liquid is then separated by filtration.

This seed extract is usually carried out in the following conditions: 100 mL of
distilled water, pH 7, 20ıC, and 5 g of crushed shelled seed. In addition, a sodium
chloride concentration of 0.1 M can enhance the extraction process.

This protein extract has been proved to remove dyes. Moringa oleifera seed
extract has been found effective in removing at least four types of anionic dyes:
triphenylmethane, anthraquinonic, indigoid, and azo dyes.

The ability of Moringa oleifera in removing all of these kinds of dyes has been
thoroughly tested in our previous cited works. Figure 12.9 presents a preliminary
screening with a fixed dose of Moringa oleifera seed extract (around 150 mg L�1)
and a fixed initial concentration of each dye (100 mg L�1). As can be appreciated,
Moringa oleifera presents a very high capability of removing azo dyes. For the three
studied azo dyes (Chicago Sky Blue 6B, Acid Red 88 and Palatine Fast Black WAN),
the percentage of dye removal was higher than 98.8%.
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Fig. 12.10 Chicago Sky Blue 6B reduction by coagulation with Moringa oleifera (Reprinted from
Ref. [81]. With kind permission of © John Wiley and Sons (2008))

Consequently, we have studied the removal of azo dyes thoroughly [81]. The in-
teraction between Chicago Sky Blue 6B and the coagulation principle was evidenced
and the suitability of Moringa oleifera for removing color from dye solutions was
confirmed. Figure 12.10 shows the rapid depletion of dye concentration as coagulant
dosage is increased.

Anthraquinonic dyes (such as Alizarin Violet 3R) also were demonstrated to
be easily removed by Moringa oleifera [82], so were the indigoid dyes [83].
Figure 12.11 depicts the fast elimination of almost 100% of dye (initial dye
concentration [IDC] equal to 100 mg L�1) with an average coagulant dosage equal
to 150 mg L�1. Coagulant–dye interaction may be predicted by a theoretical model;
in this case, by Langmuir hypothesis.

A significant difference in dye removal is shown in the case of Eriochromecya-
nine R. Although almost 40% of dye removal is achieved, this lack of effectiveness
may be due to nonlinear structure that may cause steric difficulties, and the coagu-
lation process may prefer linear molecules rather than other space distributions.

In the case of Methylene Blue, no removal was achieved by Moringa oleifera seed
extract. Its cationic nature implies no cationic polyelectrolytes, including proteinic
flocculants such as Moringa, which may cause its destabilization.

Kinetics of dye removal has been shown to be very fast. In the first 10 min, the
coagulation and adsorption process are quite complete, so up to 95% of total dye
removal is achieved in this first stage.

Moringa oleifera has been confirmed as a fully working coagulant agent even
in a wide range of pH and IDC, although the different nature of several dyes
can affect in the efficiency of the process [18]. Figure 12.12 reflects this fact within
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Fig. 12.11 Alizarin Violet 3R reduction by coagulation with Moringa oleifera. On the upper
corner: Theoretical modelization of coagulant extract-dye interaction

Fig. 12.12 Moringa oleifera seed extract coagulation in removing three types of dyes. Analysis
through response surface methodology (Reprinted from Ref. [81]. With kind permission of © John
Wiley and Sons (2009))

an analysis with response surface methodology (RSM). Coagulation process can
be appreciated taking into account the shape of the surface: As the curve becomes
convex the interaction Moringa-dye is more affected by pH and IDC and, therefore,
the coagulation process is less efficient.

Extensive studies on the removal of Alizarin Violet 3R [82] and on Chicago Sky
Blue 6B [81] have concluded that temperature is not a significant variable in the
treatment efficiency. This is an advantage in order to implement a scale-up system,
as the flexibility in working ranges allows in treating several kind of industrial
effluents.
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Fig. 12.13 Sodium lauryl sulfate removal by coagulation with Moringa oleifera seed extract. On
the upper corner: Theoretical modelization of coagulant extract-surfactant interaction

Apart from dyes, Moringa oleifera seed extract fully works in the removal of
several anionic surfactants. It has been a long time since the interaction among
natural polymers and surfactants is well-known [84]. The interest of testing Moringa
oleifera in removing surfactants from water lies on the fact that they are dangerous
and are widely spread pollutants [18]. Because of the cationic character of Moringa
oleifera seed extract, it is expected to be effective against anionic surfactants. Our
study [85] evidenced that the coagulation and flocculation processes fully work for
the removal of sodium lauryl sulfate (Fig. 12.13) and this interaction Moringa-
surfactant obeys the adsorption-like phenomenon rule postulated by the Gu and
Zhu theoretical model [86]. Other models, such as Freundlich or Frunkim-Fowler-
Guggenheim can also be used to predict this behavior. Some recent studies have
shown that Moringa oleifera actually interacts with anionic surfactants and also
with cationic ones, although in a slight manner.

The pH level does not have a very acute influence on surfactant removal. Moringa
oleifera presents a high efficiency in removing sodium lauryl sulfate from pH 5 to
pH 9. This fact may be due to the anionic character of the surfactant that should
not be dramatically reduced by lowering the pH; whereas the proteinic nature of the
vegetal extract makes this agent to be cationic. Therefore, its cationic form would
be higher at acidic pH. Electrostatic attraction between Moringa oleifera cationic
proteins and negative-charge surfactant active centers is reinforced. Both effects
should explain this behavior.
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Temperature does not present a significant influence on surfactant elimination.
Experiments at 10ıC, 20ıC, 30ıC and 40ıC revealed removal efficiencies in the
range of 67–69%. In a general way, this variable does not seem to be significantly
important if it is fixed at room temperature or higher, as the only different data in
surfactant appear at 10ıC.

Finally, by increasing the initial surfactant concentration, the removal efficiency
tends to be higher up to a maximum, then it appears to decrease (around 10 mg L�1).
It may be due to the fact that we are reaching the critical micellar concentration
(so properties may change dramatically) and to the denaturation of proteins in the
presence of surfactants [87].

Models can be applied to surfactant coagulation and adsorption. According to
the theoretical modelization for this particular system (surfactant-Moringa), qmax

appears around 2.1�10�3 mol g�1 (500 mg g�1, approximately), which is a very
high removal capacity.

The second type of natural products is tannin-based coagulants and adsorbents.
Tannin derivatives can be commercial or noncommercial. Regarding the first
group, as said before, the more representative are TANFLOC, SILVAFLOC, and
ACQUAPOL. They differ from each other either in the tannin feedstock source
(Acacia or Quebracho) or in the polymerization agent (ammonium chloride or
monoethanolamine).

Commercial tannin coagulants show a very interesting ability in removing heavy
metals (not presented in the case of Moringa oleifera). The chelating activity of
tannins is supposed to enhance dissolved heavy metals removal from water [88].

We have researched on the ability of TANFLOC in removing heavy metals from
polluted wastewater [89] on two basic hypothesis: the effective chelating activity
and the adsorption process between metal ions and suspended matter (such as
humic or fulvic matters) that may be measured as turbidity. The result is that heavy
metals such as Zn2C, Ni2C, or Cu2C are easily removed by dosages between 50 and
150 mg L�1.

The pH dependency of the metal ions in aqueous solution makes this removing
process to be very pH-sensitive. As pH is an important factor for metal hydroxide
precipitation, it is needed to adjust the pH in order to avoid this effect and evaluate
metal removal caused only by coagulation and flocculation process. An orientative
pH working value for each metal is given by the solubility-product constant values
at each pH, which shows an idea of what quantity of metal is dissolved and what
quantity is under solid form. Solubility-product constants of Ni2C, Zn2C and Cu2C
hydroxides are well known and their values are 5.54 � 10�16, 1.2 � 10�17, and
1.6 � 10�19, respectively [90]. It should be difficult to calculate the solubility of
these species accurately, as the working water in the referred article is not distilled,
but river water (so it has a lot of impurities that may interfere in the equilibrium
process), and these values give an idea of how Cu2C will be insoluble at lower pH
than Ni2C and Zn2C.

In fact, pH precipitation is a common method for metal removal. Contaminated
water is pH-adjusted till a basic value (pH 10–11) is attained. At this pH, metal ions
become into a hydroxide form according to Eq. 12.3.
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M2C C 2.OH/� ! M.OH/2 # (12.3)

As pH is supposed to be favorable to metal removal, it is very important to adjust
its value and evaluate the amount of metal that is removed by TANFLOC effect
and the metal ion loss due to natural precipitation. In this paper, natural removal by
hydroxide precipitation is excluded from metal removal results, as the initial metal
concentration was considered after the first Jar-test assay, in which no flocculant
was added.

Taking this fact into account, optimum pH levels were found for each metal and
equilibrium metal concentration was reached after standard Jar test. These pH values
were 7, 8, and 9 for Cu2C, Zn2C, and Ni2C, respectively. Figure 12.14 shows the
main insights this investigation reached. Up to 85% of metal removal (from an initial
metal concentration equal to 20 mg L�1) was obtained in every case.

The interaction with anionic dyes was also fully proved. Bearing in mind the
increasing importance of dyes in industries all over the world [91], it is easy to
understand that these compounds mean a very significative pollutant, as it is known
over 50,000 tons of dyes are discharged into environmental effluent annually, with
the severe consequences to fauna and flora equilibrium [92].

Coagulation has been one of the most popular ways of removing dyes from
aqueous systems because of its simplicity and high efficiency [93]. The utilization
of these new tannin-based coagulants in removing anionic dyes has been found in
previous scientific literature in some works where they were used in a preliminary
screening for dye removal [81, 82], but there are at least two papers where they
are the main agents: Graham et al. [64] and Beltrán-Heredia et al. [83]. The first
of them works on already known TANFLOC and its use in colored humic water
(which is not properly dye removal) and the second one develops the study on a
similar commercial tannin coagulant called ACQUAPOL-C1, which is also derived
from Acacia mearnsii de Wild tannin.

ACQUAPOL-C1 has demonstrated to be a very effective coagulant agent in
removing at least two kinds of anionic dyes: anthraquinonic and azo dyes. Its ability
in removing triphenylmethane (such as Eriochromecyanine R) or indigoid dyes
(such as Indigo Carmine) is much lower (Fig. 12.15). In the case of ACQUAPOL-
C1 with Alizarin Violet 3R (anthraquinonic dye), the efficiency of the coagulant
is quite high [82]. An average qmax was found around 0.5 mg mg�1, which is
a very interesting value, and the process seems to follow a Langmuir adsorption
phenomenon (Fig. 12.16).

The feasibility of removing surfactants with these kinds of commercial tannin-
based coagulants was also confirmed. As said before, surfactants are a very
important chemical group in modern life. Due to their biopersistance and impli-
cations on environmental equilibrium [18], their removal from aqueous systems has
become an important task for wastewater treatment. Tannin-derived coagulants have
been used with this scope in recent publications.

The ability of TANFLOC and SILVAFLOC in removing anionic surfactants has
been thoroughly tested by Beltrán-Heredia et al. [51, 94].
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Fig. 12.14 Heavy metal
removal by coagulation with
TANFLOC (Reprinted from
Ref. [89]. With kind
permission of © Elsevier
(2009))
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Fig. 12.15 Removal of different dyes by ACQUAPOL-C1. Initial dye concentration: 100 mg L�1.
Coagulant dosage: 100 mg L�1 (Reprinted from Ref. [82]. With kind permission of © Elsevier
(2009))

Fig. 12.16 Equilibrium data and models adjustment for Alizarin Violet 3R removal by
ACQUAPOL-C1 (Reprinted from Ref. [82]. With kind permission of © Elsevier (2009))

Figure 12.17 depicts the efficient decrease in sodium dodecyl benzene sulfonate
(SDBS, anionic surfactant) concentration when treated with these coagulants. As
can be appreciated, in both cases, near 90% of initial surfactant concentration
(50 mg L�1) is achieved with a reasonably coagulant dosage.
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Fig. 12.17 Sodium Dodecyl Benzene Sulfonate (SDBS, anionic surfactant) removal by (a)
TANFLOC and (b) SILVAFLOC

The pH seems to be a rather important variable in surfactant removal by
these tannin-based coagulants [51, 94]. In the same way, the initial surfactant
concentration also refers as a reliable influence in the efficiency of the process.
Bearing in mind these two variables, Beltrán-Heredia et al. [95] developed a
multistep analysis by means of a Design of Experiments in order to obtain the
maximum efficiency by varying both these parameters. The result was analyzed
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Fig. 12.18 Response surface of a design of experiments for obtaining the optimum q in SDBS
removal by TANFLOC (Reprinted from Ref. [51]. With kind permission of © The American
Chemical Society (2009d))

according to RSM and this optimum was estimated to be 0.96 mg mg�1 for q in a
pH level of 4.9 and initial surfactant concentration equal to 103.2 mg L�1. This is
shown in Fig. 12.18.

Regarding the special surface characteristics of anionic surfactants [96] and their
adsorption affinity onto polymers [97], removal phenomenon has been treated as
coagulation followed by adsorption, so the theoretical basis of this last operation
can be applied in order to explain how the surfactant is removed from the aqueous
matrix. In the case of SDBS and TANFLOC, three theoretical models have been
tested–Freundlich, Frumkin-Fowler-Guggenheim and Gu-Zhu.

As can be appreciated in Fig. 12.19, a very well data fit is obtained with the
three models. Beltrán-Heredia et al. [94] carried out the linear and nonlinear data
adjustments and concluded that the best model (regarding r2 values) was the Gu-
Zhu hypothesis, which is properly defined for surfactant–polymer interactions [86].

Lastly, several attempts were carried out for optimizing the synthesis of tannin-
based coagulants. Some of them were performed following a categorical optimiza-
tion process, others were focused following an orthogonal rotatable cubic centered
design (CCD).

The reagents involved in the cationization process were:

• Tannin extracts from Schinopsis balansae and from Acacia mearnsii de Wild.
Commercial trademarks are Quebracho ATO (Q) for the first one and Clarotan
(C) and Weibull black (W) for the second one. The three tannin extracts were
supplied by TANAC Inc. (Brazil).

• Reagents involved in the coagulant synthesis are Ammonium Chloride (Cl), Di-
ethanolamine (D), Glycidyltrimethylammonium Chloride (G) and Formaldehyde
(F). The four products were supplied by SIGMA in commercial purity grade.
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Fig. 12.19 Equilibrium data and models adjustment for SDBS removal by TANFLOC (Reprinted
from Ref. [51]. With kind permission of © The American Chemical Society (2009d))

Table 12.2 Production processes of different tannin coagulants

Amine Tannin (g) Amine (g) Formaldehyde (g) Reference

Ammonium chloride (Cl) 2.5 2.5 1.5 [65]
Diethanolamine (D) 2.5 10.8 1.5 [98]
Glycidyltrimethylammonium

chloride (G)
2.5 2.5 0.06 [99]

Table 12.2 presents the specific amounts of each reagent. The cationization
processes were conducted as follows: certain fixed amount of tannin extract was
diluted in distilled water at room temperature. Then the sample was thermostated at
the reaction temperature (30ıC). Then, certain amount of amine was added to the
mix: diethanolamine, ammonium chloride or glycidyltrimethylammonium chloride.
Finally, always under thermal control, formaldehyde was added to the reaction
mixture. A peristaltic pump was used in this step, so that it lasted for 90 min at
least.

The product so obtained was kept under agitation and at the same temperature
for 24 h. The final product was put in a 50 mL-flask and filled up to the mark with
distilled water.

Figure 12.20 shows the interaction graphics of the involved variables according
to the factorial model design. The trials with each nitrogenant agents are represented
by the different lines, tannin extracts are placed along the X-axis. Palatine Fast
Black WAN was the model compound for simulating textile wastewater. Tests were
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Fig. 12.21 Box plot for the nine products in coagulation of two types of water. (a) Simulated
textile wastewater with Palatine Fast Black WAN; (b) Simulated laundry wastewater with SDBS

carried out with an IDC of 100 mg L�1 or SDBS initial concentration of 50 mg L�1.
Coagulant dosage was 500 mg L�1 in the case of textile and laundry simulated
wastewater.

For wastewater samples, the interaction is clear, not only from the graphical
analyses, but also because of the ANOVA report, which gives a p-value for
interaction lower than 0.05 in each case. The complexity of the different pollutants
should interfere in the destabilization of each one [100] and the model is not so
simple in this case.

Because of that fact, the nine combinations can be compared with every objective
variable–dye removal and surfactant elimination. A box-and-whisker plot, which
shows the results of the tests, is presented in Fig. 12.21. This is a multicategorical
analysis in which each product is tested and compared to the rest of them.
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For evaluating the system coagulant-SDBS or coagulant-Palatine Fast Black
WAN, we have to study ANOVA test, which gives us significativity data about
these results. In a first approach, we can see that there is a set of coagulants
that work significantly better than the rest of them; they are those derived from
Acacia mearnsii de Wild, Clarotan and Weibull black. Combinations with DEA are
especially effective, either in terms of pollutant removal or low dispersion. This
tendency is presented more clearly in the removal of Palatine Fast Black WAN,
while a wider dispersion of results is presented in the case of SDBS.

Tukey’s test for multiple comparison did not give significative differences above
75% in both dye and surfactant removal. Three subsets are arranged in the case
of dye removal, while up to five were established regarding SDBS removal. This
has to do with the increase in dispersion of the last data presented, so more groups
can be identified. It is also important to point out the fact that no overlapping is
observed among the subsets that are related to dye removal, so clear differences can
be appreciated in this case. This again may be explained by the more affinity the dye
presents towards the coagulant.

On the contrary, the five subsets that are obtained for SDBS elimination presented
several cases that are not distinguishable and could be inserted in various groups.

Quebracho-derived coagulants seem to be less effective, according not only to the
graphical representation, but also to Tukey’s multiple comparisons (data not shown).
Probably the differences between coagulants may be found in the fact that tannin
extracts are not exactly equal in their chemical composition; so the cationization
and polymerization are affected not only by the chemical nitrogenant agent, but also
by the specific tannin structure [101, 102].

In view of these results, an intermediate solution was selected. Clarotan was
chosen as tannin source for a standard cationization. So-called CDF (Clarotan
with DEA and formaldehyde) coagulant was used in dye removal and surfactant
elimination.

The way this new coagulant forms coagules and flocs suggests it follows a
bridging procedure. This is caused by a flocculent clarification of the surface water
and it is characteristically slow, without the typical sedimentation zones [100, 103].

Regarding the coagulant dosage on dye removal (Fig. 12.22), it is shown that
dye concentration undergoes a rapid and dramatic decrease from the first coagulant
dosage [104]. The efficacy of the coagulant is very high, therefore, 100 mg L�1 can
reduce up to 80% the initial dye concentration. However, a flocculent sedimentation
is presented regarding the value of sludge production (ca. 200 ml L�1 in Imhoff’s
cone test). This yields to a Sludge Volume Index (SVI) equal to 317 ml L�1.
This relatively high value recommends the usage of a flocculant agent, beyond the
coagulant effect of the tannin-derived product [105, 106].

Other experimental series were done in order to determine the influence of
variables on the removal of SDBS. A fixed dose of 0.10 mmol L�1 of surfactant
was evaluated to be removed with different doses of coagulant. As is shown in the
same figure, Fig. 12.22, final surfactant concentration tends to decrease as CDF
dose increases. However, it is observed that the efficiency of the process arrives
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Fig. 12.22 Wastewater treatment with optimum CDF coagulant. (a) Simulated textile wastewater
with Palatine Fast Black WAN; (b) Simulated laundry wastewater with SDBS (Reprinted from Ref.
[104]. With kind permission of Elsevier (2010))

at a maximum, and a higher dose of coagulant does not achieve lower surfactant
concentrations. There is a residual surfactant concentration that is no possible to
remove through this flocculation process, and it seems to be about 0.02 mmol L�1.
This can be due to the existence of an “equilibrium surfactant concentration” which
is highly difficult to remove, as reported previously [107].

12.5 Natural Adsorbents

Tannin gelation is a feasible way of obtaining natural adsorbents that can easily
removed these kinds of pollutants. For this purpose, a complete study on types of
tannin gels has been carried out by Sánchez-Martı́n et al. [108].

Commercially available tannin extracts, such as Acacia mearnsii de Wild
(Weibull black), Schinopsis balansae (Quebracho colorado), Castanea sativa
(Chestnut), and Caesalpinia spinosa (Tara) were kindly supplied by TANAC
(Brazil). They were products involved in the leather treatment and they are presented
as powder.

Lab-extracted tannins such as Pinus pinaster (Pine) and Cupressus sempervivens
(Cypress) are extracted according to the following procedure [109]. A quantity of
100 g of bark was milled in a cutting mill and placed in 600 mL of tap water.
Then 5 g of sodium hydroxide (PANREAC) was added and the mixture was stirred
in magnetic stirrer at 90ıC for 1 h. Solids were separated by filtration and liquid
fraction was dried in an oven (65ıC) overnight. The resultant was considered the
tannin extract.

Tannin rigid resins are useful for the removal of cationic pollutants, not an-
ionic ones. For this reason, different pollutants were used in the current in-
vestigation. Methylene blue (MB) was used as dye model compound, although
others were included in preliminary screening. It was provided by Sigma-Aldrich.
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Regarding heavy metal, Zn2C was selected as model compound and it was supplied
by Panreac. Finally, Cetyltrimethylammonium bromide (CTAB) was the model
compound for cationic surfactants. It was supplied by Sigma-Aldrich.

Tannin gels were prepared according to the basis of Nakano [69]. Five grams
of tannin extract was dissolved in 32 mL of sodium hydroxide (PANREAC)
0.125 mol L�1 and 30 mL of distilled water at 80ıC. When the mixture was
homogeneous, 2 mL of formaldehyde (commercial purity grade) was added and
the reaction was kept at the same temperature for 8 h until polymerization was
considered as being completed. Then, the apparent gummy product was led to
complete evaporation of remaining water and dried in an oven (65ıC) overnight.

After gelation, tannin rigid foams were crushed and sieved to produce 38–53�m
diameter particles. They were washed successively with distilled water and nitric
acid 0.01 mol L�1 (PANREAC) to remove unreacted sodium hydroxide. Finally, the
adsorbent was dried again in the oven. Differences are found between this prepara-
tion and the description made by Yurtsever and Sengil [75], mainly concerning the
amount of formaldehyde.

Chemical polymerization of tannin extracts by means of formaldehyde is a well-
known process for producing tannin gels. Our previous work on adsorbents derived
from Schinopsis balansae (red quebracho) presented some interesting data about the
removal of MB from aqueous solutions. So the obtained adsorbent is called QTG.

As a first approach, the tannin gel was synthesized strictly according to referred
Nakano et al. [69] even with the formaldehyde proportions (2 mL each 5 g of tannin
extract). The first physical characterization of this preliminary product was made
on the basis of FTIR. The spectra of both samples are shown in Fig. 12.23. Wide
bands in the range of 3,600–3,100 cm�1 correspond to –OH bridging groups in
all systems and are attributed to O–H stretching (phenolic or alcoholic group) and
to water molecules hydrogen bonded with –OH groups. The small peaks in the
region of 2,950–2,850 cm�1 are associated with the methylene (–CH2–) bridges.
Also, stretching vibrations of C–H groups in the aromatic rings give absorption
bands in this region. The absorption bands between 1,620 and 1,450 cm�1 are
characteristic of the elongation of the aromatic –CDC– bonds. The deformation
vibration of the C–C bonds in the phenolic group absorbs in the region of 1,500–
1,400 cm�1. The peak at 1,390–1,370 cm�1 is associated with the O–H deformation
vibration of phenolic or alcoholic group. The peaks in the region 1,280–1,210 cm�1

are associated with the –CO stretchings of the aromatic ring and the methylene
ether bridges formed by reaction with formaldehyde. The peaks at 1,160–975 cm�1

are due to asymmetrical C–O–C stretching and C–H deformation. The deformation
vibrations of the C–H bond in the aromatic rings give absorption bands in the range
of 835–650 cm�1.

For confirming the validity of equilibrium periods (up to 15 days), a kinetic
study was carried out with Methylene Blue (MB). A series of trials was performed
with a fixed initial dye concentration (IDC) (100 mg L�1) and with different
proportions of QTG and MB (mmol g�1 of adsorbent). Figure 12.24 reports the
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Fig. 12.23 FTIR spectra of raw and gelified Quebracho tannin (Reprinted from Ref. [74]. With
kind permission of © Elsevier (2010))
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Fig. 12.24 Kinetics of dye removal with classical tannin gel from quebracho (Reprinted from Ref.
[74]. With kind permission of © Elsevier (2010))

decreasing concentration of dye in six experiments with 1.5, 1.8, 2.2, 2.5, 2.8 and
3.7 mmol g�1. A rather rapid dye removal is achieved in the first 150 h, although
complete equilibrium dye concentration is reached at 350 h.

The application of the three classical models in kinetic studies (Lagergren,
Ho and Elovich) has been carried out by a nonlinear adjustment and results are
presented in Fig. 12.25. As can be appreciated, the three of them fit reasonably well
to the experimental situations, so regression coefficient r2 may be considered in
order to discriminate the goodness of each data fit. All of them presented r2 levels
above 0.95. According to this, the three models explain rather well the adsorption
process. With little differences, Lagergren model gives a 0.98 regression coefficient.
Due to its simplicity and to the goodness of the linear correlation, not only the
nonlinear regression, this hypothesis may be assumed as the best theoretical model
in this adsorption case. Similar phenomena have been reported in Methylene Blue
adsorption on other natural products [110].

Finally, equilibrium studies on MB and CTAB adsorption onto tannin gels were
carried out. The adsorption of MB onto classical QTG is presented in Fig. 12.26 and
follows the Langmuir hypothesis as presented in Eq. 12.4 (Fig. 12.26).

q D kl1
Cl

1C kl2Cl
(12.4)

where kl1 is the first Langmuir adsorption constant (L [g of adsorbent]�1), and kl2 is
the second Langmuir adsorption constant (L [mmol of pollutant]�1).
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Fig. 12.25 Kinetic of dye
removal with classical tannin
gel from quebracho data
adjustment in the removal of
Methylene Blue (Reprinted
from Ref. [74]. With kind
permission of © Elsevier
(2010))
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Fig. 12.26 Data fit of multiparameter, nonlinear and linear adjustments of Langmuir equation
(Reprinted from Ref. [74]. With kind permission of © Elsevier (2010))

In addition, temperature can be included in a generalized expression of Langmuir
hypothesis by considering Langmuir constants according to Arrhenius correlation.
That assumes that kl1 and kl2 may have the following form (12.5):

k D k0 exp

�
� E

RT

�
(12.5)

where k0 is the basic constant, whose units are equal to k, E is the activation energy
(J mol�1), R is the universal constant for perfect gases (8.314 J mol�1 K�1), and T
is the temperature of the adsorption process (K).

The inclusion of definition (12.5) into Langmuir expression (12.4) leads to the
expression (12.6):

q D ko1 exp
��E1

RT

�
Cl

1C ko2 exp
��E2

RT

�
Cl

(12.6)

The specific r2 is 0.86 in this case. It stands near to the average value of
r2 in the case of nonlinear individual adjustments for each temperature (0.84).
Both the nonlinear procedures give a more accurate idea of the goodness of the
model, while linear regression checks the adequacy of Langmuir’s hypothesis in
this adsorption process. In addition, multiparametric adjustment gives us two more
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Table 12.3 Fitting
parameters for equilibrium
adsorption process. Units
in text

Model Parameters r2

Nonlinear Langmuir
10ıC k11 D 0.69; kl2 D 19.4 0.52
20ıC k11 D 0.87; kl2 D 34.4 0.52
30ıC k11 D 0.77; kl2 D 105.2 0.77
40ıC k11 D 0.81; kl2 D 94.4 0.77
Linear Langmuir
10ıC k11 D 0.67; kl2 D 21.8 0.84
20ıC k11 D 0.80; kl2 D 27.4 0.95
30ıC k11 D 0.82; kl2 D 48.2 0.97
40ıC k11 D 0.80; kl2 D 95.3 0.99
Multiparameter Langmuir

k01 D 1.59; k02 D 1.27 0.77
E1 D 0.18 104, E2 D 5.37 104

data–activation energies. According to the mathematical results, the first of these
parameters (E1), which corresponds to adsorption energy (while E2 corresponds to
desorption energy) is equal to 9,973.4 J mol�1. E2 is equal to zero, so desorption
process is not temperature-dependent. In every case, the values of each k belongs
to similar magnitude order, as can be appreciated according to the adjustment of
experimental to predicted data.

Regarding CTAB adsorption onto Pinus pinaster classical tannin gel, the same
three fitting procedures were performed: A linear and a nonlinear fit for each
temperature, and a multiparameter fit for the entire temperature range. Table 12.3
lists the values of the parameters and the correlation coefficients r2.

The nonlinear Langmuir fits for the specific temperatures gave lower correlation
coefficients (mean of 0.65) because the error bars are wider. However, previous
studies have shown this method to be more accurate than linear fits [111, 112].

Finally, the goodness of the multiparameter fit is reflected in the reasonably
high value of the r2 coefficient (0.77). In addition, this model yields two further
parameters: the activation energies. According to the mathematical results, one of
these parameters (E02), which corresponds to the equilibrium adsorption energy, is
equal to 5.37 �104 J mol�1, while the other one is equal to 0.18 �104 J mol�1. Since
the difference between them is positive, the adsorption process reaches equilibrium.
The fact that its value is very low has to do with the enhancement of the adsorption
process due to the thermal effect on the pores, i.e., to thermal activation. In each
case of the linear and nonlinear fits, the values of the parameters are similar in order
of magnitude (Fig. 12.27).

The energies involved in the adsorption process are high enough for it to be
considered as chemisorption (the links between adsorbate and adsorbent are stable
and irreversible). The SEM images also led us to think that this chemisorption
must be governed by the external diffusion stage, since they showed the material
to have little porosity so that the adsorption process must take place on the surface
at regularly distributed active centers.
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Fig. 12.27 Multiparameter, nonlinear, and linear fits of the Langmuir equation to the CTAB
adsorption onto Pinus pinaster classical tannin gel data

Pinus tannin gel presents a reasonably high level of maximum q as shown by
the nonlinear Langmuir model. Of the relatively few materials referred to in the
scientific literature for CTAB removal, none belongs to the category of the so-
called waste or low-cost materials. One observes that most of the adsorbents are
synthetic in origin, such as perlite or modified silica gel. Pinus tannin gel presents
an intermediate situation in terms of CTAB removal, so its capacity is comparable
to that presented by other materials.

12.6 Conclusion

This chapter aimed to present some novel natural products as a possible response to
concomitant and urgent pollution process. It is more than evident that environmental
concerns are more significant every day and human beings are forced to face
this challenge if we want to keep the current level of development. Moreover,
the appropriate implementation of these and others technical resources should be
properly developed for promoting economical and social development in emerging
countries and in the so-called Third World.

We presented two main sources for controlling water pollution: Moringa oleifera
seed extract and tannin derivatives. The last ones can be considered either as
coagulants and adsorbents. The performance of every agent is promising and
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further investigations must be carried out, but it is clearly shown that Moringa
seed extract and tannin coagulants (both commercial and lab-synthesized) are fully
efficient in the removal of anionic dyes and surfactants. On the other hand, tannin
adsorbents can easily remove cationic dyes, heavy metals, and cationic surfactants
from wastewater samples.
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Chapter 13
Polysaccharide-Based Macromolecular
Materials for Decolorization of Textile Effluents

Vandana Singh, Tulika Malviya, and Rashmi Sanghi

13.1 Introduction

Dyes are highly dispersible aesthetic pollutants contributing to aquatic toxicity.
Reminiscent or unspent dye materials are mainly responsible for the colored
effluents from industries, and its removal is therefore a necessary and inevitable
step for the recycling and disposal of the textile industrial effluents prior to it being
discharged into sewers. As most of the dyes are highly stable molecules which resist
degradation by light, chemical, biological, and other treatment methods, the textile
waste containing dye pollutant are difficult to treat and pose a great challenge to the
existing conventional wastewater treatment techniques. The high cost and toxic na-
ture of the synthetic chemicals used in most of the conventional treatments is a major
drawback whereby the demand for the development of alternative environment-
friendly treatment methods is on the rise. In recent years, usage of natural polymeric
materials to treat dye effluents has drawn considerable attention because they
are renewable, biodegradable, nontoxic, and potentially environmentally friendly.
Several polysaccharides and their derivatives have been utilized in conventional
water treatment techniques like adsorption and coagulation–flocculation. Water-
soluble polysaccharides are used for coagulation–flocculation, while insoluble
polysaccharide-/polysaccharide-derived materials such as cross-linked polysaccha-
rides, polysaccharide composites, and chemically modified polysaccharides are
used as adsorbents through which passive dye sequestration is feasible with many
advantages over conventional techniques. To overcome the requirement of large

V. Singh (�) • T. Malviya
University of Allahabad, Allahabad 211002, India
e-mail: singhvandanasingh@rediffmail.com; tulika.au@gmail.com

R. Sanghi
Indian Institute of Technology, Kanpur, UP 208016, India
e-mail: rsanghi@gmail.com; rsanghi@iitk.ac.in

S.K. Sharma and R. Sanghi (eds.), Advances in Water Treatment and Pollution
Prevention, DOI 10.1007/978-94-007-4204-8 13,
© Springer ScienceCBusiness Media Dordrecht 2012

377



378 V. Singh et al.

dosages of polysaccharide flocculants and to improve the stability and strength of
flocs obtained with polysaccharide flocculants, attempts have been made to suitably
tailor or modify the properties of the polysaccharides in obtaining macromolecular
materials having high shear stability and improved shelf life. Such shear stable and
controlled biodegradable flocculants are the most sought flocculants for treating the
industrial effluents and mineral-processing wastes.

13.2 Synthetic Dyes

Natural dyes are plant-sourced colored substances which are isolated from fruits,
berries, bark, leaves, root, and wood of several plants. As the isolation and
processing processes of natural dyes are time demanding and often difficult, the
use of synthetic dyes is more popular in the industry. Though synthetic dyes are
toxic, they have lower cost as compared to their natural counterparts and are able to
impart stable and bright colors to the dyed substrates. Dyes are mostly applied to a
substrate in an aqueous solution. Many synthetic dyes are now known which have
almost replaced the traditional natural dyes because of their quite low cost, vast
color range, and good color stability.

Dyes can be classified according to the procedures used in the dying processes
[1] and on the basis of the chromophoric groups they have, such as acridine
dyes, anthraquinone dyes, arylmethane dyes, azo dyes, nitro dyes, nitroso dyes,
phthalocyanine dyes, quinone-imine dyes, indamines, xanthine, and fluorene dyes,
and their toxicity is related with their structure. Structure and dyeing details of some
popular dyes are summarized in Table 13.1 and Fig. 13.1a,b.

13.3 Dye Removal from Waste Water

Colored effluents from dye-using industries contain unspent toxic synthetic dyes
which are frequently used by industries due to their broad color range and cost-
effectiveness. Improper disposal of such effluents can pose major environmental and
health threat; thus, decolorization of such effluents becomes an integral step of the
waste treatment process and is performed before such effluents can be discharged
into the receiving water body. Dyestuffs are mostly highly structured polymers with
low or no biodegradability [12, 13], and the color removal mostly involves the
breaking of the conjugated bond in dye molecules [14] for which many chemical
treatment processes such as membrane separation [11], oxidation or ozonation [13,
15], electrocoagulation, chemical precipitation, adsorption by activated carbon [16],
and chemical [17, 18] and photocatalytic oxidation [19] are commonly employed.
Although effective, these methods are expensive and involve secondary pollution
effects.
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As a step toward utilization of environment-friendly and cost-effective tech-
niques, naturally occurring polysaccharides and their derivatives have been uti-
lized in conventional water treatment techniques like adsorption and coagulation–
flocculation. The wastewater may be considered safe to human health when the
colored impurities are removed from it which can be done either by coagulation or
adsorption. Natural seed gums are good alternatives to the conventional chemical
coagulants as their use has lesser environmental impact. The polysaccharides may
or may not be water soluble and based on their solubility, the method of choice could
be either adsorption or coagulation. Water-soluble polysaccharide solutions are
used for coagulation–flocculation, while insoluble polysaccharide-/polysaccharide-
derived materials such as cross-linked polysaccharides, polysaccharide composites,
and chemically modified polysaccharides find application as adsorbents.

13.3.1 Coagulation–Flocculation

In wastewater treatment process, the coagulation and flocculation are used to
separate suspended solids from water. Coagulation is the destabilization of colloids
by neutralizing the forces that keep them apart, while flocculation is the action
of polymers to form bridges between the flocs and bind the particles into large
agglomerates or clumps [20]. For the primary treatment of wastewater, coagulation–
flocculation [18] chemical method is usually employed where alum [21] and
polyaluminium chloride (PAC) [22] are commonly used as coagulants though many
other organic and inorganic flocculants are known for treatment of colored effluents.
The effectiveness of these coagulants is highly pH dependent, and the finished
water thus obtained has a contamination of residual aluminum. Moreover, the
process results into a significant amount of sludge which further complicates the
handling and disposal procedures. The cost of importing alum and other required
chemicals for conventional treatment processes may often be detrimental and
sometimes prohibitive for developing countries. Currently, polymeric flocculants,
synthetic as well as natural, have become more acceptable in industrial effluent
treatment processes because of their inertness to pH changes, handling comfort and
effectiveness.

Synthetic polymers behave as effective flocculants due to their versatile tai-
lorability, but they normally have poor shear stability. Economically viable alter-
native of these polymeric flocculants may be the natural polymers [23, 24] which
are locally grown and harvested [25, 26]. These are low-cost, nontoxic, and highly
biodegradable materials endowed with sufficient shear stability. Since the time
immemorial, the use of natural coagulants for water clarification is known, e.g., the
seeds of the Nirmali [27] and seeds of Moringa oleifera [28] tree are known to
clarify turbid surface water. Seed extracts from Nirmali (Strychnos potatorum),
tamarind (Tamarindius indica), guar (Cyamopsis psoraloides), red sorella (Hibiscus
sabdariffa), fenugreek (Trigonella foenum), and lentils (Lens esculenta) behave
as effective coagulant aids at high raw water turbidities and can reduce required
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alum doses by 40–50% [27]. Cassia tora and Cassia angustifolia polysaccharides
which are structurally related to guar gum have also been utilized as coagulant aids
[23, 29]. These alternative naturally occurring coagulants have several advantages
over those synthesized conventionally like alum. Their use considerably reduces the
sludge volume in comparison to what is produced with alum; additionally, the
natural alkalinity is not consumed during the treatment process.

Natural coagulants extracted from plants or animals [30] are thus workable
alternatives to synthetic polyelectrolytes because of their biodegradability and
biocompatibility. Their use is safe to human health, and they have a wider effective
dosage range for flocculating various colloidal suspensions. They are also cost-
effective as they are isolated and harvested from locally grown plants. It has also
been possible to develop efficient, shear stable, and less biodegradable flocculants
by modifying the synthetic polymers by grafting, e.g., grafting of poly(acrylamide)
onto the rigid backbone of the natural polysaccharides [31].

13.3.2 Adsorption

In removing contaminants from the effluent of dye-using industries, adsorption
method is very effective as it can completely remove dyes even from diluted
solution. Insoluble materials can be used as adsorbents for dyes and other pollutants
under aqueous conditions. The removal is either physisorption or chemisorption
depending upon the adsorbent type and structure. Besides conventional sorbents
such as fly ash, carbon, and silica gels, many biosorbents have been developed
for the removal of dyes from the effluents. Commercially available sorbents
are expensive, besides their regeneration produce small additional effluent. This
warranted the utilization of several biosorbents for dye removal. Biosorption
is a rapid phenomenon of passive dye sequestration by the adsorbents developed
from biomass. Numerous cost-effective biosorbents have been worked out [32] as
alternatives of conventional adsorbents.

Removal of dyes through these biosorbents has many advantages compared with
conventional techniques [33]. Among other, polysaccharide-derived sorbents are
very effective in dye removal from wastewater. Binding sites in these sorbents
may be either the appropriate functional groups, e.g., grafted polysaccharides or
the porosity, e.g., polysaccharide clay or silica composites. Various polysaccharides
have been converted to insoluble materials which can be used under aqueous
conditions as sorbents or certain water-soluble polysaccharides may find such
application as such, e.g., chitosan (insoluble at neutral pH), cellulose, etc. Cross-
linking of the polysaccharide macromolecules is the one of the most common
way to turn them insoluble for such applications. This can also be achieved by
introducing synthetic polymeric graft chains whereby solubility of a polysaccharide
may be tailored for the targeted adsorption application. Traditional dye adsorbents
are bauxite and Fuller’s earth.
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This chapter summarizes the use of polysaccharides and polysaccharide-derived
macromolecular materials in dye removal from industrial wastes along with a
detailed discussion on the advantages of using these materials for the remediation
of industrial wastes over conventional polymeric materials. The discussion has been
subdivided polysaccharide-wise for easy understanding and clarity. The following
section presents a brief description of polysaccharides.

13.4 Polysaccharides

Polysaccharides are stereoregular, abundant natural polymers of sugars with unique
biological and chemical properties. They are biocompatible, nontoxic, biodegrad-
able biopolymers, possessing high chemical reactivity, polyfunctionality, chirality,
and chelating properties. The polysaccharide materials can be exploited for the
fabrication of excellent adsorbents [34] as they possess (1) hydroxyl groups
which makes them hydrophilic, (2) a large number of reactive functional groups
(acetamido, primary amino, and/or hydroxyl groups) depending upon the polysac-
charide type, and (3) flexible structure of the polysaccharide chain.

Among the known polysaccharides, starch is the most abundant. It is known to
exist in nature as energy reserve for living plants as the mixtures of two polyglucans,
amylopectin and amylose; both of them are homoglycans as they contain only a
single type of carbohydrate, glucose. Other important and abundant polysaccharides
are the chitin, chitosan, and cellulose. Both starch and chitin are safe for humans and
possess several characteristics and advantages that are suitable for their exploitation
in deriving excellent materials for industrial use [35]. The type of derivatization is
chosen depending upon the desired application of the final material. In deriving a
flocculant for wastewater or a derivative which can be used as additive in paper
manufacturing, a random conversion of hydroxyl groups of starch to aminopropyl
[36], hydroxyalkyl [37], or betaine [38] is done, while for the adsorbent resins a
rigid macromolecular structure is necessary.

Like chitosan and starch, guar gum and other nonconventional galactomannans
have also been utilized for water remediation application such as metal ion
and dye removal from wastewater. Galactomannans are water-soluble hydrophilic
heterobiopolymers of galactose and mannose. The ratio of galactose to mannose in
guar gum is 1:2 while this ratio varies in other nonconventional seed gums isolated
from Cassia and Ipomoea plants. For particular genera, this ratio varies from species
to species and also with climatic distribution of the source plant. In the recent past
many of the Cassia polysaccharides [23, 31] have been evaluated for dye removal
from wastewater in their natural as well as in derived form.
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13.4.1 Chitin and Chitosan

Chitin (Fig. 13.2) is the exoskeletons material of molluscs and insects and consti-
tutes the cell wall of some fungi. It is the main component in the shells of crus-
taceans, such as shrimp, crab, and lobster, and is the characteristic polysaccharide
of several important phyla, e.g., Arthropoda, Annelida, Mollusca, and Coelenter-
ata and of many fungi such as ascomycetes, zygomycetes, basidiomycetes, and
deuteromycetes. The polymer contains 2-acetamido-2-deoxy-ˇ-D-glucose linked
through a ˇ(1 ! 4) linkage. It is structurally related to cellulose and differs from
cellulose in having acetamido group at position C-2 in place of hydroxyl groups
present in cellulose. Chitin may now be produced commercially at low cost since
such wastes (shrimp, lobster, crab shells) are abundantly available in nature.

Much attention has been paid to chitosan as a potential polysaccharide resource
[39] for deriving macromolecular materials effective in wastewater treatment. There
have been tremendous efforts for preparing functional derivatives of chitosan
through chemical modifications [40–43]; however, only few among these are known
to dissolve in conventional organic solvents. In column studies, powder form or
flakes of chitin and chitosan is mostly used in which, after certain time, there is a
significant drop in the column pressure [44], and to avoid this drop, the use of chitin
and chitosan beads is preferred.

Chitosan (Fig. 13.2) is derived from chitin through N-deacetylation, and there
has been recent attraction for this material in deriving macromolecular materials
of interest in water remediation. Though presence of amino group makes this
polysaccharide very versatile for chemical modifications and cross-linking, amino
groups restrict water solubility of the biopolymer at neutral pH. It is only soluble in
aqueous solutions of some acids and through some selective N-acylations [45].
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13.4.1.1 Chitosan-Derived Materials

Chitosan and chitin are among the most used polysaccharides for water remediation
application. These polysaccharides in their native or derived form have high affinity
for many classes of dyes [46]. These bioadsorbents being versatile materials have
been used in different forms, from flake types to gels, bead types, or fibers. Though
several disadvantages are associated with the use of natural chitin and chitosan, their
use for water remediation is very well reported. The adsorption properties of these
natural polysaccharides depend on the chitin source from which chitosan is derived,
its degree of N-acetylation, molecular weight, and solution properties, and also
vary with crystallinity, affinity for water, percent deacetylation, and amino group
content [47]. All these parameters, as determined by the selection of the preparation
conditions, control of the swelling and diffusion properties of the biopolymer that
finally influence the characteristics of the biomaterials. Performance is dependent
on the type of material used, and the efficiency of adsorption depends on the
accessibility of sorption sites. The dye uptake by chitin and chitosan is strongly
pH dependent. Complicated structures of dyes are the deciding factor for uptake
of the dyes by these polysaccharide materials [48]. The dye uptake mechanism is
mostly controlled by intraparticle diffusion [49] though reports on ion-exchange
mechanisms are also proposed. The major adsorption site of chitosan is a primary
amine group which is easily protonated to form –NH3

C in acidic solutions. The
strong electrostatic interaction between the NH3

C groups and dye anions can be
used to explain the sorption mechanism [50]. The degree of adsorption by chitosan
is different for different dyes depending upon their chemical structures [48]. In
general, chitosan-based materials have been established as promising biosorbents
for adsorption processes.

Chitosan can remove dissolved dyes from aqueous solutions in single systems
of dyes [48, 51, 52], especially in the removal of acid [48] and reactive dyes [49].
Maximum adsorption capacities of chitosan [48] for acid orange 12, acid orange
10, acid red 73, and acid red 18 dyes have been evaluated to be 973.3, 922.9,
728.2, and 693.2 mg/g, respectively. Mahmoodi et al. [53] studied dye removal from
colored textile wastewater using chitosan in single as well as binary dye systems.
The removal of combination of Direct Red 23 and Acid Green 25 has been studied
[53] by evaluating chitosan as an effective biosorbent for the removal of anionic
dyes. The adsorption kinetics of dyes followed a pseudo-second-order kinetic model
at various pH values. The biopolymer was suitable for decolorizing acidic-colored
textile wastewater having low concentration of the dyes.

Though both chitosan beads and flakes are effective in adsorbing dyes from
aqueous solution, chitosan beads show better results and faster kinetics [49, 54].
Performance of the chitosan also depends on the source of fishery wastes from
which it has been derived. The maximum adsorption capacity for Reactive Red
222 by chitosan flakes and beads have been showed to be 293 and 1103 mg/g,
respectively. Owing to high performance of chitosan in bead form, chitosan beads
have been extensively used for the removal of dyes [49, 54–57]. The high surface
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area of chitosan beads as compared to flakes explains the better performance
of the beads. In general, both batch-contacting and column processes have been
undertaken for the dye removal using chitosan [58]. Chitosan nanoparticles (particle
size D 180 nm; degree of deacetylation D 74%) have been used for the removal
[51] of Acid Green 27 (AG27), from an aqueous solution. The dye concentration
at equilibrium (Qe, mg/g) was calculated using the weight of the nanoparticles in
the mixed solution (Qes) and the weight of chitosan in the nanoparticles (Qep). The
Langmuir monolayer adsorption capacity (Q0) with Qes and Qep was found to be
1051.8 and 2103.6 mg/g, respectively, which were much ahead of micron-sized
chitosan.

13.4.1.2 Chitin Gels

Chitin gels obtained by N-acetylation of chitosan in water–alcohol mixtures [59]
have also been used in the dye removal, e.g., as Acid Blue 74, Reactive Violet
5, or Direct Red 28. Three kinds of transport mechanisms were investigated: (1)
the sorption of solutes interacting with chitin, (2) the desorption of solutes without
significant interaction with the chitin, and (3) osmosis phenomena. The sorption of
Acid Blue 74 and Reactive Violet 5 depended on the charge density of the polymer
network which was governed by the degree of association, pH, and the dielectric
constant of the media. The sorption of Direct Red 28 has been attributed to the
hydrophobic interactions and H-bonding at the extreme surface of the gel.

13.4.1.3 Chitosan-Derived Materials

Several derivatives of chitosan are known for effective removal of dyes from
wastewater. Chitosan biomolecule is usually modified to obtain improved solubility
in acidic and alkaline media in addition to solubility in some of the organic solvents.
Many such modifications usually target for increase in the temperature and pH
dependence of the dye adsorption. Most frequent and common method for chitosan
modification is its cross-linking that enhances the performance of this biopolymer
while maintaining its properties and original characteristics. Chemical modification
in general improves the performance of chitosan besides increasing sorption
selectivity, diffusion properties, and sensitivity to environmental conditions. Some
of the common chitosan derivatives that have been utilized for dye removal are being
summarized below.

Cross-Linked Chitosan

As chitosan is soluble in acidic media (due to its amino groups), its use as adsorbent
under aqueous acidic conditions is not feasible. To change its solubility, many
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physical and chemical methods have been used, and among the various possible
routes for modifying chitosan properties for the target application, cross-linking
is the best option. Modification of the chitosan through cross-linking is known to
be an inexpensive and easy route for fabricating chitosan-based biosorbents. On
cross-linking, chitosan turns insoluble in aqueous acidic or alkaline media and
most of the organic solvents. Such cross-linked derivatives are more resistant to
temperature and low-pH conditions as compared to the native chitosan. It has
been reported that cross-linked chitosan macromolecular materials perform well in
dye removal as they are least affected by the environmental conditions [34]. The
biomolecule has been cross-linked in the bead form using three common cross-
linking agents, e.g., glutaraldehyde, epichlorohydrin, or ethylene glycol diglycidyl
ether [50, 61, 62] (Fig.13.3). Among these three cross-linked chitosan beads, the
chitosan–epichlorohydrin beads [62] show best performance for dye uptake. Cross-
linked chitosan beads show outstanding removal capabilities for direct dyes and
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exhibit excellent performance for adsorption of anionic dyes when compared to
activated carbon (�3–15 times better) at the same pH [50], while cross-linked
chitosan show low affinity for cationic (basic) dyes.

A novel biosorbent, more hydrophilic than synthetic resins, has been developed
where cyclodextrins and chitosan have been combined with several spacer arms
without affecting the selectivity of both biopolymers. This biosorbent has been used
for the decontamination of effluents containing the textile dyes [63]. The chitosan–
cyclodextrin beads were characterized by a rate of sorption, and their efficiency
was superior to that of the parent polysaccharide chitosan bead without CD and
of the cross-linking cyclodextrin–epichlorohydrin gels. The maximum adsorption
capacities of cross-linked cyclodextrin and chitosan, cyclodextrin mixed sorbents
for Acid Blue 25 were 249, 88, and 77.4 mg/g, respectively.

Chemically Modified Chitosan

Though cross-linked chitosan has tremendous use in adsorbing anionic dyes, it is not
of much help in the removal of cationic dyes. Useful adsorbents for cationic dyes
have been derived by modification of chitosan functional groups such as enzymatic
grafting of carboxyl groups [64]. The presence of carboxylic acid functional groups
at grafted chitosan beads offer more surface polarity and sorption site density to
improve the sorption selectivity of the basic dyes.

In general, grafting increases the efficiency of chitosan macromolecule (CTS)
toward dye uptake especially the cationic dyes [64]. Four kinds of phenol
derivatives: 4-hydroxybenzoic acid (BA), 3,4-dihydroxybenzoic acid (DBA),
3,4-dihydroxyphenyl-acetic acid (PA), and hydrocaffeic acid (CA) have been
grafted at chitosan using tyrosinase enzyme. The grafting was followed by taking
FTIR spectra of the graft copolymers. The carboxyl groups content in the grafted
chitosan were measured to be 46.36 for BA, 70.32 for DBA, 106.44 for PA,
and 113.15 for CA. In a batch adsorption experiment, these modified chitosans
proved efficient in removing cationic dyes such as crystal violet (CV) at pH 7 and
Bismarck brown Y (BB) at pH 9 at 30ıC. Unilayer adsorption was established for
the adsorption where the maximum adsorption capacities for both the dyes were in
the following order: CTS-CA>CTS-PA>CTS-DBA>CTS-BA.

Vinyl modification of chitosan (Fig. 13.4) also proved very useful for
deriving bioadsorbents from chitosan. Poly(methyl methacrylate)- [65] and
poly(acrylamide)- [66] grafted chitosan have been evaluated for removing dyes.
Chitosan-graft-poly(methyl methacrylate) (Ch-g-PMMA) proved efficient in
adsorbing anionic azo dyes such as Procion Yellow MX, Remazol Brilliant
Violet, and Reactive Blue H5G. The copolymer showed better performance than
native chitosan in terms of uptake of anionic dyes from synthetic dye solutions
and real textile wastewater. Unlike chitosan, which worked best at pH 4, Ch-g-
PMMA worked well in a broad pH range (pH 4–10). The concentration of the
dyes and temperature of the adsorption experiment also had a marked effect on
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the dye uptake. On increasing %G in the copolymer, uptake of the dyes could
be significantly enhanced which confirmed the role of the graft chains in the
removal mechanism. The dye uptake by the copolymer was fast and could reach the
equilibrium in just �3 h. The adsorption equilibrium data for the dye adsorption best
fitted to pseudo-second-order kinetic model indicating chemisorption was taking
place. The adsorbent affinity toward the dyes was in the order violet> yellow> blue
for both chitosan and Ch-g-PMMA.

Another grafted chitosan, chitosan-graft-poly(acrylamide) (Ch-g-PAM) [66] has
also proved equally effective in the removal of anionic dyes from real textile
waste and synthetic dye solution. This modification also broadened the pH range
of adsorption (pH 2–8), but adsorption by this copolymer had slightly higher
equilibrium time (6 h) than that by Ch-g-PMMA. Chemisorption governed the
adsorption, and the copolymers had reusability for almost ten consecutive cycles.
Thus, overall, it may be concluded that by introducing vinyl grafts, chitosan may be
converted to useful and effective biosorbent for anionic dyes.

Chitosan Composites

A more recent approach to utilize chitosan for dye removal involves the prepa-
ration of chitosan composites [67]. Many chitosan composites have been used
for dye removal, e.g., chitosan clay composites [67–72], chitosan/polyurethane
composites [73], chitosan/oil palm ash composites [74], chitosan/silica [75–77], and
chitosan/titania composites [78].

Chitosan–Clay Composites

Montmorillonite (a natural phyllosilicate)–chitosan composite showed efficient
removal of Congo red dye [70]. The adsorption property of the composite was
decided by the optimum molar ratio of chitosan to montmorillonite in the composite.
X-ray analysis of the composite revealed intercalation of chitosan macromolecules
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in between the montmorillonite interlayers which disrupt the crystalline structure of
montmorillonite. Electrostatic attraction and chemisorption mechanisms were found
to be responsible for the sorption [70]. At low pH values, electrostatic interaction
is possible between the protonated amino groups at chitosan and anionic dyes;
however, at alkaline pH, the excessive amount of hydroxyl ions compete with
the anionic dyes for the active sites at the composite and reduce the dye uptake.
Chemisorption was suggested to be the sorption phenomenon as the adsorption
kinetic data followed pseudo-second-order kinetics. The monolayer adsorption
suggested as the adsorption equilibrium data could be successfully modeled using
Langmuir isotherm with an Qmax value of 54.52 mg/g.

Chitosan/activated clay composite beads [68] have been fabricated, and it was
found that the addition of activated clay can enhance the hardness of the chitosan
beads which agglomerate easily to facilitate the separation of the adsorbents from
the solution without swelling. The adsorption studies of Methylene Blue and
reactive dye (RR22) onto chitosan composite revealed that the composites had a
comparable adsorption to chitosan beads.

Cross-linked chitosan/bentonite composites [67] have been used to adsorb
tartrazine azo dye. Bentonite contains a high proportion of swelling clays consisting
of SiO2, Al2O3, CaO, MgO, Fe2O3, Na2O, and K2O [79, 80] and is a 2:1 type
aluminosilicate [81]. The chitosan composites, cross-linked with epichlorohydrin,
had improved performance as adsorbent over native chitosan composite [34].
A cross-linking agent stabilizes chitosan in acid solutions to make it insoluble.
It has been established [67] that the pH of the tartrazine played a crucial role in
the adsorption process. As pH was increased, the surface of the adsorbent became
negatively charged to increase repulsion between tartrazine and the adsorbent
surface which decreased the adsorption capacity of the composite.

Using kaolinite (1:1 aluminosilicate, consisting of SiO2, Al2O3, and H2O) [69]
and Fe2O3 [72] a composite bead was prepared. Scanning electron microscope
(SEM) and tunneling electron microscope (TEM) images revealed many pores and
pleats on the surface of the composites that were attributed to be the active sites
for dye entrapment. The composites exhibited good adsorption ability for methyl
orange at pH 6. Addition of anions depressed the adsorption of methyl orange that
was due to preferred adsorption of anions over methyl orange.

Chitosan/Polyurethane Composites

Chitosan/polyurethane composite [73] has been used for the removal of Violet
48 dye. Chitosan can be easily immobilized into the polyurethane matrix foam
at 0.25 wt.% of glutaraldehyde concentration [82]. SEM analysis revealed that
the composite had an open structure [83, 84] which can be responsible for its
accessibility to acid dyes [82]. It was observed that the adsorption capacity of
neat polyurethane was relatively lower than the composite indicating that the amine
groups of the neat polyurethane are unable to specifically react to an active site of
the dye.
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Chitosan/Oil Palm Ash Composites

Cross-linked chitosan/oil palm composite beads [74] have been used to remove
Reactive Blue 19 by adsorption. The dye uptake was dependent on pH, at lower
pH the protonated amino groups of chitosan are electrostatically attracted by the
negatively charged dye molecules while at pH >10, the adsorption capacity of
chitosan beads declines because of the decrease in porosity whereby the pore
diameter makes transfer of dye molecules difficult.

Chitosan/SiO2 Composite

Chitosan/SiO2 and chitin–silica composites have been developed for the removal of
toxic metals and dyes [75–77]. Acid-catalyzed polymerization of tetraethoxysilane
in presence of chitosan furnished the sol–gel-derived hybrid composites [76]. The
composite was tested for the removal of dyes having different chemical properties,
toxicity, and industrial applications like the Remazol Black B, textile and food
dye (Erythrosine B), biological dye (Gentian Violet), and biological and chemical
dye (Neutral Red). The polysaccharides in the form of silica hybrid hydrogels had
complete compatibility with the ethanol that was released during the hydrolysis
of tetraethoxysilane. In both matrices, chitosan and chitin retain their capability
of dye removal inside the SiO2 network while the composites at the same time
enjoy the improved mechanical properties in comparison to native polysaccharides.
The adsorption was found to be pH dependent which indicated a spontaneous
charge-associated interaction mechanism of dye adsorption. The composite had both
polysaccharide and silica network affinity for the dyes.

Chitosan/TiO2

TiO2/chitosan microporous composites [78] have been used for adsorption and
degradation of two reactive dyes, Methylene Blue (MB) and Benzopurpurin (BP),
from aqueous solutions. An irreversible adsorption that decreases with the increase
of temperature was indicated for these dyes.

Since the traditional methods of extraction of chitin and its conversion to chitosan
generate large quantities of waste, it is difficult to develop chitosan-based materials
as adsorbents at an industrial scale. Though a huge volume of published articles
is available on using chitin and chitosan for dye removal, there has been little
understanding on the sorption mechanisms since these articles mostly focus on the
evaluation of sorption performances. Mainly ion-exchange interactions, hydropho-
bic attraction, and physical adsorption are said to be operating simultaneously in
most of these sorption processes. Wide ranges of chemical structures, pH, salt
concentrations, and presence of ligands often add to the complication.

13.4.1.4 Starch and Cyclodextrins

Starch is a low-cost abundantly available renewable biopolymer which has a wide
range of applications in its native and modified form. In its crude form, starch is
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a mixture of amylose and amylopectin. Amylose is a linear polymer of 1,4-linked
˛-D-glucopyranosyl units [85], while amylopectin is a highly branched polymer of
D-glucopyranosyl residues linked together mainly by 1 ! 4 linkages with 1 ! 6
bonds at the branch points [86]. Adsorptions by starch based materials are reported
to take place by physical adsorption, complexation, and ion-exchange interactions
[87, 88]. Cyclodextrins are the cyclic derivatives of starch; three smallest cyclodex-
trins, alpha-cyclodextrin, beta-cyclodextrin, and gamma-cyclodextrin, having six,
seven, and eight ˛-1,4-linked D-glucopyranose units, respectively, are well known
and are commercially used. Use of cyclodextrins as low-cost sorbents is well
studied [87].

Cyclodextrin hydroxyl groups are utilized to cross-link with coupling agents like
epichlorohydrin to form water-insoluble cross-linked networks. As the cross-linking
units are hydrophilic in nature, the cross-linked cyclodextrins have remarkably
high swelling capacity in water, which allow the swelling of their network for a
fast diffusion of the pollutants. They also contain hydrophobic sites for trapping
nonpolar dyes efficiently [87]. Cross-linked starch polymers [88] having amine
groups have also been reported (Fig. 13.5).

The cross-linked polymers have been prepared in one step by reticulation of
starch-enriched flour using epichlorohydrin with NH4OH. Using this biosorbent,
in a column experiment, several hundred ppm of dyes could be effectively removed
from water. The control of the cross-linking reaction offers control on the material’s
properties in terms of the sorption. The adsorption by this material was highly
dependent on pH as protonation of the amine groups on the surface of the sorbent is
possible only at acidic pH.

Amphoteric starch has also been used for dye removal [89–91]. Such starch
derivatives being amphoteric (containing cationic or anionic groups) in nature can
quickly remove pollutants. Starch has been modified to amphoteric starch deriva-
tives [92] having quaternary ammonium and carboxymethyl groups by semidry
reaction. These derivatives have been used for cationic and anionic dye uptake and
are suitable for both acid and basic dyes. Cross-linked starch was first etherified by
reacting with 65% 3-chloro-2-hydroxypropyl trimethylammonium chloride for 2 h
at 80ıC in a cylindrically shaped reactor with a mechanical stirrer. The resulting
product after rinsing and neutralization with 80% ethanol solution containing
hydrochloric acid was carboxymethylated using a fixed dose of chloroacetic acid
with 30% water in the whole reaction system at 45ıC. Nitrogen content and the
quaternary ammonium groups of the adsorbent have been used for interacting with
acid dyes, while basic dyes interact with carboxymethyl groups. It was found that
the low temperature facilitates the adsorption of acid dyes while the basic dyes have
the highest adsorption capacity at 303 K. Both Langmuir isotherm and Freundlich
isotherm models were well applied for the adsorption, and the kinetic study showed
the pseudo-second-order model for the adsorption, indicating chemisorption. Until
now, there are only limited data on the adsorption of dyes onto amphoteric starch,
and this area of investigation need further investigations in terms of their use for the
removal of dyes.
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Fig. 13.5 A possible structure of cross-linked starch containing tertiary amine group (Reprinted
from Crini et al. [60]. With kind permission of © Elsevier)

In spite of varied characteristics and properties of starch-based derivatives, a
limited number of dye adsorption studies using this polysaccharide material have
been carried.

13.4.1.5 Seed Gums as Coagulants

Using natural seed gums as a replacement coagulant for proprietary coagulants can
meet the need for water and wastewater technology in developing countries which
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is simple to use, robust, and cheap to both install and maintain. Natural coagulants
have been used for centuries in traditional water treatment practices throughout
certain areas of the developing world. The utilization of Cyamopsis tetragonolobus
(family Leguminosae) seeds for this purpose is an event which has resulted in the
emergence of one of the most important plant-based industries of India and has
contributed in its economic development. This galactomannan, known as guar gum,
has found varied uses in modern industries throughout the world. Guar has US
Public Health Service approval in potable water treatment as coagulant aid together
with alum, ferric sulfate, and lime.

Polymeric flocculants, synthetic as well as natural, because of their natural
inertness to pH changes, low dosage, and easy handling, are becoming popular
in industrial effluent treatment. Among natural and synthetic polymers, synthetic
polymers are very effective due to their versatile tailorability, but they have poor
shear stability. Natural polymers are of low cost, shear stable, nontoxic, and
highly biodegradable. It has been possible to develop efficient, shear stable, and
less biodegradable flocculants by grafting synthetic polymers like polyacrylamide
branches onto the rigid backbone of the natural polysaccharides. The dangling
grafted chains have easy approachability to contaminants in effluents.

Tamarind Gum

Tamarind trees are known to be rich in mucilaginous content. The native tamarind
gum and its graft copolymers are widely used as flocculant in color removal [93]
of industrial effluents. Poly(acrylamide) grafting increases the shelf life of tamarind
seed mucilage though the graft copolymer (Tam-g-PAM) still remains biodegrad-
able. Compared to native tamarind gum, Tam-g-PAM showed better flocculation
efficiency in the removal of dyes. Tamarind gum-derived flocculants show better
performance for azo and reactive dyes than basic dyes and are attractive because of
its low cost and biodegradability as compared to other synthetic flocculants.

Psyllium Seed Gum

Psyllium (Plantago ovata) [94] is a profusely branched medicinal plant whose seed
husk [95] has been used as traditional and herbal medicine. The psyllium seeds are
coated with mucilage (10–30%), a gelatinous material which swells upon exposure
to moisture. Chemically, Psyllium seed husk is xylan which occurs in association
with cellulose. The seed husk [96] has been evaluated for the decolorized three
different synthetic dyes: direct – Kahi Green (DKG), acidic – Sandolan Red RSNI
(ASR), and reactive – Procion Brilliant Blue RS (PBB) dyes at laboratory scale. Its
dose and pH were found two important factors [97] that governed the coagulation
mechanism. Psyllium husk proved very effective for the decolorization of anionic
dyes when used with polyaluminium chloride.
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Removal of color from dye solutions generally takes place by physiochemi-
cal mechanisms of coagulation and/or chelation-complexation-type reactions [98]
which were found to be mainly of physiochemical nature. The structure of the
dyes is such that they may result in a chelation–complex formation with chemical
coagulants that leads to the formation of insoluble complexes between metal and
dye. The complex may either precipitate from solution or may be removed by
adsorption onto metal hydroxy species [98]. The color removal was suggested by ag-
gregation/precipitation and adsorption of coloring substances onto the polynuclear
coagulant species [99] and onto hydrated flocs [100]. DKG was easily decolorized
by psyllium as coagulant aids whereas the decolorization of ASR was found to be
moderately effective. The reactive dye, which is the most difficult to remove by
conventional methods, could also be decolorized to a large extent using the psyllium
seed gum. Psyllium gum though much less efficient than PAC when used as
a coagulant aid with a very low dose of PAC becomes much effective for the
decolorization of the dyes.

Guar Gum

Traditional water treatment utilizes the natural coagulants [101] for centuries.
The galactomannan from seed of Cyamopsis tetragonolobus N.O. Leguminosae is
popular as coagulant, the guar gum increases the size of the floc initially formed by
the coagulant, thereby increasing the rate of setting of solid impurities, reducing
solid carry over to the filters, and increasing periods between backwashes. In
industrial waters, guar flocculates clays, carbonates, hydroxides, and silica when
used alone or in conjunction with inorganic coagulants. The gum helps in increasing
the size of the flocs which is initially formed by the coagulant. In industrial
waters, guar has been used to flocculate clays, carbonates, hydroxides, and silica
individually or in conjunction with inorganic coagulants.

Ipomoea Seed Gums

The seed galactomannans of Ipomoea genera N.O. Convolvulaceae have been used
as coagulants and for the decolorizing of textile dye effluents [29]. Physicochemical
and chemical studies showed that the protein-free Ipomoea seed gum exhibits simi-
lar behavior to the guar galactomannan. These seed gums on chemical modifications
produce materials which can be modified to fine products [25, 102] having a broader
spectrum of properties for various industrial applications. The decolorization [103]
of three different classes of synthetic dye was undertaken on laboratory scale with
Ipomoea seed gums and their poly(acrylamide) derivatives [104]. The Ipomoea seed
gums from Ipomoea turpethum (IT) [105], Ipomoea dasysperm [24], and Ipomoea
quamocalit (IQ) in comparison to guar gum (GG) [103] have been used for the
coagulation studies. Structure of the repeating units of some of seed gums is shown
in Fig. 13.6.
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Coagulation experiments were done with taking conventional coagulant PAC as
reference [22]. Among the varied coagulation parameters, coagulation dose and
coagulation pH were found to be the most important factors which influenced the
types of hydrolysis products and therefore the coagulation mechanism. These seed
gums when used as coagulant aid with a very small dose of PAC could effectively
remove each class of dye as compared to when PAC was used alone.

Ipomoea dasysperma seed gum is a galactomannan polysaccharide having galac-
tose to mannose ratio in 1:6 ratio [24]. The seed gum has a branched structure having
a linear chain of ˇ(1 ! 4)-linked mannopyranosyl units to which D-galactose side
chains are attached by ’(1 ! 6) linkages. The decolorization of dye solutions by
coagulation with ID seed gum [24] is dependent largely on the type of dye, pH,
and coagulant dosages, pH 9.5 being the optimum. The seed gum showed the most
efficient removal of the direct dyes, while when used with a very low dose of PAC,
the utility of the biosorbent was extended for acid as well as Procion dye. The natural
galactomannans from guar gum and ID gum offer a sustainable method of effluent
treatment, as these gums are low cost and are readily available.
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Cassia Seed Gums

Cassia is an abundantly available plant of tropical countries including India.
These plants are a good source of mucilages, flavonoids, anthraquinones, and
polysaccharides. C. javahikai seed gum was the first seed gum from Cassia
plant that has been investigated as a coagulant in textile wastewater treatment.
Its seed endosperm contains a nonionic, water-soluble galactomannan having 1:2
galactose to mannose ratio [106]. Like guar gum, the seed gum has a branched
structure consisting of a linear chain of ˇ(1 ! 4)-linked mannopyranosyl units
having side branches of ˛(1 ! 6)-linked galactose units. C. javahikai (CJ) seed
gum [31] and its poly(acrylamide)-grafted (CJG) derivative proved to be efficient
coagulants for the decolorization of direct dyes. In combination with very low dose
of PAC, both CJ and CJG were found to be efficient coagulant aids for acid as well as
Procion dye. The performance of CJG over CJ was enhanced more so for direct dyes.

13.4.1.6 Polysaccharide Hydrogels

Superabsorbent hydrogel (SH) based on polysaccharides may be used in an
alternative procedure for removal of some aqueous solutes. The SH are formed
of three-dimensional cross-linked polymer networks of flexible chains that are
able to absorb and retain water and solute molecules. The high water content
and porous network structure of the hydrogels allow solute diffusion [107] into it.
These can be prepared by the copolymerization of polysaccharides with hydrophilic
monomers and polyfunctional monomers, with cross-linkers like bisacrylamide,
glutaraldehyde, etc., in the presence of redox initiators. On water immersion,
hydrophilic polymer chains of the supra-adsorbent hydrogels are not dissolved into
the aqueous phase as they are cross-linked [108]. Ionic groups at the SH hydrogels
can absorb and trap ionic dyes from wastewater, such as Methylene Blue from an
aqueous environment. A reasonably priced and biodegradable SH based on arabic
gum (AG) has been [109] obtained by chemically modified AG with acrylamide
and sodium acrylate by a copolymerization reaction. To obtain supra-hydrogel, AG
5% (m/v) was modified with glycidyl methacrylate. Modified AG, sodium acrylate,
and acrylamide were stirred for 15 min in presence of 10 mmol sodium persulfate
for 20 min at 70ıC. The hydrogels were dried using air flow. The maximum MB
absorptions were 48 mg g�1 (98%) for the (1.5–0.5–0.5) hydrogels and 39 mg g�1

(80%) for the (1.0–0.5–0.5) SH. The maximum desorption was 46 mg MB per g
(1.5–0.5–0.5) of the hydrogel.

13.5 Conclusion

Dyes are the part and participle of many industries, and residual dye contents in the
industrial effluents are becoming a threat to mankind as there has been high increase
in the production and utilization of the dyes in past few decades. For removing
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dyes from industrial wastes, various techniques are in practice, but still, there is a
requirement for the low-cost methodology that can be used universally for all types
of dyes. Adsorption is a method of choice for removing dyes from wastewater in
combination with other procedures. High cost of the conventional adsorbents (e.g.,
activated carbon) and expensive regeneration procedures is becoming detrimental
for the commercialization of this method of dye remediation. Due to increasing
awareness of environmental protection, the effectiveness and cost of treatment
processes for dyes is important, and to ensure this, the use of polysaccharides has
now emerged as important and fast-growing field. Being low cost and renewable,
their use as adsorbent has been encouraged in native or modified forms. Available
literature revealed that a wide range of nonconventional as well as commercial
polysaccharides can be efficiently exploited as low-cost adsorbents. Among the
conventional polysaccharides, the chitosan has been most widely studied for such
purpose and chitosan-based sorbent demonstrated outstanding removal capabilities
for certain dyes in comparison to activated carbon. This area of research however
needs more attention in terms of better understanding of the sorption mechanisms
and scaling up of the experiments which have been successful on laboratory scale
and to test the established polysaccharide-based adsorbents for real industrial efflu-
ents. There is a need of time to develop an adsorbent based on these biorenewable
polysaccharides which can be universally applied to all the dye types under amiable
conditions, like pH, temperature, and in presence of other contaminants which
are normally found in the effluents.
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Chapter 14
Wastewater Treatment with Concomitant
Bioenergy Production Using Microbial
Fuel Cells

Liping Huang, Shaoan Cheng, Daniel J. Hassett, and Tingyue Gu

14.1 Introduction

Wastewater treatment currently requires a significant energy input. Current
technology does not recover the chemical energy of organic matter contained in
wastewaters even though the energy stored in such wastewaters is not trivial. For
example, new estimates indicate that domestic wastewater contains 7.6 kJ/L [1].
Roughly 2.2–4.4 � 1015 kJ of energy per year is available in wastewaters worldwide.
This amount of energy is equivalent to burning 62–124 million tonnes of oil in a
modern power station [1]. This estimate would escalate considerably if industrial
and agricultural wastewaters were also included. If a significant amount of energy
is recovered from wastewaters during treatment, the energy cost of the wastewater
industry can be greatly reduced. It is even possible to have a net energy gain.
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Although energy from wastewater treatment will unlikely contribute to the grid
power due to the relatively low energy density of wastewaters compared to fuels
such as ethanol and hydrogen (H2), contribution to a local power supply is possible,
especially in remote villages, and also military forward operating bases (FOBs)
where fuel costs can be ten times more expensive due to trucking risks in a war zone.

Microorganisms can utilize biodegradable solid wastes and wastewaters to
produce energy. For example, methane (CH4) digesters can convert organic wastes
to CH4. An alternative to methane digesters is microbial fuel cells (MFCs), which
can convert the energy in the organic wastes directly into electricity. A number of
reports have been published on the use of MFCs for treating a variety of wastewaters
including municipal, swine, and food processing wastewaters; agricultural and
sludge wastes; as well as any biodegradable industrial wastewaters [2]. Recently,
there is a growing trend in the literature for the use of biocathodes to replace
traditional chemical cathodes. Researchers have attempted optimization of various
MFC parameters including electrode material, electrode potential, substrate type,
microorganism metabolism, pH, temperature, ionic strength, as well as reactor
architecture. The electron-transfer mechanisms from Geobacter sulfurreducens and
Shewanella oneidensis have been described in great detail in MFC studies. MFCs
have also been operated with an externally imposed voltage to produce bioproducts
such as H2 and CH4. This chapter critically reviews the new developments in
three aspects: (1) bioanodes, (2) chemical and biological cathodes for wastes
and wastewater treatment, and (3) value-added bioproducts through MFCs and
the broadened MFCs, and a potential “game-changer” in MFC technology using
genetically engineered “superbug” bacteria as electrogens.

14.2 Bioanode MFCs for Waste and Wastewater Treatment

14.2.1 Wastes and Wastewaters Treated at the Anode

All bacteria must have some source of carbon-containing molecules for the building
blocks of cellular components including DNA, RNA, protein, and lipid. Autotrophic
bacteria can utilize inorganic carbon from carbonate or CO2. Phototrophic bacteria
harvest their energy from light. A chemotroph derives energy from either organic
or inorganic compounds. However, the most common and metabolically versatile
organisms are termed heterotrophs. Thus, heterotrophic bacteria would arguably be
the best candidates for the “engines” in MFCs for the treatment of a variety of
“practical” wastewaters, such as sewage, brewery, and rendering wastes at the anode
in an MFC.

Earlier MFC investigations almost exclusively focused on anodic fuels because
oxidation of organic carbons occurs in the anodic chamber. Pant et al. [2] presented
a comprehensive review on the oxidation of these substrates. While synthetic
wastewater was often used as fuel for MFCs in lab tests due to its ease of controlling
loading strength, pH, and conductivity, wastewaters such as municipal [3, 4],
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swine [5], starch processing [6], and brewery wastewaters [7] were tested as fuels
in MFCs for power generation during treatment (Fig. 14.1). Landfill leachates
were also used as a fuel for power generation from MFCs [8–10]. Recently,
researchers have used sewage sludge to produce 9 W/m3 of power and enriched
the hydrophilic fraction of the extracellular biological organic matter by 48–65%,
while reducing the hydrophobic acid fraction by 32–15%. They also removed 37%
of the dissolved organic carbon and decreased the sludge aromaticity by 66% [11–
13]. Lignocellulosic biomass is widely available as agriculture wastes, wood chips,
and toilet paper in municipal wastewater. It is a recalcitrant biopolymer, but the
success of renewable bioenergy from biomass depends on the successful utilization
of lignocellulosic biomass. With the presence of Clostridium cellulolyticum and
Clostridium thermocellum, cellulose was able to fuel MFCs via the mediation of H2

produced from cellulose [14]. More recent investigations proved that cellulose and
algae can be directly used as a fuel [15–22] or via the decomposition by cellulase
enzymes [23] (Table 14.1) in MFCs for electricity production using exoelectrogenic
bacteria. Further research indicated that more complex lignocellulosic biomass such
as corn stover, wheat straw, and Canna indica can also be degraded at bioanodes, al-
though only 22–61% degradation was achieved and the power output was quite low
[26, 27] (Table 14.1). Pretreatment by dilute acid can improve the biodegradability
of these wastes for power production in MFCs [24, 26]. Alternatively, integration
of anaerobic digestion with MFCs can successfully achieve COD removal of grass
silage with simultaneous power production [28]. The products of lignocellulosic
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biomass hydrolysis, glucose and xylose, as well as polyalcohols can fuel MFCs
with a maximum power generation of 44 W/m3, Coulombic efficiencies (CEs) of
13–28%, and COD removal of 71–92% [29–31, 234].

Furan derivatives and phenolic compounds except 5-hydroxymethyl furfural can
only be co-metabolized in the presence of glucose [32]. Both the type and size of
the substrates derived from lignocellulosic biomass affect the treatment efficiency
and power generation in MFCs. For example, the size of chitin particles affected
electricity generation and the composition of the anodic microbial consortia [20].
The inoculum type also affects system performance for lignocellulosic biomass
utilization. An MFC inoculated with activated sludge of municipal wastewater
efficiently degraded furfural in the absence of glucose, while an MFC inoculated
with a previously acclimated anolyte of a MFC fed with glucose did not de-
grade furfural [33]. In another study, however, an inoculum from an acclimated
microbial electrolysis cell used to degrade cellulose efficiently degraded cellulose
and provided more electricity than directly degrading paper recycling wastewater
[15, 16, 34].

Apart from these, MFCs also have the potential to treat other recalcitrant wastes
[227]. These include pyridine [35], indole [36], quinoline [37], and its derivatives,
as well as coking wastewater [38] can be efficiently removed or their levels
significantly reduced by MFCs. Apart from the organic wastes, ammonia removal
is a major issue for animal wastewater [39, 40]. Ammonia was removed mainly
by a physicochemical process, although some losses may occur through biological
nitrification [40]. Kim et al. [40] did not detect anaerobic ammonia oxidizing
bacteria in their MFC and concluded that ammonia oxidation did not contribute
to electricity generation in their MFC fed with swine wastewater. However, He et
al. [39] observed electricity generation from ammonia oxidation although the CEs
were relatively low in their rotating-cathode MFCs. Nonetheless, this points to the
possibility of using ammonia oxidation for power generation.

14.2.2 Factors Influencing System Performance

Various operating parameters such as pH, temperature, external resistance, influent
COD, and ionic strength can influence system performances. Electrode character-
istics such as electrode material, surface roughness, surface area, and potential, as
well as microbial metabolism, also affect MFC performance. Studies on the impact
of these parameters on practical MFC applications and basic bioelectrochemistry in
MFCs have been performed.

14.2.2.1 Substrate and Microbial Metabolism

Microbial metabolism can be divided into fermentation and respiration. Cellular
fermentation is normally composed of internal oxidation and reduction in which
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closely linked and balanced electron transfer was involved. During this process,
microorganisms usually convert substrate to multiple by-products. Microbial res-
piration, however, requires external electron acceptors to main electroneutrality.
The anode-based electron acceptors have been recently shown to overcome the
constraints and stoichiometrically converted glycerol into ethanol with a metal-
reducing bacterium S. oneidensis [41]. Even for the eukaryotic Saccharomyces
cerevisiae, with the mediation of self-secreted NADH/NADC and FADH/FADC, an
efficient glucose metabolism and electricity generation were revealed at a loading
rate ranging from 0.91 to 2.86 kg COD/m3/day [42], indicating a potential method
of using yeast based MFCs for treatment of high strength wastewaters with power
generation. However, in another study with Clostridium acetobutylicum at a high
glucose concentration of 50 g/L and a comparatively high external resistor of 10 k�,
the MFC exhibited a bimodal metabolism, resulting in two output voltage stages in
which the first stage was correlated with acidogenic metabolism (acetate and bu-
tyrate production) and the second a solventogenic metabolism (acetone and butanol
production) [43]. Besides the bacteria, experimental conditions also significantly
impact microbial metabolism. For example, when the MFCs were independently op-
erated at different circuit loads, the anodic bacterial community exhibited significant
differences when fed with short chain fatty acids [44], and CEs and biomass growth
was lower [45–47] in larger circuit loads. These results indicated that increasing
external resistance favored fermentative metabolism over anaerobic respiration. It
was proposed that fermentative and electrogenic microorganisms competed from
substrates (electron donors), a higher resistance correlated with decreased utilization
of the substrates by the electrogenic microorganisms and less electricity generation
[45, 48]. These results can be also used as a potential platform for controlling
electrogenesis, methanogenesis, and anode microbial community [48].

While external circuit load can orient bacterial metabolism, the type of substrate
also affects microbial consortia metabolism and system performance. Based on
the analysis of electron sink with current, biomass, residual organic compounds,
H2 and CH4, MFCs fed with non-fermentable (acetate) and fermentable (glucose)
electron donors exhibited different electron sink contribution by electrical current
(acetate 71%, glucose 49%), biomass (acetate 15%, glucose 26%), and residual
organic compounds (acetate 11%, glucose 18%), respectively, while methane gas
(3.7%) was found only in the glucose-fed MFC [49]. Jung and Regan [48] also
obtained similar results. With a mixed culture, microorganisms did not directly
use glucose as a fuel for electricity generation but used H2 and acetate of the
fermentation products. In this process, methanogens could decrease the electricity
generation by consuming H2 but also increase fermentation rates [48, 50]. This
electrical current-driven microbial metabolism has led to a series of applications
such as bioremediation,monitoring of glucose metabolism, and the production of
value-added bioproducts from wastewaters (see Sect. 14.5).

The presence of oxygen in the bioanode also affected bacteria by altering
the electron delivery rate and metabolic pathway utilized. It was initially found
that the presence of oxygen selected for bacteria with differential expression of
proteins resulting in decreasing electron transfer and electricity generation [51–53].
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However, Biffinger et al. [54] later reported that the power output of MFCs using
S. onedensis DSP10 with glucose as substrate could actually be promoted by
oxygen. Based on this observation with S. oneidensis, Li et al. [55] conducted a
series of experimental comparisons using S. decolorationis NTOU1 as a model
bacterium and concluded that current increased by oxygen was related to the
increase in the overall aerobic metabolic rate, rather than an increase in cell number
or the concentration of the self-secreted endogenous mediator.

14.2.2.2 Electrode Materials

Electrode materials can substantially affect power generation of MFCs. An efficient
anodic electrode requires high conductivity, chemical stability, biocompatibility,
and catalytic activity. In addition, a highly porous structure should exhibit internal
colonization and strong interaction between the electrode surface and the microbial
biofilm, allowing a better mechanical contact and higher electrical conductivity [56].
Various carbon-based materials like carbon foam [57], carbon paper [4], reticulated
vitrified carbon (RVC, [58]), carbon cloth [59, 60], graphite brush [61], graphite
granule [62], and molybdenum carbide [63] have been extensively investigated for
anodes. Among these materials, graphite brush and graphite granules both exhibited
a high power production due to their high specific surface areas [61, 62]. The
maximum power of MFCs was proportional to the logarithm of the surface area
of the anode [64]. The COD removal rates measured for both open circuit and
closed circuit operations of MFCs were found to be independent of the various
carbon anodes used such as graphite, sponge, paper, cloth, felt, fiber, foam, and
RVC. However, MFC peak powers varied from a low of 1.3 for RVC to a high
of 568 mW/m2 for graphite [65, 66]. The low power output of RVC was mainly
due to the small anodic surface area and high concentration polarizations caused by
the RVC morphology [65, 66]. Ammonium treatment, electrochemical oxidation,
and 4(N,N-dimethylamino) benzene diazonium tetrafluoroborate modification can
improve the electrocatalytic activity of the anode due to the formation of functional
groups of amine, carboxyl, and nitrogen on the anode material surface [67,
229]. Bonding materials to the anode can also increase power by facilitating
electron transfer and improving the adhesion of bacteria [68, 69]. For example,
the bonded plain G10 graphite with surface-confined anthraquinone-1,6-disulfonic
acid (AQDS) or an incorporated Sb(V) complex, oxidized graphite, and oxidized
graphite bonded with AQDS can exhibit 1.9–218 times greater kinetic activities
than plain G10 graphite without modification [68].

Alternatively, anodes modified with pure “-molybdenum carbide ((Mo2C)) [63]
or polymers or multiwall carbon nanotubes (CNTs) [70] can boost the interaction
between the anodic surface and its microbial biofilm and therefore increases the
MFC performance. The promoting effect of CNTs was mainly due to the trans-
formation of the irreversible electrochemical behavior of cell surface cytochromes,
where electrooxidation was inhibited [71]. A new composite by combining CNT
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with polyaniline (PAN) also showed enhanced electronic properties of anode
for MFC applications [72, 73]. Carbon nanotube-textile (CNT-textile) composite
performed biocompatible, highly conductive, and open three-dimensional space for
efficient substrate transport and internal colonization by a diverse microflora and
can increase maximum current density by 157%, maximum power density by 68%,
and energy recovery by 141% compared with the use of the traditional carbon cloth
anode [56]. In yet another study, a nanostructured fibrillar polypyrrole was found
to perform better than granular polypyrrole, due to the fact that more electrons can
be harvested directly from photosynthetic cultures by a higher redox current and a
lower interface electron-transfer resistance [74]. The cost-effective energy generated
from MFCs can also supply the system of photocatalytic oxidation mediated by
TiO2, showing as a synergetic effect on p-nitrophenol degradation [75].

14.2.2.3 Electrode Potential

In the anodic chamber, electrons from substrate oxidation flow from the biofilm
to the anode. Microorganisms can harvest some of the energy from substrate
oxidation for their own survival and reproduction [76]. In view of this, an electrode
potential can produce a selective pressure for bacterial evolution [48, 77, 78].
For example, a strain of G. sulfurreducens obtained under a selective pressure
of anodic potential of �0.2 V can produce current densities five times greater
than the wild-type strain, providing a strategy for the selection of more efficient
strains [78]. Additionally, anode potential also influences the evolution time to
maximal power production, which is related to bacterial growth. However, power
production at different set anode potentials resulted in the same value at the end
of the experimental period [77, 79], indicating that the set anode potential mainly
regulated the activity and growth of bacteria and not power generation. For example,
at different anodic potentials, G. sulfurreducens altered the way they exchanged
electrons with an electrode in response to an applied electrode potential change
[80]. Based on the comparison of biomass evolution at various set potentials and
the quantitative analysis between biomass and possible metabolic energy gain
(defined by anode potential), a proper set potential can promote the growth of
this strain and therefore accelerating MFC activation while lowering its internal
resistance. These positive enhancements can also be observed during steady-state
MFC operations [80]. However, anodic potentials were highly variable on start-up
or current density when different cultures and reactor conditions were used [230].
Therefore, it is problematic to conclude that positive results are related to the higher
or lower potentials due to the various culture conditions, electrode materials, and
bacterial inoculum in the different studies [81, 82]. Much more work is needed
to investigate the effects of various potentials on system performance at various
conditions in order to understand the behavior of microbial communities in different
redox environments for wastewater treatment [230].
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14.2.2.4 pH, Ionic Strength, and Temperature

Equation 14.1 describes electrode potentials as a function of pH at 298 K according
to the Nernst equation [83]. The net change of potential with a pH change thus
follows Eq. 14.2:

E D E0 � 0:0592pH (14.1)

�E D 0:0592�pH (14.2)

Equation 14.2 shows that a decrease of one pH unit can lower the potential
by 0.0592 V. In the case of complex bioanodic processes, the medium pH can
affect multiple surface properties including cell morphology during cell division
in planktonic and biofilm culture, cell surface hydrophobicity, and net surface
electrostatic charge as well as biofilm structure [84, 85]. Considering the various
chemical reactions on the anode and cathode, the oxidation reactions in the anodic
chamber generate protons, and reduction reactions in the cathodic chamber generate
hydroxide ion. There is often a pH imbalance because of the resistance by the PEM
and, thus, can result in potential and power losses. In the case of the air-cathode
system, one-chambered MFC with a Pt catalyst, the higher current generation
was achieved at the optimal initial pH of 8–10, not at lower or higher pH [86].
In another reported air-cathode, one-chambered MFCs without Pt catalyst, S.
cerevisiae exhibited higher power production and substrate degradation at an initial
pH of 6.0 than at pH 5.0 or 7.0, mainly due to higher metabolic activities of
this microorganism at pH 6.0 [42]. Considering the pH imbalance and the effect
of pH, phosphate buffer electrolytes are extensively used to decrease potential
losses and obtain an efficient system performance [7, 15, 30, 52, 59–61, 87].
However, the addition of phosphate buffer is not cost-effective and sustainable
for practical wastewater treatment. Phosphate buffer electrolytes can be replaced
by CO2/carbonate or CO2/bicarbonate buffered catholyte systems which are cost-
effective [88–90]. The pH can be also balanced by flow through the anode to the
cathode or a recycling loop between anode and cathode chambers [91–94].

Temperature also has a significant impact on bacterial activities [7, 52, 65, 66,
95–97], although most studies have been conducted under mesophilic conditions
(e.g., 30ıC). Liu et al. [52] reported that when the temperature was decreased from
32ıC to 20ıC, power output was reduced by only 9% in one-chambered, air-cathode
MFCs. In contrast to the above observation, another air-cathode, one-chambered
MFC acclimated at 30ıC exhibited a linearly increasing power production with
temperature, from 10.6 at 4ıC to 31.5 W/m3 at 30ıC while CEs dropped from 31%
at 4ıC to 17% at 30ıC [96]. Additionally, MFCs initially operated at 15ıC or higher
achieved stable power generations, but the time required to achieve it increased
from 50 h at 30ıC to 210 h at 15ıC whereas MFCs did not produce appreciable
power at starting temperatures below 15ıC [96]. While the effect of temperature
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has been extensively investigated in artificial wastewater [52, 96, 97], it has also
been evaluated in practical wastewater-fueled MFCs [7, 65, 66, 95]. Increasing the
temperature from 20ıC to 30ıC increased power from 4.3 to 5.1 W/m3 while COD
removal rates and CEs decreased only slightly using brewery wastewater as fuel
in single-chambered, air-cathode MFCs run in batch mode (net working volume
28 mL) [7]. Similarly, Ahn and Logan [95] examined the effects of temperature
on power generation with domestic wastewater at 23ıC and 30ıC using batch and
continuous operation modes in one-chambered, air-cathode MFCs. Under the batch
operation mode, a higher power of 10.2 W/m3 was obtained at 30ıC while COD
removal was greater than 88% at both temperatures. Under the continuous operation
mode, a COD removal of 25.8% and a higher power density of 12.8 W/m3 at
an organic loading rate of 54 g COD/L/d were obtained at 30ıC, implying the
importance of not only temperature but also running mode on practical wastewater
treatment efficiency and power generation. In another report [65, 66], both single-
chambered and two-chambered, air-cathode MFCs fueled by barley processing
wastewater from a brewery diluted in domestic wastewater and run in batch mode
exhibited a substantially increased COD removal and power production with an
increase of temperature from 4ıC to 35ıC (net working volume of two-chambered,
200 mL, and one-chambered, 100 mL).

14.2.2.5 Reactor Architecture

Considerable efforts have been devoted to the improvement of reactor architecture in
the pursuit of greater MFC performance [59, 60, 87, 98]. Single- and two-chambered
MFCs are common reactor architectures and have been extensively reviewed by
Du et al. [99]. In comparison with two-chambered MFCs that are separated by a
PEM, a single-chambered MFC (normally using air/O2 as an electron acceptor)
inherently possesses multiple advantages. These include a simple structure, easy
installation, appropriate electrode space, elimination of PEM, and therefore low
cost, convective flow, low internal resistance, higher power generation, and free
electron acceptor with high redox potential [15, 16, 30, 59, 60, 62, 231]. In view of
practical application, scale-up reactor architectures should satisfy the requirement
of large amount wastewater treatment with simultaneous power generation. Four
different one-chambered MFCs with various working volumes ranging from 28 mL
to 1.6 L are shown in Fig. 14.2. The high costs of Pt catalyst and Nafion binders
have limited their use in MFC scale-up. Efforts have been made to reduce costs by
using cathode catalysts such as metal tetramethoxyphenylporphyrin (TMPP) and
metal phthalocyanine, and substite binders such as Nafion/PTFE mixed binders
[101–103]. Practical large-scale MFCs will likely be membrane-less because
membranes are expensive and easily fouled and they exert a large internal resistance.
This will be discussed in Sect. 14.4.
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Fig. 14.2 Single-chambered air-cathode MFCs with different working volumes of 28 mL
(a), 250 mL (b), 1 L (c), and 1.6 L (d) (Reprinted from Cheng and Logan [100] with kind
permission of © Elsevier)

14.2.3 Electron-Transfer Mechanisms

MFCs are capable of directly transforming the chemical energy stored in organic
materials to electricity via electrochemical reactions associated with biofilm bacteria
[104, 105]. These are generated by various microbial consortia, including Gram-
negative and Gram-positive bacteria [106] from many microbially rich sources
such as sewage sludge, activated sludge, and industrial and domestic effluents.
Even the eukaryote S. cerevisiae can perform electron transfer from substrate
fuels to the anode [42]. A pure culture of Shewanella species (typically MR-1) is
frequently used as a model bioanode catalyst due to its multiple electron-transfer
mechanisms including outer membrane-bound cytochromes [51], conductive pili
for direct electron transfer [107], and locally secreted (endogenous) or added
(exogenous) mediators such as riboflavin and quinones [108–111] (Fig. 14.3 and
Table 14.2). By using optically transparent nanoelectrodes and in situ optical
imaging, it had been found that S. oneidensis MR-1 performed electron transfer
mainly by mediated mechanism, based on the measured currents uncorrelated
with the number of bacteria on the electrodes [12, 13]. S. decolorationis NTOU1
analyzed by the combination of electrochemical and instrumental analysis such
as cyclic voltammetry and high performance liquid chromatography also exhibited
similar characters [55].

Members of the Geobacter genus can directly reduce insoluble oxidants includ-
ing minerals and electrodes in the absence of soluble extracellular electron-transfer
mediators. Using cyclic voltammetry, it was defined that the c-type cytochromes Z,
B, S, E (a conductive network of bound electron-transfer mediators) and type IV
pili (surface-dependent electron conduits) of G. sulfurreducens strains in biofilms
possess the capacity for homogeneous (biofilm/bulk solution) electron transfer
and/or heterogeneous (biofilm/electrode interface) electron transfer (Table 14.2)
[123]. Recently, Pd (0) nanoparticles biologically transformed from Pd(II) cations
by sulfate-reducing bacterium Desulfovibrio desulfuricans and bound to the cell
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Fig. 14.3 Schematic of electron-transfer mechanisms at the anode via membrane-bound
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membranes were illustrated to facilitate direct electron transfer from D. desulfu-
ricans to the anode [114]. These results provided the first direct electrochemical
evidence for the role of bound electron-transfer mediators as well as bio-derived
metal nanoparticles bound to the cell membrane in anode-reducing microorganisms
and, therefore, are useful to advance strategies to increase the power density of
MFCs.

Except for the electron-transfer mechanisms of outer membrane-bound cy-
tochromes and secreted or exogenously added redox mediators frequently re-
ported in the literature, the bacterial nanowire electron-transfer mechanism is not
thoroughly investigated, except those involving limited observations using scan-
ning/transmission electron microscope. Some studies indicated that the formation of
microbial pilus nanowires on anodes was required for maximum power production
[117], which is associated with enhanced current production in both pure and
mixed culture reactors (Table 14.2) [78, 120]. However, in comparison with the
model wild-type strain of G. sulfurreducens, pilA-deficient G. sulfurreducens MA
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Table 14.2 Anodic electron transfer mechanisms and methods for debottlenecking

Mechanism category Molecules or structures Comments

Direct electron
transfer (DET)

c-type cytochromes and
heme proteins [76]

Only monolayer sessile cells donate
electrons to the anode because cells
are poor electron conductors

Shewanella spp. not only have outer
membrane cytochromes for direct
electron transfer by contact but also
extrude electrically conductive
nanowires as well as produce flavins
as electron shuttles [107, 111–113]

Pili (nanowires) The microbial palladium nanoparticles
facilitate the direct electron transfer
between Desulfovibrio desulfuricans
and the anode [114]

Sessile cells can be linked together in a
network by pili. Multiple layers of
sessile cells may be able to denote
electrons [115]

Shewanella oneidensis [107], Geobacter
sulfurreducens and pilA-deficient G.
sulfurreducens MA [78, 116–120].
The pilT mutant [121] has more pili to
conduct electrons

Genetically engineered superbugs with
hyperpiliation will be a major
breakthrough to alleviate the
electron-transfer bottleneck

Mediated electron
transfer (MET)

Exogenous mediators:
neutral red, thionin, and
methyl viologen [99]

Cytotoxicity, cost, and disposal problems

Endogenous mediators:
pyocyanin, 2-amino-
3-carboxy-1,4-
naphthoquinone,
riboflavin, flavins,
pyocyanin, ACNQ
[108–111, 122]

Synergistic microbes secrete them to
benefit the entire biofilm community.
Genetically engineered superbugs will
secrete them at sufficiently large local
concentrations

exhibited abundant filaments similar to type IV pili in transmission electron micro-
graphs (Table 14.2). This observation indicated that different microbes can produce
filaments that appear similar but have a different function(s) [116]. While PilR,
an enhancer binding protein, has been recently illustrated to regulate production
and assembly of pili and flagella in G. sulfurreducens [124], direct experimental
evidences of electron transfer along the line of bacterial nanowires were recently
obtained by using two techniques: (1) a nanofabricated electrode patterned on top
of an individual nanowire and (2) using a conductive atomic force microscopy
(AFM) tip with a dissimilatory model metal-reducing bacterium of S. oneidensis
MR-1 touching various points along a nanowire linked to a metallic electrode [125].
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Fig. 14.4 Schematic diagram
of a 24-well microbial fuel
cell (MFC) array as shown in
Hou et al. [126]. Composed
of an anode layer (1 anode
electrode layer, 2 anode well
layer), a proton exchange
membrane (3 PEM), and a
cathode layer (4 cathode well
layer, 5 cathode electrode
layer)

In MFCs, electron transfer from bacteria to the anode is often a rate-limiting step
in current production. Additional work is needed to investigate the composition of
these putative nanowires and their roles in bioanode systems.

14.2.4 Use of “Superbugs” to Resolve Electron-Transfer
Bottlenecks

Since the early 1970s, the advent of true cloning techniques, mutagenesis via
chemical, transposon, allelic exchange, etc., genome sequencing, and polymerase
chain reaction technology have allowed the burgeoning of publications regarding
important information about a myriad of microbiological processes, metabolic
prowess, competitive tendencies, and overall fitness. However, only until the last
3–4 years has the MFC field gained significant ground to realize the potentially
remarkable impact of genetic tools to generate bacteria with significantly greater
electrogenic properties as well as the production of biogases and useful by-products
of wastewater metabolism.

The major limitations thus far in the generation of “superbugs” is the current
“love affair” of many MFC scientists with the known electrogenic organisms such
as Geobacter and Shewanella species. For example, if one plugs in the words
“Shewanella,” “Geobacter,” and “microbial fuel cell” into the academic search
engine PUBMED, there are 97 hits as of March 2011. Thus, despite the fairly large
number of known electrogenic bacteria, the majority of studies involve studies on
MFCs powered by these organisms. A recent paper by Hou et al. [126] showed
elegantly in a high throughput, 24-well format (Fig. 14.4) that the overall power
densities of the top electrogenic bacteria varied only modestly (˙10%). Although
not at all to be considered a major negative, the metabolic properties of Shewanella
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and Geobacter species certainly pale with known, highly competitive soil-dwelling
organisms such as species of the genera Actinomyces, Bacillus, Burkholderia, and
Pseudomonas. Many of the organisms with high electrogenic properties include
members of the genera Bacillus, Enterobacter, Arthrobacter, Stenotrophomonas,
Aeromonas, Shewanella, Paenibacillus, and Pseudomonas.

14.2.4.1 The Future: How We Would Create “Superbug” Electrogenic
Bacteria

First thing’s first: enhance the biofilm forming capacity of electrogenic bacteria.
Bacteria in the laboratory are typically grown in rich or minimal media and grow
as what are commonly referred to as planktonic or free-swimming organisms.
However, because electrons cannot “swim” in an aqueous solution, for optimal
MFC power generation, it would behoove scientists to optimize bacterial structures
on the anodic surface where organisms can develop as highly differentiated,
three-dimensional structures known as biofilms, a monumental global problem.
Biofilms have been studied for more than three decades when the term “biofilm”
was actually coined by the “father” of biofilm research, Bill Costerton of the
University of Southern California in 1978. There are at least five known stages of
biofilm development. These include (1) the initial attachment phase, (2) irreversible
attachment, (3) maturation stage I, (4) maturation stage II, and finally (5) dispersion.
A number of genes of the soil-dwelling opportunistic pathogen Pseudomonas
aeruginosa (PA) are involved in biofilm formation and other features involved in
the process of biofilm development, some of which are listed in Table 14.3. Shown
in Fig. 14.5 is a cartoon of the types of biofilms that would be optimized with
strategically engineered genetic manipulations described in detail below.

14.2.4.2 Mutations to Enhance Electrogenesis in MFCs

Mutations that we would generate using hypothesis-driven science to enhance
electrogenesis in MFCs using the metabolically voracious and genetically tractable
facultative bacterium, P. aeruginosa:

1. Increase the number of type IV pili on the cell surface. In the following
sections, we will use the paradigm of a metabolically robust, biofilm-forming,
mediator-generating bacterium, P. aeruginosa, to suggest potential genes that
could influence the overall electrogenic properties in an MFC system. Another
means by which bacteria can enhance the conductivity of metabolically generated
electrons via normal metabolism is via the synthesis of tiny, hollow, and
retractable surface appendages termed type 4 pili that emanate from the surface
of many bacteria. Relating to the overall efficiency of MFCs, both Shewanella
and Geobacter species have been shown to conduct an electrical current, in
part, through their pili [117, 141]. Both of these bacteria possess 3-start helical
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Table 14.3 Pseudomonas aeruginosa genes known to be involved in biofilm formation,
maturation or structure (part of this table from Hassett et al. [127])

Gene PA# Function Biofilm phenotype References

bdlA 1423 Putative chemotaxis
regulator

Inability to disperse [128]

crc 5332 Catabolite repressor control
protein

Dispersed monolayer [129]

cupA1–5 Cup fimbriae Early stages of biofilm
formation

[130]

fimL Twitching motility Abnormal biofilm
development

[131]

fimX 4959 Diguanylate cyclase
GGDEF domain

Poor biofilm formation [132]

fliC 1092 Flagellin type B Little or no biofilm [133]
lasI 1432 Autoinducer synthase Flat, undifferentiated [134]
morA 4601 Motility regulator Poor biofilm formation [135]
PA0169 0169 Diguanylate cyclase

GGDEF domain
Poor biofilm formation [132]

PA5487 5487 Diguanylate cyclase
GGDEF domain

Poor biofilm formation [132]

pilA 4525 Type IV pilin Little or no biofilm [133]
phoQ 1180 Two-component senor Poor biofilm formation [136]
pslAB 2231–2 Exopolysaccharide

synthesis
Adherence defects [137, 138]

sadB 5346 Biofilm
formation/swarming

Reversible/irreversible
attachment

[139]

tpbB 1120 Diguanylate cyclase
GGDEF domain

Poor biofilm formation [140]

assemblages of tiny, type 4 pili that have high homology with the N-terminal
region of the classical type 4 pili of P. aeruginosa. Pili can bind directly with a
myriad of inanimate or animate surfaces. Once bound, they can undergo a form
of organized movement known as twitching motility (TM). The end of the pilus
is very much akin to a grappling hook that binds to a surface allowing for TM to
take place, release of the pilus, and repetition of this cycle. Chiang and Burrows
[121] have noted a lack of twitching motility and hyperpiliation of pilT mutant
bacteria. They also noted that the formation of a robust biofilm is promoted
by attachment and cell-to-cell adhesion rather than twitching motility. Thus,
reducing twitching motility not only enhances the formation of P. aeruginosa
biofilms but also will likely increase the power density of MFCs.

2. Prevent dispersion of PA biofilms. To date, it is now well recognized that the
last stage of biofilm development and maturation is that involving a chemotactic
response by viable cells within the biofilm. This process is called biofilm
dispersion, involving a physical dispersal of bacteria from the biofilm matrix.
Biofilm dispersion is now a field of intense interest of late due to the rapidly
identification of emerging dispersion-related gene products that could one day
become viable drug targets against this important organism. Many genetic
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Fig. 14.5 Schematic diagram of bacterial structure, biofilm formation characteristics, and dis-
persion properties of P. aeruginosa strains with single or multiple genetic mutations to optimize
electrogenic properties in an MFC

determinants involved in biofilm dispersal have been identified by S. Lory and
colleagues at Harvard [132]. These involve a physiological process involving
intracellular signaling via levels of bis-(30-50)-cyclic dimeric GMP (c-di-GMP)
mediated by diguanylate cyclases (DGCs) and phosphodiesterases (PDEs).

However, in an MFC, it is advantageous to maintain bacteria in biofilms
present on the anode surface, thus preventing dispersion, to ensure maximal
electron transfer to anode and hence the current density. In contrast, bacteria that
disperse from biofilms would decrease the level of electron transfer. Therefore,
it is advantageous to utilize bacteria that have a limited ability to disperse from
biofilms. This apparent limitation can be created by constructing genetic mutants
lacking proteins responsible for chemotaxis. A P. aeruginosa gene known as
bdlA (biofilm dispersion locus) was found by Morgan et al. [128] to be required
for bacterial dispersion from biofilms. Thus, bacteria lacking bdlA causes a
disruption of a cellular circuit that paralyzes the ability of attached bacteria to
detach, thus maximizing sessile cell density on the anode.

3. Limit production of nutrient-restrictive biofilm matrix. Overproduction of the
thick matrix of biofilms that is composed mostly of polysaccharide, protein, lipid,
and DNA/RNA could arguably significantly impact the overall performance of
an MFC. A less dense exopolymeric matrix surrounding a robust biofilm on an
anode surface would have a reduced mass transfer resistance for the nutrients
in the bulk fluid to reach the cells on the anode surface. Davies et al. [134]
showed that lasI mutants of PA form thinner, more compact biofilms than the
parental strain. Yet the cell density attached to the glass surface is very high,
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Fig. 14.6 Scanning electron micrographs of P. aeruginosa PA14 colonies. (a) PA14 wild type.
(b)pelA. Colonies were grown for 7 days at room temperature on 1% agar with 10 g L�1 tryptone
plus 0.2% glycerol. Matrix material appears to surround the wild-type cells in (a) and is absent
from the pelA mutant sample (Reprinted from Friedman and Kolter [142] with kind permission of
© John Wiley and Sons)

thereby adding additional surface attachment properties. These organisms also
display decreased polysaccharide production in the biofilm matrix. Another
positive of the lasI mutants is that they overproduce the redox-active antibiotic
pyocyanin (PCN, discussed below), which has been shown to be mediator of
electron transfer in previous MFC studies using P. aeruginosa [122]. Other
genes known as pel (for pellicle) and psl (polysaccharide locus) also affect
polysaccharide formation in biofilms. Specifically, Friedman and Kolter [142]
were able to show that a pelA mutant of P. aeruginosa PA14 lacked the matrix
that typically encases biofilm bacteria as shown in Fig. 14.6. Therefore, such
mutations could also enhance MFC performance.

4. Inhibit anaerobic respiration. PA can undergo an alternative form of respiratory
metabolism in the absence of oxygen (Fig. 14.7 for aerobic vs. anaerobic
respiration scheme) known as anaerobic respiration or denitrification. NO3

�
reductase (NAR) is the first step in the eight-electron reduction of NO3

� to
N2. The enzyme is located on the cytoplasmic side of the inner membrane. The
rationale behind genetic inactivation of narG is that the electrons generated from
oxidation of carbon molecules at the MFC anode will be directed solely to the
anode and not diverted to the task of dissimilatory NO3

� reduction even if NO3
�

is present in the wastewaters. In contrast, NO2
� reductase (NIR) is the second

step in the overall process of NO3
� reduction to nitrogen gas during anaerobic

respiration. NIR catalyzes both the one-electron reduction of NO2
� to NO but

also the four-electron reduction of O2 to 2H2O. Therefore, nirS would also be
inactivated to ensure that electron flow is maximized through the pili and not
through anaerobic NO3

� reduction. Inactivation of the nirS gene will also ensure
that the greenhouse gas, nitrous oxide (N2O), is not produced.
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Fig. 14.7 Aerobic (top) vs. anaerobic (bottom) respiration in PA (a schematic diagram)

5. Maximize production and secretion of electrogenic mediators. P. aeruginosa
lacking the stationary phase sigma factor RpoS overproduces the blue phenazine
antibiotic PCN [143]. Rabaey and colleagues [122] have previously shown that
the secreted redox-active mediator pyocyanin from P. aeruginosa was essential
for optimal electrogenesis in an MFC. In addition, a mutant lacking PhzS
overproduced aeruginosins A/B, collectively also referred to as pyorubrin (PR), a
deep red pigment. This mutant was found to provide significant power generation
even without added PCN [122, 144].

Thus, because biofilm formation on inanimate surfaces are not entirely
homogenous, areas upon which cells have died or sloughed off such surfaces
could still provide surface area for reduced mediators such as PCN/PR in the
suspensions to fill the electron reduction void left by the uncolonized anodic
bacteria.

6. Control rate of cell division. All bacteria reproduce by binary fission and the
replication rate of P. aeruginosa in rich medium is typically less than 30 min
at 37ıC. Thus, it is critical to be able to tightly control the cell division rate of
these organisms at the anodic surface to prevent potential unanticipated problems
associated with biofilm matrix accumulation, clogging of the MFC or premature
cell death of the bacteria. Thus, yet another genetic modification could be made
through the stringent control of ftsZ, a gene encoding a protein responsible for
cell division. We fully realize that construction of an isogenic ftsZ mutant is
not possible because it is an essential gene [145]. However, the precise control
of the production of FtsZ can be achieved by placing the ftsZ gene under tight
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genetic control using promoter systems that are inducible by low concentrations
of non-metabolizable substrates such as the simple plant sugar, arabinose, and
ultimately placing the entire construct in the nonessential attB site on the PA
chromosome [146] copy with 1% arabinose [147].

7. Increase the rate of substrate oxidation. Uncouplers are compounds that when
administered to bacteria or mitochondria separate the normally coupled pro-
cesses of oxidation and phosphorylation, thereby dissipating the proton gradient
from the periplasmic space to the cytoplasm. Thus, bacteria treated with the
classical uncoupler, dinitrophenol, will have an equal concentration of protons
in both the periplasmic space and cytoplasm. By dissipating the proton gradient,
the rate of substrate oxidation and hence electron flow to the anode will likely
increase substantially. However, we do not propose the use of a chemical
uncoupler. Rather, we propose using eukaryotic uncoupling proteins. These
could include thermogenin, UCXP-1, UCP-2, or UCP-3 under an inducible (e.g.,
tet/arabinose) system into an ectopic nonessential site on the chromosome. Were
these uncouplers to be expressed in PA or other bacteria, the rate of substrate
oxidation would likely increase dramatically and enhance the power density
of MFCs.

14.3 Biocathode MFCs for Wastes and Wastewater
Treatment

14.3.1 Chemical Cathode

In comparison with the extensive investigations on the overall behavior of the MFC
anode in the context of MFC performance, events occurring at the cathode have only
recently attracted attention. In lab investigations, ferricyanide is a typical electron
acceptor used in chemical cathode MFCs due to its small overpotential loss. The
highest power produced from an MFC using a potassium ferricyanide cathode
reached 450 W/m3 [148]. However, using ferricyanide is not feasible in practical
applications due to its cost and toxicity. Alternatively, some oxidants like Mn(VII),
Cr(VI), V(V), Cu(II), and U(VI) widely present in some wastes and wastewater have
been used as electron acceptors in MFCs due to their comparatively high redox
potentials [149–154] (Table 14.4). In comparison with hexacyanoferrate, using
Mn(VII) increased power production 4.5-fold [153], while using Cr(VI) produced
a power of 2.2 W/m3 at a Cr(VI) removal rate of 0.67 mg/L/h [152]. At the same
time, the real electroplating wastewater had been tested as an oxidant in MFCs.
A maximum power density of 16 W/m3 with a Cr(VI) removal rate of 8.1 mg/L/h
had been achieved with a Cr(VI) wastewater stream containing 204 mg/L Cr(VI)
[149]. Using graphite cathode coated with rutile achieved a Cr(VI) reduction rate
of 0.97 mg/L/h with light irradiation in comparison with 0.77 mg/L/h without light
irradiation [150].
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Recently, Pandit and coworkers [162] studied four types of electron acceptors
in a chemical cathode MFC and found that potassium persulfate was the most
suitable electron acceptor due to its higher open circuit potential and a longer period
of sustained voltage output although permanganate showed the highest power.
Copper ions, often present in the mining and metallurgical industries, can be used
as an oxidant at the cathode in MFCs for electricity production and recovery of
metallic copper at the cathode [151]. Introducing oxygen in the system increased
the maximum power density of MFC from 1.2 to 2.2 W/m3 but decreased the
copper recovery from 84% (anaerobic) to 43% (aerobic). This metallurgical MFC
technology provides a potential strategy for metal recovery with simultaneous
wastewater treatment [151]. Besides some oxidative heavy metals, some oxidative
organics like chlorophenol, azo dyes of Acid Orange 7, nitrobenzene, nitrophenol,
and iopromide can also be used as oxidants for reduction at the abiotic cathode
[156, 157, 159, 160, 163] (Table 14.4). p-Chlorophenol can be degraded at a rate of
1.33 mg/L/h with simultaneous electricity generation of 0.124 W/m3 [160] while
with the presence of scrap iron, a higher degradation rate of 11.5 mg/L/h for
p-nitrophenol and an electricity generation of 0.56 W/m3 were achieved with an
abiotic cathode [163]. Combined with the oxidative conditions in the anode and
reductive environment in cathode, employing sulfide as an electron donor in the
anode chamber and V(V) as an electron acceptor in cathode chamber can achieve
sulfide oxidation at anode and V(V) reduction at cathode simultaneously [24, 154].
This abiotic-cathode MFC provided a proof-of-concept strategy for treating two
kinds of wastewater streams at the same time. The efficiency of this system was
influenced by the solution pH, catholyte concentrations, dissolved oxygen, and
operation modes (Table 14.4) [154, 156, 157, 159].

With respect to the types of electron acceptors, oxygen is regarded as a better
choice as its advantages such as sustainability, free availability, and high redox
potential. However, the overpotential of interfacing electro-catalyzed reactions of
oxygen at the cathode is high in the neutral pH medium in MFCs, resulting in
low power generation and requirement of precious metals such as platinum as
catalysts [164]. Platinum is an effective cathode catalyst, but it is prohibitively
expensive. Additionally, polymer coatings and binders are also used to prepare
efficient air-cathode MFCs [165]. Some more inexpensive metal materials such as
pyrolysed iron(II), phthalocyanine, and cobalt tetramethoxyphenylporphyrin have
been touted as alternative catalysts for oxygen reduction at air cathodes [102, 166].
Recently, manganese-based catalysts prepared by a chemical precipitation method
or an electrochemical deposition method provided a cost-effective material for
oxygen reduction in MFCs although its performance was not as good as that of Pt
[35, 167]. Besides catalysts, electrode-based materials such as carbon also affect the
performance of the electrode in the presence of heteroatoms (O, H, S, N) bonded on
the surface of carbon particles. For example, carbon cloth cathode and anode both
modified with carbon nanotubes improved the system performance [70].

Electrodes using carbon powder (Vulcan XC-72R) as catalyst support material
showed varied performances in oxygen reduction if treated with 5% nitric acid, or
0.2N phosphoric acid, or 0.2N potassium hydroxide, or 10% H2O2. HNO3-treated
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Vulcan carbon-supported Pt catalyst demonstrated a higher current density of
1,115 mA/m2 than the untreated carbon-supported Pt catalyst [168]. In contrast
to using O2 as the electron acceptor, photo-generated electrons at semiconductor
conduction band can reduce protons in the catholyte, while the holes in valence
band recombine with the biological electrons generated at the anode, providing the
possibility of solar energy for MFCs [169]. By employing a p-type Cu2O nanowire-
arrayed photocathode and S. oneidensis MR-1, Qian et al. [169] successfully
established a solar-driven, self-biased microbial photoelectrochemical cell in uti-
lizing solar energy for microbial electricity generation, opening new opportunities
for microbial/nanoelectronic hybrid devices with possible applications in energy
conversion, environmental protection, and biomedical research. However, using a
surface-based biofilm is not competitive compared with a volume-based suspension
algal culture in the utilization of solar energy. Furthermore, solid-state photovoltaic
devices are more practical.

14.3.2 Aerobic Biocathodes

MFCs used for practical applications must be inexpensive and sustainable. Using
bacteria instead of the precious metal Pt or added ferricyanide as cathode catalysts,
MFCs with biofilm-catalyzed biocathodes could satisfy these demands and enhance
the economic viability and environmental sustainability of MFC systems. In this
form of MFCs, both the anodic and the cathodic reactions are catalyzed by microbes
growing as biofilms, are known as full biological MFCs. The biocathode can be
both aerobic and anaerobic depending on the oxidant involved. Aerobic biocathodes
using oxygen or ambient air as a terminal electron acceptor have been extensively
studied [170–172]. Recently, an aerobic biocathode was used successfully to decol-
orize the liquid of azo, dyes and it completely degraded them with simultaneous
improved electricity generation, illustrating its potential application of MFCs for
recalcitrant wastewater treatment and waste remediation [173].

At an aerobic biocathode, oxygen reduction could be catalyzed directly by
microorganisms or indirectly via mediators such as manganese and Fe2C/Fe3C.
However, electron transfer at the biocathode was not likely carried out through pilus
nanowires. More research on the electron-transfer mechanism is still needed. In
addition, a quantitative link between the accepted electrons by microorganisms and
the subsequent oxygen reduction has not yet been fully appreciated because the
bacteria inside can reduce oxygen in diverse pathways [174]. Parameters including
cathode potential, mass transfer, and electrode materials were also illustrated to
limit the system performance significantly [175, 232]. System optimization based
on these factors is therefore necessary for an efficient aerobic biocathode.

Biocathode research has attracted much attention in the past couple years.
However, the implementation of biocathodes still face several challenges such as
the requirement of dissolved oxygen and the transfer of oxygen from the cathode to
the anode chamber if an aerobic biofilm is used on the cathode and the buildup
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Fig. 14.8 Configuration of interdependent photosynthetic microbial fuel cells (Redrawn after
original drawing of Malik et al. [180]). A anodic bacteria, B cathodic bacteria, C anaerobically
bacterial dissimilation, D Aerobically bacterial dissimilation, E photosynthetic organisms)

of a pH gradient between anodic and cathodic chambers that adversely affects
system performance [176]. A sufficiently low air supply to the cathodic chamber
can prevent oxygen transfer to the anode to some extent [177]. Repeated inversion
of the anode and cathode or changing the anode and cathode alternatively is an
effective way to decrease the oxygen transfer [91]. Considering the requirement
of relatively small quantities of dissolved oxygen to sediment MFCs, aerobic
biocathodes may be better applied for sediment MFCs [178, 179]. Using sunlight
and an MFC, long-term electricity generation from sunlight without replenishment
of the MFCs reactants was possible because that the reactants of an MFC (organic
matters and oxygen) were internally regenerated by a photosynthetic microbial
consortium whose reactants (carbon dioxide and water) were the products of the
MFCs (Fig. 14.8) [180, 181]. Much work is still needed to increase the rate of mass
transport at the anode, provide effective microorganisms for high glucose yield,
and optimize the design of MFCs with high current densities [180]. When MFCs
use sunlight as the energy input for the sole purpose of generating electricity, they
have to compete directly with photovoltaic technology that is cheaper and far more
advanced. Thus, MFCs powered by sunlight will more likely remain as an academic
curiosity or, at best, a tool to study bioelectrochemistry in MFCs.
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Yet another creation used the interaction between mixed heterotrophic bacteria
in sediments with plants such as reed manna grass (Glyceria maxima) [182] and
rice plants [183, 184] formed a new type of MFC, sediment-type photoMFCs
[182], providing a direct correlation between photosynthetic activity and power
production. In this form of an MFC, the plants’ photosynthetic process produces
rhizodeposits as fuel source in MFCs for electricity generation.

14.3.3 Anaerobic Biocathodes

Because of the limitations of aerobic biocathodes for reductive removal of con-
taminants in wastewater, researchers quickly turned to anaerobic biocathodes.
Contaminants removed at the anaerobic biocathode include nitrate, sulfate, CO2,
Cr(VI), Mn(IV), U(VI), fumarate, perchlorate, trichloroethene, tetrachloroethene,
2-chlorophenol [172, 176, 185–193, 227, 233–236], and CO2 [188]. Nitrate has
been extensively studied because the standard reduction potential of the NO3

�/N2

couple is relatively high (E00 D C0.74 V), and nitrate is a common pollutant in
agricultural runoffs. Biological nitrate reduction was initially demonstrated by
removing electrons from the cathode using a potentiostat-poised half cell [190, 194].
Clauwaert and coworkers [170] succeeded in nitrate removal from catholyte in a
completely biological MFC. Optimizing solution chemistry and using a flow loop
operation can improve the efficiency of nitrate reduction [94, 195, 196], in which
the operational conditions affected bacterial metabolism and biofilm robustness, but
not the phylogenetic affiliation of dominant bacteria [197].

Most people shy away from sulfate reduction in wastewaters by biocathodes,
because it has a negative standard potential and more importantly it generates
hydrogen sulfide gas that is toxic and has a strong repugnant odor at even very
low concentrations. However, sulfate is a major pollutant in agricultural runoffs.
New heterogeneous catalysts are being developed to remove or catalytically convert
hydrogen sulfide to product(s) with no odor. It is claimed (http://www.swapsol.com)
that the Stenger-Wasas process reacts hydrogen sulfide gas with carbon dioxide gas
on a solid heterogeneous catalyst in an exothermic and kinetically favorable (at
or below 25ıC to 150ıC and above, 15–700 psia) reaction that reduces hydrogen
sulfate to below 4 ppb in a single pass.

Most perchlorate manufactured in the USA is intended for use as an ingredient
in solid fuel for missiles and rockets. However, it is now routinely detected in
municipal water supplies. Using 2,6-anthraquinone disulfonate as a mediator, per-
chlorate was indirectly reduced by Dechloromonas agitata strain CKB and Azospira
suillum strain PS [235]. H2 utilization by conventional perchlorate-reducing bacteria
probably occurred with the applied potential of �0.3 V (vs. standard hydrogen
electrode, SHE) in this system. The perchlorate-reducing bacteria in a denitrifying
biocathode successfully reduced perchlorate without exogenous electron shuttle
supplementation [192]. The perchlorate-reducing biocathode was mainly composed
of putative denitrifying betaproteobacteria that was totally different from the

http://www.swapsol.com
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community of a purely denitrifying biocathode that is primarily composed of
putative iron-oxidizing genera [187]. This successful development of a perchlorate-
reducing microbial community in a MFC biocathode supplied with nitrate and
perchlorate makes this technology potentially suitable for treating water supplies,
superfund sites, or industrial wastewaters with co-contaminants of perchlorate and
nitrate [187].

Inoculating with a mixture of denitrifying and anaerobic bacteria in a biocathode
MFCs was successfully used to reduce Cr(VI) [233] in lab tests. Therefore, the
diverse microbial consortia in wastewater are able to adaptively evolve for the
degradation of various contaminants in fed streams of MFCs [78, 174]. Besides
metal contaminants, chlorinated compounds like trichloroethene, tetrachloroethene,
and 2-chlorophenol were successfully reduced at biocathodes [185, 193, 198].
A pure culture of Anaeromyxobacter dehalogenans, previously dechlorinating 2-
chlorophenol in conventional biological process [199], performed not only direct
electron transfer at the anode using acetate as an electron donor but also directly
accepted electrons from a cathodic electrode with simultaneous reduction of 2-
chlorophenol at a set biocathode potential of �300 mV (vs. SHE). This process
provided a potential strategy for efficient treatment of a variety of contaminants
with microbe-electrode interactions [193]. The reactor architecture and electrode
surface area had substantial effects on the performance of this MFC system.

Two-chambered and H-type architectures with graphite plate cathode and anode
were often used for MFCs with anaerobic biocathodes [233] (Fig. 14.9a). Huang
et al. [175] reported that using graphite granules that have a high surface area can
improve Cr(VI) reduction rate and power generation [175] (Fig. 14.9a). An efficient
tubular MFC coupled with proper ratio of cathode surface area to anode surface
area further improved performance of biocathode MFC with Cr(VI) as a terminal
electron acceptor [200] (Fig. 14.9b). An increase in the cathode surface roughness
of the stainless steel cathode electrode colonized by G. sulfurreducens led to an
increase in current by a factor of 1.6 when fumarate was oxidized because the overall
current density increased with an increase in biofilm coverage [201].

In the case of CO2 reduction, a light-dependent biocathode can perform bicarbon-
ate reduction, providing a potential method for carbon dioxide sequestration [188].
With an external potential of less than �0.7 V (vs. Ag/AgCl), carbon dioxide can be
reduced to methane by hydrogenophilic methanogenesis at the biocathode via direct
extracellular electron-transfer mechanisms. This indicates that methane can be
produced by a biocathode in an MFC as a fuel or a value-added product [202, 203].
CO2 discharged from the anode can be directly utilized by the algae Chlorella
vulgaris at the cathode, increasing a maximum power from 4.1 to 5.6 W/m3.
This process demonstrated a potentially effective technology for CO2 emission
reduction with simultaneous voltage output without aeration [204]. Alternatively,
C. vulgaris can accept electrons from the cathode via the mediator methylene blue
to simultaneously remove CO2 from the atmosphere [237]. The drawback of using
MFCs for CO2 removal is that a surface-based technology rather than a volume-
based technology is used in the case of an algal suspension. However, the latter
does not produce electricity in the removal process.
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Fig. 14.9 Two-chambered anaerobic biocathode MFCs: H-type reactor with graphite plate
cathode or graphite granule cathode (a) and tubular-type reactor with graphite fiber/graphite
felt/graphite granule cathode (b) (Reprinted from Wang et al. [152] with kind permission of
© Springer and Huang et al. [200] with kind permission of © Elsevier)
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Fig. 14.10 Electron-transfer mechanisms at a chemical cathode (a) and a biocathode (b) MFCs

14.3.4 Electron-Transfer Mechanisms for Cathodes

MFCs can be classified as either chemical cathode or biocathode MFCs based
on the catalysts used at the cathode. Chemical cathode MFCs use chemical
catalysts on the cathode and biocathode MFCs use biofilm bacteria for catalysis
on the cathode. Accordingly, electrons from a chemical cathode are transferred to
electron acceptors directly or indirectly via the mediation of external added electron
mediators with chemical catalysts (Fig. 14.10a). In contrast to chemical cathodes,
biocathodes transfer electrons from the cathode substratum to the microorganisms
directly or indirectly via mediators. But the mechanism for the subsequent electron
transfer from microorganisms to final electron acceptors is still unclear ([174],
Fig. 14.10b). In comparison with bioanodes, in which electrons are transferred
directly or indirectly via mediators or pilus nanowires, the precise mechanism
underlying the exceptional electron transfer of pili in biocathodes has not yet
reported. S. putrefaciens can donate electrons to an anode via the extracellular
electron transfer with the help of secreted flavins, menaquinone-related redox
mediators, and outer membrane cytochromes [112, 205, 238, 239]. The organism
can also carry out electron transfer in microbially cathodic oxygen reduction via
an outer membrane-bound redox compound released into the surrounding medium
[206]. The mechanism of electron transfer at a biocathode with G. sulfurreducens
is different from that at a bioanode with the same bacteria [207, 240]. However,
electron-transfer mechanisms between the electrode and S. putrefaciens are not fully
understood. It remains unclear whether the electron-transfer mechanism from the
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cathode to this bacterium is similar to that at the anode. Finally, electron transfer in
biocathodes can be revealed by investigating purified proteins that transfer electrons
between the outer cell surface and the electrodes [123, 241, 242].

14.3.5 Outlook

While biocathodes have attracted much attention during the past few years, there
are still many technological hurdles before their practical application: (1) System-
atically studying the effects of parameters such as electrode potential, electrode
materials, solution chemistry, mixed/pure cultures, biofilm thickness, pH, tem-
perature, and reactor architecture on the performance of biocathodes is required.
Additionally, investigation of the biocathode cost, duration, selectivity, stability,
and the compatibility with operational conditions is essential for efficient waste
and wastewater treatment. (2) Much work is needed to overcome the loss of
organic matter in the anode chamber caused by leakage through the membrane
from the anode to the cathode and on reducing pH gradients caused by transport
of specific ions with higher concentrations instead of protons through membrane
resulting in acidification at the anode and alkaline production at the cathode,
especially when two different waste streams are treated at the anode and cathode
separately [208]. Using a loop to exchange anolyte and catholyte can balance
pH gradients and make the biocathodes operationally sustainable [94, 170, 243].
Another approach is to create a bioelectrode that can perform anodic and ca-
thodic reactions alternately without the transport of protons through the membrane
[91, 93]. Further investigations are needed.

14.4 Reactor Design Rationale for Practical
Wastewater Treatment

In real-world wastewater treatment, there are several major concerns over the use
of membranes. Membranes are a major cost factor in MFC construction. Their
easy fouling makes MFC operational sustainability unlikely attainable. In an ideal
MFC operation, electrons flow from anode to cathode through an external circuit,
and internally, protons flow from the anode to the cathode in an unimpeded
fashion. If convective flow is permitted for a wastewater stream from anode to
the cathode, the internal resistance will be greatly minimized. However, this is not
possible with a membrane in place. Membrane-less MFCs have been proposed by
several researchers for wastewater treatment. Figure 14.11 shows an upward flow
membrane-less MFC for wastewater treatment using an air cathode. In this kind of
design, upward flow helps oxygen bubbles to move upward to prevent back diffusion
of oxygen into the anode region at a cost of energy input for pumping the flow.
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Fig. 14.11 An upflow
membrane-less MFC with an
air cathode. The black dots
indicate sampling locations
(Reprinted from Jang et al.
[209] with kind permission
of © Elsevier)

Fig. 14.12 A membrane-less MFC with dual anodes and a supplemental oxidant stream

Figure 14.12 is a simplistic membrane-less MFC reactor proposed for wastewater
treatment. This kind of configuration is low cost and low maintenance. Two different
anodes with different biofilm consortia are used: one for digesting simpler molecules
such as volatile fatty acids and small sugar molecules and the other for digesting
complicated biomass such as lignocellulosic wastes. The electrode materials should
be inexpensive and have large surface areas such as graphite granules. Instead of
using oxygen, a supplemental feed stream containing a dissolved oxidant such as
nitrate can be used. Nitrate is readily available from agricultural runoffs. Coulombic
efficiency can be greatly improved if the amount of organic carbons reaching the
cathode is small or the cathode biofilm is impaired in utilizing them. Oxidant
contamination of the anode area can be reduced if the wastewater’s bulk-flow rate
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is sufficiently high. The flow direction in such a reactor can be horizontal or even
downward to minimize or eliminate energy input in fluid handling as long as oxidant
backflow is in check. A small amount of organic carbon reaching the cathode will
reduce the CEs slightly, but it is actually beneficial for the cathode biofilm to
rejuvenate itself. The electrodes in Fig. 14.12 are modularized for quick replacement
and offline biofilm resetting in order to reduce maintenance costs.

A fast axial flow rate in the simplistic design in Fig. 14.12 is only possible by
using highly efficient biofilms. Such biofilms will likely come from the new research
efforts on “superbugs” that can efficiently digest a large array of organic carbons
in wastewaters much more quickly than existing biofilm bacteria. Genetically
engineered superbugs will likely be constructed before wild-type superbugs or
biofilm consortia containing superbugs are found.

14.5 Value-Added Products from MXCs

Based on a life-cycle assessment [210], environmental impact is a key driver for
the development of MFC technology. Application of MFC in wastes treatment and
remediation of contaminated sites with simultaneous production of value added
by-products is arguably the main research theme for the future. While microbial
electrolysis cells (MECs) are being explored for new value-added products, the
newly developed microbial desalination cells (MDCs) have also substantially
broadened the applications of MFCs. MFCs and their variants are called MXCs.

14.5.1 Microbial Electrolysis Cells for Value-Added Products

An electrically assisted MFC is a device that produces H2 at the cathode, in which
the driving force is from the oxidation of organic matter by microorganisms at
the anode and the external power supply [211]. In this form of MFCs, organic
matter degradation occurs, and water is used to supply HC and OH� with an
internal voltage, a process that occurs in microbial electrolysis cells (MECs)
[211, 212]. In a MEC, an external voltage must be applied to overcome the
thermodynamic barrier. A voltage of 0.14–0.22 V is sufficient for H2 production
in MECs theoretically while a 0.25–0.5 V is actually needed due to electrode
overpotentials and other losses. In comparison with the theoretical threshold of
1.23 V and the actual value of 1.8–2.0 V required for water electrolysis [213],
the 0.25–0.5 V for MECs is much lower and results in higher electrical energy
efficiency. More importantly, this technology could degrade and utilize various
organic materials including the large quantity of those in wastewaters. MECs present
a promising technology for wastewater treatment with concomitant bioproduct
production. Diverse reactor architectures with different operation modes, as well
as various anodic and cathodic materials that are the same as those used in MFCs
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coated with different catalysts such as platinum, Pd/Pt, and biocatalysts (biofilms),
have been extensively investigated to improve volumetric efficiency [165, 191,
214–216]. MFCs can supply some, if not all, of the needed electricity for MECs.
An MEC-MFC combination was successfully demonstrated, in which the power
generated from an MFC was utilized to offset the electricity needed by an MEC that
produced biohydrogen [217]. A major challenge for MECs producing biohydrogen
is to minimize methanogensis that consumes hydrogen to produce methane while
competing for carbon sources with exoelectrogenic microorganisms when single
chamber MECs are used [215, 216]. In another way, the utilization of carbon dioxide
for methane production via hydrogenophilic methanogenesis implied the production
of a value-added product of methane by a biocathode [202, 203].

In a conventional biological system, ethanol was usually produced by microbial
reduction of acetate with hydrogen as electron donor. However, in an MEC system,
ethanol could be produced by the reduction of acetate at a cathode with an
applied cathode potential of �0.55 V (vs. NHE) and methyl viologen as mediator
[218]. MEC system can be also used to produce other value-added matters. Under
laboratory conditions, a liter-scale lamellar bioelectrochemical system produced a
caustic solution of 3.4 wt% with a conversion efficiency of 61% (from acetate to
caustic) at the cathode (with a 1.77 V applied cell voltage, 1,015 A/m3 anode
volume). This system was tested for producing caustic using wastewater from a
brewing process [219]. With a loop operation of circulating the anodic effluent to the
cathode chamber, steroid hormones like dibutyl phthalate, 2-ethylformanilide, and
2,5-pyrrolidinedione can be produced at the cathode using Dioscorea zingiberensis
processing wastewater as a fuel [220]. Crude glycerol is regarded as a waste stream
from biodiesel production. Glycerol has been tested for power production in single-
chambered air-cathode MFC catalyzed by a pure culture of Bacillus subtilis [221].
By the biofilm catalysis of a pure culture S. oneidensis, glycerol can be converted
into ethanol at the anode of an MFC, providing a new approach for renewable
bioproduct production [41].

14.5.2 From Oxygen to Hydrogen Peroxide (H2O2)

H2O2, a strong oxidant used in many applications such as in the pulp and paper
industry, textile bleaching, and some chemical syntheses, is currently produced in
an energy intensive process. With an external voltage of 0.5 V, a bioelectrochemical
system can convert oxygen to H2O2 at the cathode with a rate of 1.9 ˙ 0.2 kg
H2O2/m3/day with simultaneous oxidation of organic matters in a wastewater feed
stream to the anodic chamber, providing a potential application of such a system
for H2O2 production utilizing the energy released by oxidation of organic matters
[222]. This on-site-produced H2O2 efficiently achieved Cr(VI) reduction [223] and
degradation of azo dyes amaranth [224].
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14.5.3 Microbial Desalination Cells

A proof-of-concept microbial desalination cell (MDC) was composed of three
chambers: anode chamber, cathode chamber, and center chamber between two
membranes with an anion exchange membrane facing the anode side and a cation
exchange membrane facing the cathode side [188]. In the MDC, current was
produced through the process of organic carbon oxidization at the anode, oxidant
reduction at the cathode, and water desalination at the center chamber, realiz-
ing power generation with simultaneous wastewater treatment and desalination.
A maximum power density of 31 W/m3 was achieved in this system with simulta-
neous 90% removal of the salt in a single desalination cycle [188]. Recently, it was
demonstrated that by applying a voltage of 0.8 V, this system achieved a maximum
H2 production rate of 1.5 m3/m3/d (1.6 mL/h) from the cathode chamber with
simultaneous 98.8% removal of the 10 g/L NaCl from the middle chamber [225].
Energy balance calculations showed that it was possible that the energy produced
in the form of hydrogen more than offset the energy consumption [226]. Further
investigations are needed to evaluate the performances of larger systems using real-
world feed streams.

14.6 Conclusion

MFC-based technologies hold promises for the production of renewable bioenergy
and value-added products from waste biomass or wastewaters. They are still in
infancy stages. Much work is needed on biofilm engineering, electrode materials,
solution chemistry, and reactor architectures to improve overall performances. The
integration of MFCs with other technologies will be surely developed for widened
applications of MFCs. The involvement of multiple disciplines such as mate-
rials science, microbiology, genetic engineering, electrochemistry, environmental
engineering, and chemical engineering is needed to make practical MFC-based
technologies an economic reality.

Genetically engineered superbug biofilms present a unique opportunity to resolve
electron-transfer bottlenecks at the anode and cathode, to allow a huge array of
organic matters to be digested with increased metabolic rates, resulting in reduced
residence times (i.e., faster flow) and improved CEs in the absence of a membrane.
These kinds of biofilms will make the simplistic and low-cost MFC design shown
in Fig. 14.12 possible. This new approach may be a game-changer in the MFC
technology. To assure a high CE of the cell without a membrane, superbug biofilms
for the bioanode and the biocathode are required. Arguably, the main hurdle is
to obtain highly competitive and metabolically voracious bacteria that can devour
hundreds of different carbon sources requiring small residence times. We touched
on one such organism, PA, in this review. Being a natural soil-dwelling organism,
PA has the “hard-wired” properties of being ultracompetitive. For example, if
one were to place PA and Escherichia coli together, PA would rapidly kill this
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bacterium and utilize its cellular material for food, especially when starved for
phosphate. Still, unlike the well-studied electrogens, Shewanella and Geobacter,
the genes involved in biofilm attachment, matrix formation, micro-macrocolony
differentiation, and dispersion have been well studied in PA. Thus, arguably, the
most critical feature of MFC power efficiency is a robust biofilm in the anodic
surface mediated, in part, by numerous conductive pili. Thus, we propose that the
most desirable properties of genetically modified electrogens would be (1) robust
biofilm formation on the anode; (2) a limited or an inability to disperse from
the biofilm once attached; (3) inability to undergo anaerobic respiration, thereby
not wasting precious electron flow to the process of denitrification; (4) reduction
of the biofilm matrix, thereby increasing nutrient flow to biofilm bacteria; (5)
increase mediator (e.g., PCN) secretion, allowing for yet another source of redox-
based power generation as well as an antibiotic for competitive fitness; and (6) the
possibility of cloning uncoupler proteins into organisms which would increase the
rate of oxidation of wastewater substrates. We wish to emphasize that these are
only a few strategic suggestions. However, as more genes are discovered that affect
power generation in electrogenic organisms, additional light will be shed as to even
greater improvements that can be made to push this technology to the next level.
Furthermore, there are avenues that have to date been unexplored which include
consortia of genetically modified bacteria of potentially different genera that coexist
in a symbiotic relationship. Such consortia would be particularly beneficial in the
event of either wastewaters with ever-changing nutrient flow or MFCs fed with
multiple different wastewater streams.
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14. Niessen J, Schröder U, Harnisch F, Scholz F (2005) Gaining electricity from in situ
oxidation of hydrogen produced by fermentative cellulose degradation. Lett Appl Microbiol
41:286–290

15. Huang L, Logan BE (2008) Electricity generation and treatment of paper recycling wastewa-
ter using a microbial fuel cell. Appl Microbiol Biotechnol 80:349–355

16. Huang L, Cheng S, Rezaei F, Logan BE (2009) Reducing organic loading in industrial
effluents using microbial fuel cells. Environ Technol 30:499–504

17. Ren Z, Ward TE, Regan JM (2007) Electricity production from cellulose in a microbial fuel
cell using a defined binary culture. Environ Sci Technol 41:4781–4786

18. Rezaei F, Richard TL, Brennan RA, Logan BE (2007) Substrate-enhanced microbial fuel
cells for improve remote power generation from sediment-based system. Environ Sci Technol
41:4053–4058

19. Rezaei F, Xing D, Wagner R, Richard T, Logan BE (2009) Simultaneous cellulose degradation
and electricity production by Enterobacter cloacae in a microbial fuel cell. Appl Environ
Microbiol 75:3673–3678

20. Rezaei F, Richard TL, Logan BE (2009) Analysis of chitin particle size on maximum power
generation, power longevity, and Coulombic efficiency in solid-substrate microbial fuel cells.
J Power Sources 192:304–309

21. Rismani-Yazdi H, Christy AD, Dehority BA, Morrison M, Yu ZT, Tuovinen OH (2007)
Electricity generation from cellulose by rumen microorganisms in microbial fuel cells.
Biotechnol Bioeng 97:1398–1407

22. Velasquez-Orta SB, Curtis TP, Logan BE (2009) Energy from algae using microbial fuel cells.
Biotechnol Bioeng 103:1068–1076

23. Rezaei F, Richard TL, Logan BE (2008) Enzymatic hydrolysis of cellulose coupled with
electricity generation in a microbial fuel cell. Biotechnol Bioeng 101:1163–1169

24. Zhang B, Zhao H, Shi C, Zhou S, Ni J (2009) Simultaneous removal of sulfide and
organics with vanadium(V) reduction in microbial fuel cells. J Chem Technol Biotechnol
84:1780–1786

25. Zuo Y, Maness P, Logan BE (2006) Electricity production from steam-exploded corn stover
biomass. Energy Fuel 20:1716–1721

26. Wang X, Feng Y, Wang H, Ou Y, Yu Y, Ren N, Li N, Wang E, Lee H, Logan BE (2009)
Bioaugmentation for electricity generation from corn stover biomass using microbial fuel
cells. Environ Sci Technol 43:6088–6093

27. Zang G, Sheng G, Tong Z, Liu X, Teng S, Li W, Yu H (2010) Direct electricity recovery from
Canna indica by an air-cathode microbial fuel cell inoculated with rumen microorganisms.
Environ Sci Technol 44:2715–2720



442 L. Huang et al.

28. Catal T, Cysneiros D, O’Flaherty V, Leech D (2011) Electricity generation in single-chamber
microbial fuel cells using a carbon source sampled from anaerobic reactors utilizing grass
silage. Bioresour Technol 102:404–410

29. Catal T, Xu S, Li K, Bermek H, Liu H (2008) Electricity generation from polyalcohols in
single-chamber microbial fuel cells. Biosens Bioelectron 24:849–854

30. Huang L, Logan BE (2008) Electricity production from xylose in fed-batch and continuous-
flow microbial fuel cells. Appl Microbiol Biotechnol 80:655–664

31. Huang L, Zeng J, Angelidaki I (2008) Electricity production from xylose using a mediator-
less microbial fuel cell. Bioresour Technol 99:4178–4184

32. Catal T, Fan YZ, Li KC, Bermek H, Liu H (2008) Effects of furan derivatives and phenolic
compounds on electricity generation in microbial fuel cells. J Power Sources 180:162–166

33. Luo Y, Liu G, Zhang R, Zhang C (2010) Power generation from furfural using the microbial
fuel cell. J Power Sources 195:190–194

34. Cheng S, Kiely P, Logan BE (2011) Pre-acclimation of a wastewater inoculum to cellulose
in an aqueous-cathode MEC improves power generation in air-cathode MFCs. Bioresour
Technol 102:367–371

35. Zhang C, Li M, Liu G, Luo H, Zhang R (2009) Pyridine degradation in the microbial fuel
cells. J Hazard Mater 172:465–471

36. Luo Y, Zhang R, Liu G, Li J, Li M, Zhang C (2010) Electricity generation from indole and
microbial community analysis in the microbial fuel cell. J Hazard Mater 176:759–764

37. Zhang C, Liu G, Zhang R, Luo H (2010) Electricity production from and biodegradation of
quinoline in the microbial fuel cell. J Environ Sci Health Part A 45:250–256

38. Huang L, Yang X, Quan X, Chen J, Yang F (2010) A microbial fuel cell-electro-oxidation
system for coking wastewater treatment and bioelectricity generation. J Chem Technol
Biotechnol 85:621–627

39. He Z, Kan J, Wang Y, Huang Y, Mansfeld F, Nealson KH (2009) Electricity production
coupled to ammonium in a microbial fuel cell. Environ Sci Technol 43:3391–3397

40. Kim JR, Zuo Y, Regan JM, Logan BE (2008) Analysis of ammonia loss mechanisms in
microbial fuel cells treating animal wastewater. Biotechnol Bioeng 99:1120–1127

41. Flynn JM, Ross DE, Hunt KA, Bond DR, Gralnick JA (2011) Enabling unbalanced
fermentations by using engineered electrode-interfaced bacteria. mBio 1:e00190–10

42. Raghavulu SV, Goud RK, Sarma PN, Mohan SV (2011) Saccharomyces cerevisiae as anodic
biocatalyst for power generation in biofuel cell: influence of redox condition and substrate
load. Bioresour Technol 102:2751–2757

43. Finch AS, Mackie TD, Sund CJ, Sumner JJ (2011) Metabolite analysis of Clostridium
acetobutylicum: fermentation in a microbial fuel cell. Bioresour Technol 102:312–315

44. Rismani-Yazdi H, Christy AD, Carver SM, Yu Z, Dehority BA, Tuovinen OH (2011) Effect
of external resistance on bacterial diversity and metabolism in cellulose-fed microbial fuel
cells. Bioresour Technol 102:278–283

45. Katuri KP, Scott K, Head IM, Picioreanu C, Curtis TP (2011) Microbial fuel cells meet with
external resistance. Bioresour Technol 102:2758–2766

46. Picioreanu C, Head IM, Katuri KP, van Loosdrecht MCM, Scott K (2007) A computational
model for biofilm-based microbial fuel cells. Water Res 41:2921–2940

47. Picioreanu C, Katuri KP, Head IM, van Loosdrecht MCM, Scott K (2008) Mathematical
model for microbial fuel cells with anodic biofilms and anaerobic digestion. Water Sci
Technol 57:965–971

48. Jung S, Regan JM (2011) Influence of external resistance on electrogenesis, methanogen-
esis, and anode prokaryotic communities in microbial fuel cells. Appl Environ Microbiol
77:564–571

49. Lee HS, Parameswaran P, Kato-Marcus A, Torres CI, Rittmann BE (2008) Evaluation of
energy-conversion efficiencies in microbial fuel cells (MFCs) utilizing fermentable and non-
fermentable substrates. Water Res 42:1501–1510

50. Freguia S, Rabaey K, Yuan Z, Keller J (2008) Syntrophic processes drive the conversion of
glucose in microbial fuel cell anodes. Environ Sci Technol 42:7937–7943



14 Wastewater Treatment with Concomitant Bioenergy Production. . . 443

51. Kim HJ, Park HS, Hyun MS, Chang IS, Kim M, Kim BH (2002) A mediator-less microbial
fuel cell using a metal reducing bacterium, Shewanella putrefaciens. Enzym Microb Technol
30:145–152

52. Liu H, Cheng SA, Logan BE (2005) Power generation in fed-batch microbial fuel cells as
a function of ionic strength, temperature, and reactor configuration. Environ Sci Technol
39:5488–5493

53. Wang YF, Cheng SS, Tsujimura S, Ikeda T, Kano K (2006) Escherichia coli-catalyzed
bioelectrochemical oxidation of acetate in the presence of mediators. Bioelectrochemistry
69:74–81

54. Biffinger JC, Byrd JN, Dudley BL, Ringeisen BR (2008) Oxygen exposure promotes fuel
diversity for Shewanella oneidensis microbial fuel cells. Biosens Bioelectron 23:820–826

55. Li SL, Freguiab S, Liu SM, Cheng SS, Tsujimura S, Shirai O, Kano K (2010) Effects of
oxygen on Shewanella decolorationis NTOU1 electron transfer to carbon-felt electrodes.
Biosens Bioelectron 25:2651–2656

56. Xie X, Hu L, Pasta M, Wells GF, Kong D, Criddle CS, Cui Y (2011) Three-dimensional car-
bon nanotube textile anode for high-performance microbial fuel cells. Nano Lett 11:291–296

57. Chaudhuri SK, Lovley DR (2003) Electricity generation by direct oxidation of glucose in
mediatorless microbial fuel cells. Nat Biotechnol 21:1229–1232

58. He Z, Minteer SD, Angenent LT (2005) Electricity generation from artificial wastewater using
an upflow microbial fuel cell. Environ Sci Technol 39:5262–5267

59. Cheng S, Liu H, Logan BE (2006) Increased performance of single-chamber microbial fuel
cells using an improved cathode structure. Electrochem Commun 8:489–494

60. Cheng S, Liu H, Logan BE (2006) Increased power generation in a continuous flow MFC with
advective flow through the porous anode and reduced electrode spacing. Environ Sci Technol
40:2426–2432

61. Logan BE, Cheng S, Watson V, Estadt G (2007) Graphite fiber brush anodes for increased
power production in air-cathode microbial fuel cells. Environ Sci Technol 41:3341–3346

62. Liu H, Cheng S, Huang L, Logan BE (2008) Scale-up of membrane-free single-chamber
microbial fuel cells. J Power Sources 179:274–279

63. Zeng L, Zhang L, Li W, Zhao S, Lei J, Zhou Z (2010) Molybdenum carbide as anodic catalyst
for microbial fuel cell based on Klebsiella pneumoniae. Biosens Bioelectron 25:2696–2700

64. Dewan A, Beyenal H, Lewandowski Z (2008) Scaling up microbial fuel cells. Environ Sci
Technol 42:7643–7648

65. Larrosa-Guerrero A, Scott K, Katuri KP, Godinez C, Head IM, Curtis T (2010) Open circuit
versus closed circuit enrichment of anodic biofilms in MFC: effect on performance and anodic
communities. Appl Microbiol Biotechnol 87:1699–1713

66. Larrosa-Guerrero A, Scott K, Head IM, Mateo F, Ginesta A, Godinez C (2010) Effect of
temperature on the performance of microbial fuel cells. Fuel 89:3985–3994

67. Tang X, Guo K, Li H, Du Z, Tian J (2011) Electrochemical treatment of graphite to enhance
electron transfer from bacteria to electrodes. Bioresour Technol 102:3558–3560

68. Lowy DA, Tender LM (2008) Harvesting energy from the marine sediment–water interface
III. Kinetic activity of quinone- and antimony-based anode materials. J Power Sources
185:70–75

69. Saito T, Mehanna M, Wang X, Cusick RD, Feng Y, Hickner MA, Logan BE (2011) Effect
of nitrogen addition on the performance of microbial fuel cell anodes. Bioresour Technol
102:395–398

70. Tsai HY, Wu CC, Lee CY, Shih EP (2009) Microbial fuel cell performance of multiwall
carbon nanotubes on carbon cloth as electrodes. J Power Sources 194:199–205

71. Peng L, You S, Wang J (2010) Carbon nanotubes as electrode modifier promoting direct
electron transfer from Shewanella oneidensis. Biosens Bioelectron 25:1248–1251

72. Mottaghitalab V, Spinks GM, Wallace GG (2005) The influence of carbon nanotubes on
mechanical and electrical properties of polyaniline fibers. Synth Met 152:77–80

73. Qiao Y, Li CM, Bao S, Bao Q (2007) Carbon nanotube/polyaniline composite as anode
material for microbial fuel cells. J Power Sources 170:79–84



444 L. Huang et al.

74. Zou Y, Pisciotta J, Baskakov IV (2010) Nanostructured polypyrrole-coated anode for sun-
powered microbial fuel cells. Bioelectrochemistry 79:50–56

75. Yuan SJ, Sheng GP, Li WW, Lin ZQ, Zeng RJ, Tong ZH, Yu HQ (2010) Degradation of
organic pollutants in a photoelectrocatalytic system enhanced by a microbial fuel cell. Environ
Sci Technol 44:5575–5580
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110. Pham TH, Boon N, De Maeyer K, Höfte M, Rabaey K, Verstraete W (2008)
Use of Pseudomonas species producing phenazine-based metabolites in the anodes
of microbial fuel cells to improve electricity generation. Appl Microbiol Biotechnol.
doi:10.1007/s00253-008-1619-7. 80:985-993

111. von Canstein H, Ogawa J, Shimizu S, Lloyd JR (2008) Secretion of flavins by Shewanella
species and their role in extracellular electron transfer. Appl Environ Microbiol 74:615–623

112. Kim BH, Kim HJ, Hyun MS, Park DH (1999) Direct electrode reaction of Fe(III)-reducing
bacterium, Shewanella putrefaciens. J Microbiol Biotechnol 9:127–131

113. Myers CR, Myers JM (1992) Localization of cytochromes to the outer membrane of
anaerobically grown Shewanella putrefaciens MR-1. J Bacteriol 174:3429–3438

114. Wu X, Zhao F, Rahunen N, Varcoe JR, Avignone-Rossa C, Thumser AE, Slade RCT (2011)
A role for microbial palladium nanoparticles in extracellular electron transfer. Angew Chem
Int Ed 50:427–430

115. Reguera G, McCarthy KD, Mehta T, Nicoll JS, Tuominen MT, Lovley DR (2005) Extracel-
lular electron transfer via microbial nanowires. Nature 435:1098–1101

http://dx.doi.org/10.1007/s00253-008-1619-7. 80:985-993


446 L. Huang et al.

116. Klimes A, Franks AE, Glaven RH, Tran H, Barrett CL, Qiu Y, Zengler K, Lovley DR (2011)
Production of pilus-like filaments in Geobacter sulfurreducens in the absence of the type IV
pilin protein PilA. FEMS Microbiol Lett 310:62–68

117. Reguera G, Nevin KP, Nicoll JS, Covalla SF, Woodard TL, Lovley DR (2006) Biofilm and
nanowire production leads to increased current in Geobacter sulfurreducens fuel cells. Appl
Environ Microbiol 72:7345–7348

118. Reguera G, Pollina RB, Nicoll JS, Lovley DR (2007) Possible nonconductive role of
Geobacter sulfurreducens pilus nanowires in biofilm formation. J Bacteriol 189:2125–2127

119. Richter H, McCarthy K, Nevin KP, Johnson J, Rotello V, Lovley DR (2008) Electricity
generation by Geobacter sulfurreducens attached to gold electrodes. Langmuir 24:4376–4379

120. Tremblay PL, Summers ZM, Glaven RH, Nevin KP, Zengler K, Barrett CL, Qiu Y, Palsson
BO, Lovley DR (2011) A c-type cytochrome and a transcriptional regulator responsible for
enhanced extracellular electron transfer in Geobacter sulfurreducens revealed by adaptive
evolution. Environ Microbiol 13:13–23

121. Chiang P, Burrows LL (2003) Biofilm formation by hyperpiliated mutants of Pseudomonas
aeruginosa. J Bacteriol 185:2374–2378

122. Rabaey K, Boon N, Hofte M, Verstraete W (2005) Microbial phenazine production enhances
electron transfer in biofuel cells. Environ Sci Technol 39:3401–3408

123. Richter H, Nevin KP, Jia H, Lowy DA, Lovley DR, Tender LM (2009) Cyclic voltammetry
of biofilms of wild type and mutant Geobacter sulfurreducens on fuel cell anodes indicates
possible roles of OmcB, OmcZ, type IV pili, and protons in extracellular electron transfer.
Energy Environ Sci 2:506–516
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