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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description
of the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as a
global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
four decades, as reflected in the more than 150 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contribu-
tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific
understanding, and provides a valuable source not only for scientists but also for
environmental managers and decision-makers. Today, the series covers a broad
range of environmental topics from a chemical perspective, including methodolog-
ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include
life cycle analysis, environmental management, sustainable development, and
socio-economic, legal and even political problems, among others. While these
topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a
particular emphasis on chemistry, but also covering biology, geology, hydrology
and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of
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viii Series Preface

“pure” chemistry, including those in industry, business, government, research
establishments, and public interest groups. It would be very satisfying to see
these volumes used as a basis for graduate courses in environmental chemistry.
With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their
knowledge on the different aspects of environmental problems, presenting a wide
spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via https://link.springer.com/bookseries/698. Articles are published online as soon
as they have been approved for publication. Authors, Volume Editors and
Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new
topics to the Editors-in-Chief are always very welcome.

Damia Barceld
Andrey G. Kostianoy
Series Editors


https://springerlink.bibliotecabuap.elogim.com/bookseries/698

Preface

Environmental remediation technology is a method for removing pollutants from a
polluted environment and restoring them to their original safe state. Unfortunately,
pollution has persisted in many places of the world, and many new pollution
problems are now occurring. As a result, the advancement of environmental
remediation technology is highly expected. Some of these technologies necessitate
the use of special materials to remove pollutants when conducted. For example, the
adsorption method to separate pollutants necessitates the use of an adsorbent that
must have excellent properties in terms of adsorptive capacity, selectivity, durabil-
ity, and safety in order to be used in actual environments. As a result, research on
environmental remediation technologies is being conducted to develop the mate-
rials used in these technologies. Pollutants are diverse, and pollution levels vary
from one polluted site to the next. Consequently, the materials used there must
serve multiple functions and be designed in accordance with the pollution situation.
From this perspective, I asked researchers to present their previous and ongoing
research on the development of materials applicable to environmental remediation.

The book, entitled “Design of Materials and Technologies for Environmental
Remediation,” is divided into 19 chapters about environmental remediation. This
book is also part of the Handbook of Environmental Chemistry series. The first half
of the book includes a chapter on the concept of environmental remediation, a
chapter on case studies of environmental pollution problems, and two chapters on
the biological effects of heavy metals and persistent organic pollutants on human
health and ecosystems. Section 7 in page 29 shows the contents of this book. This
book’s general conclusion chapter has been omitted because each chapter has its
own conclusion or prospective. The topics introduced in this book do not cover all
the environmental remediation technologies currently being researched or all the
materials used there. The majority of the topics are provided by the researchers
close to me or the other editors of this book. Hence, some may argue that the
contents of this book are quite biased. It is possible that the current mainstream
environmental remediation technologies are missing or that recent successes in this
field or studies that have had a major impact are not described in this book.

ix



X Preface

However, despite focusing on the topics related to the editors, I think we could
provide interesting and promising materials and technologies for environmental
remediation in this book to some extent. Another distinguishing feature of this book
is that it was written by a large number of Asian researchers. This book’s publica-
tion includes contributions from researchers in Japan, Indonesia, China, and Ban-
gladesh. These countries face many environmental pollution problems now, and I
hope that this book will play a role in the future and that the authors who wrote this
book will act as leaders in solving these problems. Since many Asian researchers,
including me, are the authors of this book, there may be some infelicitous expres-
sions in English from the perspective of native speakers, so we would like to ask for
forgiveness.

Springer Nature’s publisher approved the publication project for this book in
November of 2019. It took almost three years to complete this book. This period has
coincided with the pandemic spread of the coronavirus all over the world. Many
universities must hold online classes in response to corona, and since most of the
authors of this book are also university faculty members, they must spend a
significant amount of time preparing the online classes and protecting their labora-
tory members from the infections, which makes them extremely busy. Thus, it was
expected that writing activities would be pushed back. Hence, I requested the
publisher to extend the deadline for the submission of the manuscript by six months.
I would like to thank all the authors who wrote during the busy schedule of the
severe corona infection. I apologize for the delay in publishing this book to the
authors who finished their manuscripts well ahead of schedule.

Sapporo, Japan Shunitz Tanaka
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Abstract In this Chapter, as the background and introduction of this whole book,
the following matters are mainly described. Firstly, it is stated that many environ-
mental pollution problems occur still now in the world by various causes such as
industrial activities, our daily and natural activities, and accidents and disasters. In
order to solve these environmental pollution problems, the necessity of the devel-
opment of environmental remediation technology is described. Next, some pollution
problems, which Japan experienced previously and is currently facing, are intro-
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duced, for example, Minamata disease, low-concentration pollution problems such
as dioxins and endocrine disruptors, and contamination with radionuclides from the
explosion of the nuclear power plants caused by the big tsunami. After that, the
concept and classification of the environmental remediation technology are
described. It is shown that remediation consists of three concepts: containment,
separation, and decomposition, and that remediation technologies are also classified
into two categories, In-situ and Ex-situ. Several representative techniques for con-
tainment, separation, and decomposition are introduced briefly. The combination of
some remediation technologies and the evaluation are also described, when these
remediation techniques will be applied to the actual contaminated site. It is discussed
why further development of remediation technology is necessary and why the design
of materials for remediation technology is necessary. Finally, a brief introduction for
the structure of this book and chapters is given.

Keywords Concepts for remediation, Containment, Environmental remediation,
In-situ and Ex-situ, Low-concentration pollution, Minamata disease, Separation and
decomposition

1 Introduction

On the earth, humankind has enlightened and developed its civilization over a long
time. According to United Nations; World Population Prospects 2019, 7.7 billion
people live on the earth in 2019 [1]. Population Division of UN prospects that the
world population will be 9.7 billion in 2050. In order to maintain their lives, we must
secure enough amounts of water, foods, and energy for them. For more wealthy life,
we have promoted industries to manufacture various kinds of products massively,
and circulated them over the world. In order to maintain such our lifestyles and
industrial activities, we have always developed the resources of coal and oil as
energy and minerals as raw materials from every place on the earth. We have also
synthesized new materials that had not existed on the earth. As a result, our lives
have become convenient and prosperous. On the other hand, the environments
surrounding us have been flooded with every kind of things, and often polluted
with harmful substances including natural and synthesized compounds. There are
various kinds of pollutants, including heavy metals, harmful organic substances,
organic chlorine compounds, asbestos, radioactive substances, and so on. The more
sophisticate the current industry becomes, the more diverse of the materials are
required there. Consequently, the sorts of pollutant are now diversifying.

Pollution arises from various causes. Pollution often occurs as the results of
industrial activities in mines and factories. It also occurs from our daily lives and
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Table 1 Some recent pollution problems by accident and disasters

Amounts of
Events Date Location and country | Pollutants pollutant
Nuclear power plant | April 26th, | Chernobyl, Ukraine Radionuclides 1.2 x 10" Bq
accident 1986
Oil spill from a Jan. 2nd, The Japan Sea, near Heavy oil 6,240 kL
tanker, Nakhodka 1997 Shimane
Chemical plant Nov. 13th, | The Songhua river, Benzene, ani- 100 tons
explosion 2005 North-east in China line,

nitrobenzene

Nuclear power plant | March Fukushima, Japan Radionuclides 0.9 x 10" Bq
accident 11th, 2011
Oil-drilling station April 20th, | The Gulf of Mexico | Crude oil 78 x 10° kL
accident 2010
Oil spill from a cargo | July 25th, | Mauritius, the Indian | Heavy oil 1,000 ton
boat, Wakashio 2020 Ocean

natural processes such as volcanic activities. Accidents and disasters sometimes
cause severe pollution problems. For example, an explosion of a chemical factory
gave rise to the pollution of the Songhua River of China [2]. After the mega
earthquake occurred on March 11 of 2011 in Tohoku area of Japan, the big tsunami
attacked Fukushima Daiichi Nuclear Plants to lose the electricity for cooling the
nuclear reactors, consequently the reactors exploded to pollute the wide areas of
Fukushima and surrounding prefectures with plenty of radionuclides [3]. Some
pollution problems happened recently by accidents and disasters are summarized
in Table 1. And some examples of pollution problems are described in chapter
“Pollution Sites Where Need Remediation”.

How should we balance economic development with environmental preservation
for a sustainable society? This is an unavoidable challenge for our and our future
generations to cope with. According to the Sustainable Society Foundation, a
sustainable society is defined as the following society: “that meets the needs of the
present generation, and that does not compromise the ability of future generations to
meet their own needs, in which each human being has the opportunity to develop
itself in freedom, within a well-balanced society and in harmony with its surround-
ings” [4]. At the UN Summit held on Sep. 25 in 2015, the SDGs (Sustainable
Development Goals) to achieve a better and more sustainable future for all were
adopted. The SDGs consist of 17 challenges including those related to poverty,
inequality, climate change, environmental degradation, peace, and justice [5]. The
SDGs should be achieved by 2030 in the world, and then every countries and
individuals are required to act as aiming these goals. The following six goals seem
to be particularly related to environmental remediation and the goals which remedi-
ation technologies can contribute to fully (Table 2).
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Table 2 SDGs related to environmental remediation

Goal 3 Good health and well-being: ensure healthy lives and promote well-being for all at
all ages

Goal 6 Clean water and sanitation: ensure access to water and sanitation for all

Goal 9 Industry, innovation, and infrastructure: build resilient infrastructure, promote
sustainable industrialization and foster innovation

Goal 13 Climate action: take urgent action to combat climate change and its impacts

Goal 14 Life below water: conserve and sustainably use the oceans, seas, and marine
resources

Goal 15 Life on land: sustainably manage forests, combat desertification, halt and reverse

land degradation, halt biodiversity loss

2 Environmental Pollution Problems in Japan

2.1 Occurrence of “Ko-gai”: Public Pollution Problems

In Japan, many environmental pollution problems occurred in the 1950-1970s
during the economic recovery and growth in Japan after the World War
II. Minamata disease, Itai-itai disease, Yokkaichi air pollution, etc., are well
known in the world as the representative pollution problems in Japan. These
pollution problems were called “Ko-gai” in Japanese, which means “public pollution
problems.” Japan’s economic growth-first policy during this period gave priority to
the economic development over the consideration for the environment and conse-
quently it led to many pollution problems. Those problems were not just the
pollution which private companies caused but the pollution which Japan’s policy
during those days caused. Therefore, those pollution problems are considered as the
public problems, “Ko-gai.” In the 1970s, some countermeasures were conducted,
and in 1973, a law, “Basic Law on Pollution Control,” which was the first environ-
mental law in Japan, was enacted. Some environmental standards were enforced in
this law, and thereafter various countermeasures to keep these standards have been
carried out on the basis of this law in Japan. As a result, “Ko-gai”-type environmen-
tal pollution problems in Japan gradually decreased. In most cases of “Ko-gai”-type
pollution, pollutants were released from the specific industrial process and facility,
and then if any countermeasure was taken against the source of pollutants, most of
pollution problems could be solved. Figure 1 shows the change in the
non-achievement rate for some environmental standards after the enforcement of
the environmental law [6]. The non-achievement rate has decreased rapidly after the
enforcement and now the rates are below 1% in many items.

Minamata disease was one of the typical “Ko-gai” problems. The pollution
problem occurred in Minamata city of Kumamoto prefecture in Kyushu island of
Japan. Since the first finding of a patient of Minamata disease in 1956, many patients
were found out from mainly fishermen and their family who had been fishing in
Minamata Bay. The patients of Minamata disease had a disorder in motor and
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Fig. 1 Change in non-achievement rate for some environmental standards (from The Annual
Report of the Environment of Japan (1995) [6]

language, and sometimes a problem in brain. It took very long time to clarify the
cause of Minamata disease. In 1959, methylmercury discharged from a factory of a
chemical company was suggested to be a cause by a research group of Kumamoto
University. At those days, the factory had produced acetaldehyde from acetylene by
using mercury salt as a catalyst. The inorganic mercury might be converted to
methylmercury by the reactions during the production process. However, some
authorities such as the academic society, the industrial society, and university in
Japan declared other opinions about the cause of Minamata disease. Their opinions
confused the clarification of the cause and made it prolong to determine the cause.
Later Dr. Nishimura et al. showed the reaction mechanism for methylmercury
formation during acetaldehyde production in their book as shown in Fig. 2 [7]. Meth-
ylmercury can pass through the placenta and be accumulated in a body of fetus and
then many children having the disorder in motor and brain were born. In 1967,
Japanese government admitted Minamata disease as a “Koh-gai,” a public disease
with methylmercury. After many conflicts between fishermen and the company
concerning the countermeasures and compensation, finally in 1968, the company
stopped the production of acetaldehyde. In 1965, the second Minamata disease was
found in Niigata Prefecture in Japan [8].
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Fig. 2 Reaction mechanism for methylmercury formation during acetaldehyde production [7]

The “Ko-gai” type of the pollution problems like Minamata disease has not been
completely solved in Japan. Even now, there are many designated patients of
Minamata disease, and also many not-designated patients are still waiting to be
recognized as a patient of Minamata disease by the struggle in court and adminis-
tration. Environmental pollutions with mercury seem to be spreading all over the
world, and the third and fourth Minamata diseases may occur or have occurred
somewhere in the world. For this reason, the Minamata Convention on Mercury
(Minamata Treaty) [9] was adopted at UN meeting held at Minamata city in 2013
with the aim of reducing and controlling the use of mercury worldwide.

In Japan, in order to cope with global environmental problems such as global
warming and ozone layer depletion, a new law, the Basic Environmental Law, was
established in 1993 instead the old law. In this law, preventive and diverse methods
were introduced to in addition to ordinal regulatory methods and the countermea-
sures based on environmental education and international cooperation are
recommended.

2.2 Low-Concentration Pollution Problem

In the 1990s, Japan was facing pollution problems with dioxins and environmental
hormones (endocrine disrupting chemicals). These pollutions have different
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Fig. 3 Structures of dioxin and dioxin analogs

characteristics from previous pollution problems, “Koh-gai,” in the point that the
pollutants affect human health and ecosystems at very low concentration. In addi-
tion, pollutants are released from unspecific and multiple sources but not from a
specific factory like “Koh-gai”-type. Especially dioxins are generated even when
garbage routinely discharged from our ordinary households is combusted. Dioxin
generally represents polychlorinated dibenzo-dioxin and some analogs such as
dibenzofuran and biphenylene are also included in Dioxins (Dioxin group). Each
analog has many isomers and congeners. Figure 3 shows the structures of dioxin and
dioxin analogs. Among them, 2, 3, 7, 8-dibenzo-p-dioxine is known to have the
strongest toxicity. Dioxins are unintentionally generated chemicals at the incinera-
tion plants in city and also in hospitals, schools, companies, etc. If pollution with
dioxins comes from the combustion of our household garbage, the perpetrators of
dioxin pollution are ourselves who generate the garbage, and the victims are also
us. In “Ko-gai” pollution problems, the perpetrators and victims could be clearly
distinguished, but not in the case of dioxins pollution problems.

In Japan, a special law for dioxins (Law concerning Special Measures against
Dioxins) was established in 1999 [10], although scientific information was not
enough. The criteria for the concentration of dioxins in the emitted gases and
water from an incinerator were established. The owner of an incinerator is obligated
by this law to report the concentration of dioxins in and around the incinerator.
Consequently, most of small incinerators disappeared from hospital, school, and
home. People stopped burning garbage in their garden. Local governments replaced
an old incinerator with a new one which could burn garbage at the higher temper-
ature not to generate a large amount of dioxins. As a result, the amount of dioxins
discharged from the incinerator has been reduced largely to be negligible now in
Japan as shown in Fig. 4 [11].
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Fig. 4 Released amount of dioxins from various sources (from The Annual Report of the
Environment of Japan (2014) [11])

In Japan, the pollution problem by endocrine disrupting chemicals was a notable
environmental topic in the 1990s. These chemicals were called “environmental
hormones” in Japan because those chemicals acted like hormones and affected
human health and ecosystems, especially on reproduction and the next generation,
even though at very low concentration. Many researchers joined in the studies on the
detection of many kinds of chemicals in environments and the effects on human
health and ecosystems. It was like a fever as involving many mass media. Two books
of “Silence Spring” by Rachel Carson and “Our stolen future” by Theo Colborn must
enhance not a little the concern and fears of people for the chemicals. The Japanese
Ministry of the Environment has launched a program, “Strategic Programs on
Environmental Endocrine Disruptors (SPEED98)” in 1998 to urgently investigate
the effects of endocrine disrupting chemicals on human health and ecosystems
[12]. The program concluded that few chemicals showed the endocrine disrupting
effects on the human health, a few chemicals showed some effects on ecosystem and
there might be still now many things which we did not know. The program was
carried on to a new program, EXTEND 2010 program [13]. However, the concerns
of people and the interest of the media in the endocrine disrupting chemicals
declined rapidly.

Polychlorinated biphenyl (PCB) is an artificially synthesized compound. This
compound is very stable chemically and biologically and has high insulated and fire-
resistant properties. Therefore, PCB has been used in various purposes, insulated oil
for condenser and capacitor, paint, heat-transfer fluid, transfer paper, and so on, and
it was called “a dreamy chemical.” However, the toxicity of PCB to human health
and ecosystem was found out and then the production and use were banned. The
more stable and persistent the compound is, the longer the compound can stay in
environments. Since PCB is almost insoluble in water, the concentration of PCB in
water is usually very low. However, the hydrophobic and persistent properties of
PCB facilitate the bio-concentration. Even though the concentration of PCB in water
is very low, PCB is accumulated gradually in the living body to be a significant
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concentration to give some damages. Therefore, PCB pollution problem has a
common feature with the low-concentration pollution problem such as dioxins and
environmental hormones. PCB has many isomers and congeners with different
numbers of chlorine at the different positions. Among these congeners, the PCB
isomers having no chlorine at the position of 2, 2°, 6, and 6’ are called
“coplanar PCB: Co-PCB” because these have the co-planarity of two benzene
rings. The structure of Co-PCBs is similar to that of dioxin and then they have the
strong toxicity like dioxins. Therefore, Co-PCBs are regarded as one of dioxins. In
Japan, the treatment of PCB oil and the products containing PCB such as condenser
and capacitor has been conducted by Japan Environmental Storage and Safety
Corporation (JESCO), whose treatment facilities exist at five areas in Japan and all
of PCB including high and low concentration will be decomposed by 2027 [14].
The measure for the low-concentration pollution has some difficulties as follows:

1. It is difficult to detect the pollutants and then to know the pollution situation
exactly.

2. It is difficult to evaluate the impacts of the pollution because it may take a long
time to appear the impacts by the pollution, sometimes the impacts may appear in
the next generation.

3. It is difficult to find out the effective countermeasures against the pollutants,
because the concentration is too low to apply the conventional treatment methods
to them. Pre-collection and accumulation of the pollutants are necessary before
the treatment. In order to cope with low-concentration pollution, the novel
technologies for high sensitive detection and selective accumulation of pollutants
are required.

As described previously, if a pollutant is persistent and stays in the environment
for a long time, the pollutant may be accumulated to the level that can affect human
health by bio-concentration even at low concentration. In particular, the effects of
long-term exposure on children have not yet been clarified. Currently a project for
investigation of the effects of the long-term exposure on children is in progress
[15]. A part of the results of the project will be described in detail in chapter “Effects
of Persistent Organic Pollutants (POPs) in the Ecosystem and HUMAN health:
Focusing on Chlorinated Chemicals”.

2.3 Contamination with Radionuclides by Nuclear Power
Plant Accident

On March 11 of 2011, an earthquake of the magnitude 9.0 attacked the northeastern
Japan followed by a big tsunami. The tsunami over 20 m rushed toward the shore of
the wide areas and citizens more than 15,000 died and about 2,500 have been still
missing by the earthquake and tsunami [16]. The tsunami also attacked Fukushima
Daiichi Nuclear Power Plants and destroyed the electric systems to cool the reactors.
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Consequently, four nuclear reactors exploded to release a large amount of radionu-
clides into environments. The amount of released radionuclides, 0.9 x 10'8 Bq, was
as large as one-tenth of the amount released in the nuclear plant accident at
Chernobyl [17]. The radionuclides firstly released into the atmosphere were carried
by the wind to fall down into soil, farmland, and forests throughout Fukushima
prefecture and the neighboring prefectures.

Two months after the accident, the Ministry of Education, Culture, Sports,
Science and Technology of Japan, some universities and institutes cooperatively
conducted an emergency survey of soil pollution with radionuclides within a radius
of 100 km from the nuclear power plants. According to the results of the survey, it
was found that the wide areas in Fukushima were polluted with radionuclides,
especially with 134 Cs, 137 Cs, and others, The pollution was spreading distinctively
in the northwest direction from the site of the nuclear power plants as shown in Fig. 5
[3]. The radioactive Cs has been remaining in the surface soil within several cm
because Cs ions bound strongly to clay minerals in soil. The Ministry of the
Environment recommended a series of the processes shown in Fig. 6 as a decon-
tamination method for the surface soil. The upper 5 cm of the contaminated surface
soil is stripped off and put into the large bags (flexible containers). These bags are
stored in a temporary storage site for 3 years and then moved sequentially to an
intermediate storage facility for 30 years. Lastly the contaminated soil is moved to
the final disposal facility [18]. However, the amount of contaminated soil is too huge
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Fig. 5 Distribution of 137Cs in soil around of the NPP [3]
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to treat and store them and the construction of the intermediate storage facilities has
not so progressed. Moreover, Japanese government has not yet decided the locations
for the final disposal facility. It is doubtful whether the decontamination would
proceed as planned or not. Even now, 9 years after the accident, there are many
residents who cannot return to their homes because the areas around their houses
have been designated as the evacuation areas.

If radionuclides could be removed from contaminated soil by any methods, the
volume of the contaminated soil could be reduced to scale down the number and size
of the storage facilities. Many researchers have intended to develop various kinds of
treatment methods using phytoremediation, adsorption, hydrothermal method, elec-
trochemical method, etc. So far, the practical methods which can be applied to actual
contaminated soil have not yet been found out because most of the reported methods
have disadvantages in terms of processing time and cost. A Korean researcher, Kim
studied on the removal of radionuclides from contaminated soil by a combined method
of soil washing and electro-kinetic method [19]. We also investigated EK method to
remove Cs ion from soil and some results of these studies are described in chapter
“Electrokinetic Remediation”.

3 Environmental Remediation

3.1 Concepts of Environmental Remediation

What we should do firstly to keep the earth’s environments clean is to not release
pollutants to environments. In all processes of manufacturing, we have to introduce
pollutant-free processes by developing new technologies. These technologies are
called conservation/preservation, zero-emission technology, and sometimes green
chemistry for the technology in the field of chemistry. On the other hand, there are
already many contaminated environments around us. For these environments, it is
necessary to restore the previous clean and safe situation by removing the pollutant.
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That process is the environmental remediation and the technology used for that
purpose is the remediation technology. The remediation technologies are also called
restoration, decontamination, cleaning, and so on. The definitions of these terms are
not always clear.

The technologies for preservation and remediation should be complementary to
each other. Even though a contaminated site could be restored completely by the
remediation technology, as far as the source which releases a pollutant still exists, the
site will be again contaminated with the pollutant. Therefore, the true remediation
technology should contain the preservation technology which can suppress the
release of the pollutant from the source and the injection to the site as shown in
Fig. 7. If the ultimate preservation technologies, which can suppress the release of
pollutants completely, could be established in all processes, the remediation tech-
nologies may be not necessary. So far, unfortunately such preservation technologies
have not been established in most fields. The complementary roles of two kinds of
the technology are shown in Fig. 8. In the figure, at first, before starting remediation,
a certain amount of pollution exists. The amount of the pollution consists of not only
already existing pollutants but also newly injected pollutants. The pollution is treated
by the remediation technology and the amount is reduced as a function of time. At
the same time, the pollution is treated by preservation technologies and the amount
of the pollutant is also reduced as a function of time. Finally the remaining pollution
is disappeared by the complementary actions of the remediation and preservation.

3.2 Classification of Remediation Technologies

The diverse environments of aqueous sphere, atmosphere, and soil can be the targets
of remediation. Various kinds of substances such as metals, harmful organic matters,
radionuclides, and so on are also the target substances of remediation. The situation
of pollution differs from site and site, and the concentration and toxicity of pollutants
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Fig. 8 Complementary relationship between remediation and preservation technologies

and the environments surrounding the polluted site are also different. The removal
efficiency of pollutants required depends on the status of the site. Some site requires
the complete removal of pollutant but other site not so because the reduction of
pollutants by natural attenuation can be expected there after the remediation. For
such diverse requirements, we have to prepare many kinds of remediation
technologies.

Remediation technologies are classified into three groups depending on these
concepts, containment, separation, and decomposition. In addition to these, accu-
mulation technologies are required for the treatment of low-concentration pollutants
but these technologies are included in separation. Table 3 shows the classification of
some representative remediation technologies [20-22].

In containment, pollutants are converted to stable and immobile substances or
enveloped into the stable material to prevent pollutants from spreading more in
environments. In separation, pollutants are removed from contaminated site by
various kinds of chemical, physical, and biological methods. In decomposition,
harmful pollutants are converted to harmless compounds and destroyed completely
to form carbon dioxide and water by various chemical and biological processes. A
remediation technology may be used independently or some technologies may be
combined, for example, a pollutant is firstly contained for a certain period (contain-
ment technology), then it is separated from the matrix (separation technology) and
finally it is decomposed (decomposition technology).

The remediation methods are also classified into In-situ and Ex-situ methods.
In-situ means on-site, that is, remediation is carried out on and in the vicinity of the
contaminated site and Ex-situ means off-site, that is, contaminated matters are
transported to the treatment facility and treated there as shown in Fig. 9. In a case
of Ex-situ remediation for contaminated soil, the action of digging out contaminated
soil in order to transport it gives a heavy load to the land, and during digging and
transportation of contaminated soil, the pollutant in the soil may spill to



S. Tanaka

16

sorue3io

PO[OAD3I pUB PAISAOIAI s1qoydoIpAy UOTJRZI[IQN]OS
9q p[noys spmbiy Jurysnjg pue orrydoIpAg mIs-ug SJUBJOBJINS ‘TAJBA\ pue 3unepy) Surysey 10§
uoneredas
az1s 9ponted ‘Suiq
pasn s[elow AAeay Sjue)ORJINS -qnuos AJ[eoruayd
Iorem Surysem jean o) paaN pue so1uesio 10 nmIs-xXg pue 9seq ‘prOy pue A[[ed1ueyod Surysem [10
wy JowAjod
€ SB 9pPOI)O9[Q Y} UO pPIje| 9pOII9[Q U0 UoTeW uone[NUINIOE
-NWNOJ. JIB $IIULSIO QWOS | QUI[IUR PUB S[OUdYJ nIs-xg 9poNIJ[A Ioqy uoqIe) | -I0J WY JANEPIXQ |  [BOIUAYO0MIIT
9AnIppE
[1os Kake[d soregIo [njuLrey Ue SB Pasn Qe UO OS PUB | MO[ dNOWISO0IIJ[d UONRIPAUIAL
Jrqeawrad mof o3 oqeorddy ‘Suol [ejoul AABOH ns-ug sjue)oRJINS pue yVI1dd ‘stsazoydonodrg O1OUDY-0199[
Pasn Uud9q JABY OS[E SJUIA[OS
-dwe) uonnjos [10 pue ‘sopron aseyd orue3io uonoenxd
[eonuo pue sed payonbry | -sad ‘surxorp ‘gDd mIs-xg JUQA[OS O1UBSIO 0} uonNqIISI| JUSA[OS uoneredog
ssaoo1d s1yy SolueSIo [nJuLrey | MIs-Uf pue onsejdounayy [eLIJEW PI[OS UonezIIqels
QI9J10)ul ABWI SIOJOBJ QUIOS pue s[elow AABOH mIs-Xg ‘oruejozzod Quowa) ojut Junensdeouy | pue uoneOYIPI[OS
passaippe
9q p[noys juadear pappe nIs-uj pue Jepuex uonoeal
Aq uonniod A1epuodas ayJ, SUOT [ejoW AABOH] mIs-xg pue 9py[ns ‘OpIxoIpAH uoneydoalg uoneydroarg
SoTue3I0 [NyULIRY
mIs-uy 10J U0l YA 000 ‘O3e ‘soprponuoipelr nIs-xg [eLIO)eW SB[ 9[qeIs
-[0A puE JuLInd Y31y pAaN ‘s[elowl AABQH | pue myis-uf AydeIs €OV OIS yum Surdofeauyg UONBOYINIA
uonerauad
JUQLING J0J AInsodxe-ou q)seMm QAT wnjens 9[q Tesodsip
quowaseuew SUO[ € PAAN | -OBOIPRI [9AQ[-YSTH mIs-ug I9)stued pue sse[n | -eys doop ur Sunols | eor3ojoas deo(g
o [eJourwt
‘soTue3Io [NjuIIey Keo oqeawrad mof
uonoNNSuod ASed 4S0d-Mo0 ‘Suol [ejouw AABOH MIS-U[ | JUSWD pPue [RIdUIW AB[D M Jurpunolng [fem Aun[s LGl (V)
Syrewoy S[eLIRJeW S1A3I8], mIs-Xg pasn S[eLIdJRIA ordround urepy A3ojouyoa], ydoouo)
10 myIs-uf

[22—02] serSoouyda) uoneIpawal 2AneIuasaIdar Jo uoneoyisse[) ¢ dqel



17

Environmental Pollution and Remediation

uonIpuod
uonersurour Aenbapeur ay)

J9pun pauIoy 9q Aew sown sorue3io s1sAjo1Ad uonepeigop
-owos spunoduwiod d1X0) QIO JO SpUIY SNOLIBA mIs-xg [ong Arerrxny ‘uoneIaUIOU] [ewwIoy
9poxdaa Ay Je pasodwosap uonepeIsop
9q ued SOIUEZIO AWOS sorue3iQ mIs-xg aponde TQuUS SISA[O1O9[ -ono9[g
SI1o7}0
uonepeIdop pue ‘suejdesrow QULIO[YD
Jo Kouaroyge oy soaoxduir sts ‘opruekd ‘sotuegio ‘uoryoodAy ‘opr UOT)BPTXO
-Kjo1oyd AN yum Suuiquio) | pojeuLIoyd ‘sautury mis-xg | -xorad uagoipAy ‘ouozQ uonoBal UOHEPIXQ [ed1wIdyD)
jurod [eonLo oy
juowrdinba sapronsad Ieou uoneuadoreyop
JSIS2I-UOISOLIOD pue | pue sg)d ‘soruesio oprxorad pue uon UOTEPIXO Jojem
anssaxd pue "dwdy yS1y paaN pareuadorey mIs-xg uadoIpAy ‘uaSAxQ | -epeiSep sAneprxQ reonmoradng
SI19UJo pue so1uesIo (uonoear
(sg¥dd) JIeWOIROI)U uojudy) [edoIper
SIOLLIEQ QAT}ORAI J[qBAW ‘soruesIo nIs-xg sofonaed | [Axo1pAy Aq uonep
-1od oy ur pasn usYo SI JAZ PpajeuLIoONy) | pue mIs-uf (0)aJ-OuUBU PUE -OIOIJA[ | -IXO PUR ‘UONONPAY |  UOII JUS[RA OIOZ
uonoeal uonoeal uonoear
onArejes-ojoyd 10j Aresso XOS ZOLL pue 1SA[eIed Snoau onArejesojoyd onArejeoojoyd
-o0u ST Y31 AN 10 YSuUNg | pue XQN ‘soruesiQ mis-xg | -oSowoy ‘snoauafoIalof pue onAeie) pue onAree)D
ssaooxd
ur syuernnu pue ‘Hd ‘ue3Axo sopronsad | mys-uf pue sooAwounoe ‘13uny ‘e
‘QINISIOW [O1JUO0D 0} PAAN | ‘[10 d)sem ‘[10 [ang mis-Xg | -9)0eq ‘SWSIUBSIOOINA uonepeigoporg uonerpawalolg | uonisodwodaq
pasn juerd
9} Jea1) puE dFBUBUWI 0} PIAN SOTUE3I0 ‘S[EIN myis-uy | sjuepd JoyernunooeradA sjuerd £q oxerdn) | woneIpowaIo}Ayg
UOTBZI[IJB[OA SJBII[IOR] s[fenj pue mog
wed)s Jo Ire J0y Jo uonoafug SOTURSIO J[MB[OA mIs-ug wed)s ‘me Jo | JodeA ‘uonezime[oA | uondenxa Jodep
ursar gurjey
sopionuorper -9Uo ‘uIsaI 93uLYOXI-Uol Suneroyo
uondiospe 1oyye pue s[ejowr | mIs-uf pue ‘u0qIed pajeAnoe ‘a8ueyoxe-uor
JUSQIOSPE JIA0DAI 0} PAIN Aaeay ‘sotuesdiQ nmIs-Xg | Ju2qIospe Jo spury Auejy ‘Kiqe 3uiqiospy uondiospy




18 S. Tanaka

Contaminated soil

Excavation
Transportation

Contaminated soil Treatment facility

oooo

In-situ remediation

Ex-situ remediation

Contaminated soil Contaminated soil

Fig. 9 In-situ and Ex-situ remediation technologies

environments and cause the secondary pollution. Therefore, recently In-situ reme-
diation methods which do not need digging and transportation are preferred more
than Ex-situ remediation.

3.2.1 Containment

In containment, to prevent pollutants from spreading in environments, pollutants are
confined in a limited area by various chemical and physical methods or converted
into immobile forms. The concept of the containment is based on the following
relation on the risk of chemicals.

Risk = Severity of Effect x Possibility of Exposure

The risk of a pollutant is represented as the product of the severity of the effect
from pollutant and the possibility of the exposure of us with the pollutant. Even
though a pollutant has a very high toxicity, if the possibility that we are exposed with
the pollutant would be almost zero, then the total risk by the pollutant might be
almost zero. Containment is a process to minimize the possibility of the exposure
with pollutants. Many methods are applied and developed to minimize the exposure
with pollutants. One of these methods is to make pollutant itself immobile. Some
precipitation reactions are used for the purpose, for example, heavy metal ions such
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as Cd(I) react with hydroxide and sulfide to form precipitation of Cd(OH), and CdS,
respectively. These precipitations are water-insoluble and can stay as a solid in soil
for a long time.

Cd*" +20H™ — Cd(OH),
Cd*" +$* — Cds

Hexavalent Cr(VI) is very toxic and carcinogenic. It is so water-soluble that can
move easily in environments. While trivalent Cr(IIl) is one of essential elements and
forms the precipitate with hydroxide in neutral pH. Therefore, the reduction of Cr
(VI) to Cr(IIl) contributes to prevent Cr(VI) from spreading in environments. Some
natural organic matters such as fulvic and humic acids can be used as a reductant for
Cr(VD) [23]. Another method to minimize the spreading of pollutants is to envelop
the pollutants with stable materials such as concrete, glass, and clay minerals. For
example, heavy metal ions and radionuclides are solidified with concrete and glass.
Vitrification is a method to envelop the pollutants into glass. In this method,
pollutants such as heavy metal ions and radionuclides are heated with SiO, and
Al,O5 as the raw materials for glass at the higher temperature than 1,100°C. The
vitrification can be applied to the actual contaminated site as an In-situ method. Two
electrodes are embedded near the contaminated soil and a large amount of the
electricity of 4,000 V/400 A is applied between the electrodes, and the soil between
the electrodes is heated at 1100-1500°C. Usually natural soil consists of mainly SiO,
and Al,O3 and then soil is vitrified to confine the pollutants in the glass [20].

Clay mineral has a very low permeability for water. If a wall made with slurry
prepared by mixing clay mineral, concrete, and water is constructed like surrounding
a contaminated site as shown in Fig. 10, the wall can shut pollutants off from

Without slurry wall

groundwater flow spreading pollutant

pollutant

With slurry wall

groundwater flow Slurry wall

Fig. 10 Slurry wall method
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spreading. The wall is called “slurry wall” and from the reason of relatively low cost,
the slurry wall is applied to many contaminated sites, especially to the site just after
the disclosure of the pollution. The migrating rate of water in the slurry is known to
be about 107°~107® cm/s and then if 1 m length of the slurry wall with the lowest
permeability is constructed around the contaminated site, the pollutants would be
stored inside the slurry wall at least for 3 years. During this containing period, we can
plan the next treatment of the pollutant and operate actually the process to remove or
decompose the pollutants enclosed with the slurry wall. The containment technology
is expected most for the deep geological disposal of high-level radionuclides. The
effect of radiation from radionuclides on human health is very severe. In order to
reduce the risk of high-level radionuclides, it is necessary to minimize the possibility
of the exposure with them to almost zero. Therefore, high-level radionuclides are
vitrified and then put into a canister made from stainless steel. The canister
enveloped with a buffer material such as clay mineral is transported to the deep
soil by passing through the vertical shaft and stored in the tunnel built in
500-1,000 m depth as shown in Fig. 11. Under this condition, the possibility that
ordinal people could expose with the radionuclides in the tunnel would be almost
zero. This method is expected to be a final disposal technology for high-level
radioactive waste generated from nuclear atomic plants. In Finland, a deep geolog-
ical disposal using the facilities of an abandoned mine, which is called “Onkalo,” is
now in the practical application stage [24]. In Japan, “Horonobe Underground
Research Center,” one of the research center of Japan of Atomic Energy Agency
(JAEA) has conducted the studies on the deep geological disposal for high-level
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Fig. 11 Deep geological disposal of high-level radionuclides
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radioactive waste by using the pits of an abandoned mine at Horonobe in Hokkaido
[25]. The purpose of this center is to investigate the behaviors of high-level radio-
nuclides in actual deep geological environments, to find out the factors which can
give some effects on the behaviors and finally to verify the reliability of this method
for a long period. However, this center will be used only for the research but not for
the actual disposal. The national government promised the local residents that after
the research completion or after the promised period, the facility will be backfilled
and never used for the actual disposal. The area around Horonobe, the northern
Hokkaido, is one of the leading agricultural and dairy farming areas in Hokkaido,
and if the facility of Horonobe would be used as an actual disposal site, a plenty of
high-level radioactive waste will be transported in this area from all over Japan,
consequently rumor damages for agricultural products may be concerned.

The deep geological disposal is expected as a practically applicable method for
the containment of high-level radioactive waste, but has some problems. Ordinary,
the migration of radionuclides in soil is extremely limited (2 cm/year) due to the
ion-exchanging capacity of soil. Therefore, even if radionuclides enclosed in the
vitrified material would leak from there, soil would prevent the radionuclides from
spreading into environments. However, it is known that soil organic matters such as
humic substances would act as a carrier to increase the migration distance of the
radionuclides in soil [26]. The behavior of radioactive materials in soil probably
varies depending on various conditions. In addition, the lifetime of radionuclides
often lasts for thousands or tens of thousands of years and more, and then the deep
underground disposal facilities must be maintained for a long period corresponding
to their lifetime. Therefore, even if the storage facility exists now in deep under-
ground, the possibility that it may appear on the surface of the land in far-off future is
not zero because the crustal movements can cause for a long period. The risk of the
current generation may be zero, but the risk of later generations is not
necessarily zero.

Containment methods can be viewed as the chronal transfer of the risk in a certain
sense. That is, a current existing risk is contained for a certain period and transferred
to the future. The negative legacy accompanied with the benefits that the current
generation has received should not be handed to the later generation without any
treatment by the current generation.

3.2.2 Separation

Some containment methods, especially slurry wall method, are relatively low-cost
and easy to build up in the contaminated sites. However, contaminants have not been
disappeared from that location and continue to stay there although the spreading can
be suppressed. There are some threats that someday the materials and wall for the
containment may be collapsed to release pollutants into environments. Therefore, it
is necessary to plan the next measures during containing pollutants in the wall and to
conduct the measures. Separation is a method for separating and removing pollutants
from contaminated matters and sites. Various methods have been devised depending
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on the type of pollutants and the situation of the contaminated site. For the separation
of pollutants suspended in an aqueous solution, physical separation methods such as
filtration and centrifugation can be applied to, and for heavy metal ions dissolving in
the aqueous solution, various chemical and physical methods can be applied to. For
example, heavy metal ions are precipitated with hydroxide or sulfide and then the
precipitants are filtrated or centrifuged. Many other chemical methods such as acid
elution, organic solvent extraction, ion-exchange resin, chelating resin, and adsorp-
tion are used as the fundamental separation techniques, and some of them are
described in the later chapters.

Some separation techniques are used for In-situ remediation. In-situ vapor extrac-
tion method is applied to the remediation of contaminated soil with volatile organic
compounds such as jet fuel, gasoline, and so on. As shown in Fig. 12, the pipes or
thin wells are inserted or dug in the vicinity of the contaminated soil and volatile
pollutants are sucked with a pump through the pipes or wells [21]. After passing
through a gas-liquid separation, volatile pollutants are introduced to the adsorption
tower filled with adsorbent like activated carbon. Finally pollutants are removed by
the adsorption and clean air is exhausted to the atmosphere. By injecting hot air to
the vicinity of the contaminated soil, the rapid treatment can be achieved by the
acceleration of the volatilization of pollutant [22]. Soil flushing is also an In-situ
separation method for contaminated soil, in which washing water is sprayed on the
surface of contaminated soil and contaminants in soil are washed away as washing
water soaks into the soil. The soil flushing and extraction methods using aqueous
solution cannot be applied to clayey soil because the low water permeability of the
clayey soil prevents water from soaking into soil. Electro-kinetic remediation is only
one method which can move water in clayey soil by the electroosmotic flow. In EK
as shown in Fig. 13, if a pollutant has positive or negative charges, pollutants in soil

Fig. 12 In-situ vapor Vacuum pump
extraction [21]
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Fig. 13 Image of electro-kinetic remediation

are removed by electrophoretic migration. Even though a pollutant does not have
any charges, the pollutant can be moved by the electroosmotic flow generated by
applying the electricity between the electrodes inserted near the contaminated soil
[27]. The details of the EK method are described in the later chapter “Electrokinetic
Remediation”.

Phytoremediation is another separation method using some plants. Plants, which
have the ability of the uptake of pollutants in leaves, stems, and roots,
hyperaccumulator plants, can be used for removal of pollutants in contaminated
soil. Phytoremediation is expected as a low-cost and easy method for treatment.
Ideally, all we have to do is just to sow the plant seeds on the contaminated soil and
to harvest the grown plants which have taken pollutants into some parts of the plant
[28]. However, there are some limitations and disadvantages in phytoremediation.
For example, the depth of soil to be able to be treated is limited by the length of the
plant root. It usually takes a long time to treat and this method cannot be operated in
winter season in the northern area. After harvesting, the management of the plant and
some treatments are required to extract pollutants from the plant or store the plant
somewhere. The details of phytoremediation are described in the later chapter
“Phytoremediation”.

3.2.3 Decomposition

In the decomposition, a harmful substance is transformed to harmless one by various
chemical reactions and/or microorganism process. Sometimes harmful organic sub-
stances can be completely decomposed into carbon dioxide and water but in most
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cases they are just transformed to less harmful compounds. In dechlorination,
chlorines are liberated from the organic chlorinated compound to form a less or
no-chlorinated compound. From the early years, combustion (incineration) has been
used widely as the simplest decomposition method for harmful organic compounds.
However, the combustion sometimes may transform a harmful compound to more
harmful one like dioxins. Dioxins, which have very strong toxicity, are often
generated as the by-products of the incineration of garbage and so on. The amounts
of released dioxins depend on the condition of the incineration, the lower the
temperature of combustion is, the larger amount of dioxins is formed. Recently,
some innovated methods to decompose organic substances, using photo-catalyst
[29], supercritical water [30], electrochemical method [31], ultra-sonic waves [32],
and so on have been developed.

Zero valent iron (ZVI) has a high reactivity. ZVI reacts with oxygen and water to
form reactive oxygen species. The reactive species dechlorinate reductively chlori-
nated hydrocarbon such as tetrachloroethylene and trichloroethylene to form less
toxic compounds. The In-situ remediation of groundwater contaminated with TCE
has been carried out by a permeable reactive barrier (PRB) containing ZVI. Nano
particles of ZVI enable to remediate the groundwater and soil by the direct injection
of nano-ZVI. ZVI has also a high ability to adsorb some heavy metal ions. Partic-
ularly, arsenic ions selectively adsorb on the hydroxide shell of iron around the core
of ZVI [33, 34]. The details of ZVI are described in chapter “Zero Valent Iron and
Some Other Nanometal Particles for Environmental Remediation”.

Metal ions can be converted from highly harmful species to less harmful. As
described previously, hexavalent chromium is a toxic and carcinogenic metal ion,
but trivalent chromium is one of the essential metals. Therefore, the reduction of
hexavalent chromium to trivalent chromium can be considered as one of the decom-
position methods. In addition, when groundwater contaminated with high nitrate
ions is continued to be used as drinking water, it will cause methemoglobinemia in
human, especially in children. If nitrate ions can be converted into harmless nitrogen
using a catalyst, the method using a catalyst can also be a decomposition method.
The treatment of nitrate ion using the catalyst is described in detail in chapter
“Heterogeneous Catalysts for Environmental Purification”. Some chemical reactions
are also used for the decomposition of pollutants, for example, ozone reaction [35],
Fenton reaction [36], and zero valent iron (ZVI). The most promising method for
decomposition is bioremediation method, whose detail is described in chapter
“Bioremediation: From Key Enzymes to Practical Technologies”.

4 Combination of Remediation Methods

The remediation methods based on each concept are often used as combining several
methods, rather than the individual use. For example, when contamination is dis-
covered somewhere, a containment process such as slurry wall is first employed to
prevent the pollutant from further spreading. During the containment period, the
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Fig. 14 Combination of
remediation technologies Disclosure of contamination

Containment of pollutants I

Planning of
treatment methods
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method to treat the pollutant is sought and planned, and then the pollutant is
separated from there and/or decomposed to harmless compounds. The flow of
these processes is shown in Fig. 14.

In the restoration of paintings and works of art, the reversible restoration is always
required. That is, it is desirable that the repaired parts can be removed to retake the
state before the restoration. That is because the restoration sometimes undermines
the value of the original work of art. The environmental remediation should be also
reversible if possible, especially in the remediation based on containment. Since the
better remediation methods may be developed in the future, the performed process
should be reversible as making the process removed if necessary.

5 Selection and Evaluation of Environmental Remediation
Technology

The status of pollution varies from site to site. What should we consider when we
choose a remediation technology from many technologies? The first thing to do is to
get the accurate information about the pollution situation. What is a causative
substance of the pollution, how high is the concentration of the substance at the
contaminated site? And how does the possibility of spreading the substance to the
environments exist? When the pollution occurs in soil, the rate of spreading the
pollution may be very slow, but when the pollution happens in water or air, the
pollutant will diffuse rapidly. Depending on the situation of the pollution, we should
select a remediation technology which is best matted to the pollution. The toxicity of
the pollutant is also an important factor in the selection of remediation technology.
When the pollutant is very toxic like radionuclides, sufficient attention must be paid
to all of the activities during the remediation process. In addition, the final residual
concentration of the pollutants after the remediation needs to be considerably low so
that it can ensure the safety. The geological or social geographical information of the
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contaminated site is also very important to choose the adequate remediation tech-
nology. The geological information around the contaminated site will give insights
on the direction of pollutant diffusion, and the social geographical information is
necessary to obtain the cooperation and agreement with the local people who live
around the contaminated site during, before, and after the remediation process.
Furthermore, the time required for remediation, the extent of remediation, and the
cost of remediation are also important.

In order to evaluate various methods for soil remediation comprehensively, an
assessment by scoring to the following criteria; (1) overall cost, (2) ability to clean to
an acceptable level, (3) time to complete clean up, (4) reliability and maintenance,
(5) data needs, (6) safety, and (7) community acceptability, has been proposed.

6 Design of Environmental Materials for Remediation

Many environmental remediation technologies have been currently developed and
some of them are now available for actual contaminated sites. However, there are
some specific cases of the pollution that cannot be treated only by the conventional
remediation technologies. Therefore, it is necessary to design the novel methods and
materials useful for the specific remediation. Many researchers have made much
effort to develop newly designed methods and materials to be able to deal with the
specific cases and some studies by them are introduced in this book. I had some
experiences where I felt the necessity to design newly the methods and materials for
the remediation. Some pollution problems that I have experienced are introduced in
chapter “Pollution Sites Where Need Remediation” and our developments of the
designed materials are described in some chapters, especially in chapters “Magnetic
Separation of Pollutants for Environmental Remediation” and “Easily Collectable
Floating-up Adsorbents to Remove Pollutants”. Here I would like to introduce one
of my experiences that led us to our development of the new designed environmental
materials. In November of 2005, an explosion accident occurred at a petrochemical
plant in Jilin City of China, where is located in the Songhua River basin, and about
100 tons of benzene, aniline, and nitrobenzene in the plant flowed into the Songhua
River. Among these pollutants, nitrobenzene has a specific gravity of about 1.20
heavier than that of water and is slightly soluble in water. Therefore, nitrobenzene
was supposed to have flowed down along with the river water at the bottom of the
river while dissolving in water to some extent as shown in Fig. 15. I and my
colleagues conducted a survey of pollution of the Songhua River at this time with
a researcher of Northeast Forestry University of China, as the detail of this pollution
is described in chapter “Pollution Sites Where Need Remediation”. However,
eventually I could not do anything in the remediation and the recovery of the
pollutants in the Songhua River.

How to collect the oily pollutants which are flowing down with the river water at
the bottom of the river? According to the UNEP report, the local government of
China injected a large amount of activated carbon and plant materials as adsorbent in
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Fig. 15 Expected situation
at the Songhua River: the
plume of pollutant moves
with the river water at the
bottom and oily drops and
hydrates of the pollutant Plume of
also move along the river Relittait
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the vicinity of the gate for the water intake as the source of drinking water to recover
pollutants. Unfortunately the effects of the adsorbents and the recovery amounts of
pollutants by the adsorbents were not described in that report [2]. Activated carbon is
not so expensive but plenty of activated carbon needs to recover the pollutants
released into the river. Therefore, the adsorbent used under such situation should
be low-cost and also environmental friendly materials. The enhancement in the
function of activated carbon by modification is described in chapter “Preparation
and Modification of Activated Carbon Surface and Functions for Environments” and
the environmental friendly and low-cost adsorbents using paper sludge, some plants,
and natural products are described in chapters “Environmentally Friendly Adsor-
bents” and “Coal Fly/Bottom Ash, Hydroxylapatite and Hydrotalcite”. The recovery
of pollutant flowing down at the bottom of river is one of the special challenges that
conventional treatment methods and materials cannot be applied to. It is essential to
develop newly designed materials that can cope with such pollution situations. This
specific situation gave authors a motivation to develop the adsorbents which can be
collected easily after adsorption of pollutants on them. One of such adsorbents was a
modified magnetite with hydrophobic compounds and it aimed to collect the adsor-
bent by a magnet after adsorbing oily materials like nitrobenzene in water. The
magnetic separation of oily drops with modified magnetite was firstly developed by
the researchers of Kawasaki Heavy Industries Ltd. [37]. Their study was also
motivated by an accident of the oil spill from the Russian tanker, “Nakhodka,”
near the coast of Shimane prefecture in the Japan Sea in 1997. In this accident, a
large amount of fuel oil spilled from the ship and polluted a wide area of the
coastline. The modified magnetite with hydrophobic compound can surround around
oily drops of fuel oil and the oil droplets surrounded with the modified magnetite can
be collected by a magnet. Our challenges were to clarify whether this technology
could be applied to the collection of organic solvents such as nitrobenzene and
chlorobenzene, furthermore, to expand this method for the collection of heavy metal
ions and organic matters by introducing some adsorbing abilities into the modified
magnetite. The image of easily collectable adsorbents by a magnet is shown in
Fig. 16.

Another challenge is to develop the adsorbent that can float up on the surface of
water after adsorbing pollutants. In the case of the Songhua river accident, a heavier
pollutant than water such as nitrobenzene would flow down at the bottom of the river
as described previously. In order to collect such pollutants with adsorbent, the
adsorbent should once sink down at the bottom of the water to make contact with
pollutants and stay there to adsorb the pollutants. Finally if the adsorbent could float
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up to the surface of the water, the adsorbent can then be collected relatively easily
from the water surface as shown in Fig. 17. In order to develop such an adsorbent, we
attempted to introduce a weight and a float to the adsorbent. When a heavier weight
than the buoyancy due to a float is initially attached to the adsorbent, the adsorbent
will sink down at the bottom of the water. However, if the weight gradually dissolves
in water, this adsorbent would float up to the surface of the water after a certain time.
In the process of the development of this type of adsorbents, we found out the very
interested adsorbent which repeated the floating up to the surface and sinking down
to the bottom a dozen and so times. This behavior is suitable for the collection of
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pollutant diffused in bulk solution. Lastly if the adsorbent could float up the water
surface, we can collect the pollutant with the adsorbent easily. The details on this
adsorbent are described in chapter “Easily Collectable Floating-up Adsorbents to
Remove Pollutants”.

7 Contents of This Book

This book consists of five parts. Part I including two chapters is a background for
environmental remediation and the introduction of some pollution problems. The
necessity of environmental remediation and the classification of the technologies for
remediation are dealt in chapter “Environmental pollution and remediation”. In this
chapter, the necessity of the design of the environmental materials and methods for
remediation is also described. Some case studies of recent pollution problems which
authors have been concerned in are introduced in chapter “Pollution Sites Where
Need Remediation”. In Part II including two chapters, the effects of pollutants on
human health and ecosystem and the evaluation are described. The cases of heavy
metals are described in chapter “Effects of Metals on Human Health and Ecosystem”
and the cases of harmful organic substances in chapter “Effects of Persistent Organic
Pollutants (POPs) in the Ecosystem and HUMAN health: Focusing on Chlorinated
Chemicals”. Part III including four chapters shows some representative remediation
technologies such as electro-kinetic remediation (chapter “Electrokinetic Remedia-
tion”), phytoremediation (chapter “Phytoremediation”), electrolysis for accumula-
tion and decomposition of pollutants (chapter “Electrochemical Accumulation and
Decomposition”) and bioremediation (chapter “Bioremediation: From Key Enzymes
to Practical Technologies”) as relating to the design of the new functions and
materials which can be applicable to these technologies. In Part IV including eight
chapters, the developments of some designed environmental materials are intro-
duced. The preparation and characterization of the developed materials are described
and also the application or the possibility of the application is shown in each chapter.
The developments of environmental friendly adsorbents are dealt in chapter “Envi-
ronmentally friendly adsorbents”, and the studies on modified activated carbon
(chapter “Preparation and Modification of Activated Carbon Surface and Functions
for Environments”), hydro-char and bio-char (chapter “Hydrochar and biochar”),
graphene (chapter “Graphene Oxide for Elimination of Dyes”), heterogeneous
catalyst (chapter “Heterogeneous Catalysts for Environmental Purification”), adsor-
bents based on natural products (chapter “Coal fly/bottom ash, hydroxylapatite and
hydrotalcite”), solidified DNA and cyclo-dextrin (chapter “Bio-Inspired Materials
for Environmental Remediation”), zero valent iron (chapter “Zero Valent Iron and
Some Other Nanometal Particles for Environmental Remediation™) are introduced.
Finally in Part V including three chapters, easily collectable adsorbents and floating
plants are described. The floating adsorbent can be collected easily from the surface
of water. The adsorbents with magnetism can be collected easily by a magnet. The
floating plants like algae, which can intake some pollutants, can be also collected
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easily from the water surface. The results of our studies on magnetic separation using
the modified magnetite are shown in chapter “Magnetic Separation of Pollutants for
Environmental Remediation”. The floating adsorbents and plants are introduced in
chapters “Easily Collectable Floating-up Adsorbents to Remove Pollutants” and
“Remediation by Floating Plants”, respectively.

8 Conclusion

An ideal world is one that does not need any remediation technologies. For that
purpose, it is necessary that zero-emission technology has been established in every
process and no pollutants are emitted into the environment. However, in reality, it
will take a long time to develop the complete zero-emission technology. Even if such
a technology would be developed, it will take plenty of time and cost to deploy it to
every process. In the meantime, pollutants will continue to be discharged into the
environment. Moreover, there are many environments around us that have already
been polluted. Even if a zero-emission system is completed and deployed, a system
failure may occur due to accidents or disasters, resulting in pollution. Therefore, the
remediation technology is an essential technology at all time. The inexpensive and
efficient remediation methods can replace an expensive preservation technology.
However, the establishment of the complete remediation techniques does not mean
that the release of pollutants into the environment is permitted if efficient remedia-
tion techniques are available. Until the complete zero-emission system will be
established, we have to supplement it with remediation technology. As described
previously, the remediation and preservation techniques are complementary. There-
fore, it seems to be indispensable to develop the remediation technology and to
design the useful materials for the remediation as well as the preservation
technology.
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Abstract In this chapter, four different types of pollution problems in four countries
are introduced. These are pollution with mercury by small-scale gold mining activ-
ities in Indonesia, pollution with nitrobenzene in the Songhua River in China, salt
damages in Bangladesh, and soil contamination with lead in railroad stations in
Japan. Some authors actually participated in the survey and investigation of these
pollution problems. Although any remediation technologies have not been applied to
these pollution sites, these pollution problems were important for us to consider the
design of the materials used for the remediation and the remediation technologies.

Keywords Pollution with mercury, Pollution with nitrobenzene, Salt damages,
Small-scale gold mining, Soil contamination with lead

1 Introduction

There are many polluted environments around us. A large variety of pollutants affect
a wide range of polluted sites, from the hydrosphere such as oceans, rivers, and lakes
to the atmosphere and soil. There are many kinds of pollutants such as heavy metals,
organic pollutants, oils, radioactive substances, salts, and asbestos. Some organic
pollutants are artificially synthesized, and others are naturally produced and
unintentionally produced during human activity. Many pollutants show the toxicity
at the relative high concentration but some affect the living body even at the trace
amounts. If pollution is left untreated, it will spread more and more and its impact on
people and ecosystems will increase. Therefore, it is necessary to remove pollutants
from the contaminated areas and restore the original safe and clean environment.
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Many pollution sites where need the remediation exist all over the world and it is
impossible to describe all of them.

In this chapter, we mainly focus on four pollution problems that we have been
involved in, especially in Asian four countries. The researchers who have surveyed
the pollution together joined in writing of this chapter. One is mercury pollution of
rivers due to small-scale gold mining activities in Indonesia. In 2001 and 2002, we
conducted the surveys of the gold mining in the rivers of Java and Central Kaliman-
tan and measured the mercury concentration in river water and sediments. The
second is the spill accident of some chemical substances into the Songhua River in
the northeastern region of China in 2005. In March of 2006, 6 months later the
accident, we visited the Songhua River and measured nitrobenzene in river water,
surface ice, and fish samples.

The third is the problem of salt damage in Bangladesh. The rise in the sea level
due to global warming, the frequent occurrence of high tides and strong monsoon
due to the recent abnormal weather, and human activities like shrimp cultivation
cause the salt damage to groundwater and soil in the coastal area in Bangladesh. We
surveyed these areas and confirmed the high conductivity in well water. The salt
damage is common problems for many countries having the low coastal area.

The fourth is soil pollution with lead of railway stations in Japan. We conducted a
joint research with JR Hokkaido and considered the causes of the lead pollution.

For these pollution problems, we had not performed the remediation actually.
However, these were very important for us to consider the remediation technology
and the materials applicable to the remediation.

2 Pollution Problems in Indonesia
2.1 Current Environmental Issues in Indonesia
2.1.1 Citarum River

In 2013, the Citarum River in West Java and the Kahayan River in Central Kali-
mantan were named among the world’s 10 most polluted places with Chernobyl in
Ukraine according to a report of Green Cross Switzerland and Blacksmith Institute
[1]. The Citarum River which provides 80% surface water for the city of Jakarta and
irrigates farms that supply 5% of Indonesia’s rice is the most polluted river due to
household garbage and untreated industrial wastewater. A photograph in Fig. 1
shows the rubbish dumped in the Citarum River.

More than 2,000 companies in the area, primarily textile factories built near the
river, discharged enormous amounts of wastewater directly into the river [3—
5]. About nine million people live in close contact with the river, where levels of
fecal coliform are more than 5,000 times mandatory limits [6]. In addition, heavy
metal concentration such as lead (Pb) is more than 1,000 times the U.S. standard of
drinking water, while other heavy metals concentration such as aluminum, iron, and
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Fig. 1 The water in the Citarum river is full of trash, detergents, household waste, and hazardous
waste [2]

manganese is significantly higher than the standard limit [4]. The toxic waste kills
the rivers and fosters diseases such as dermatitis. Table 1 shows the average value of
water quality in the Citarum River basin at a different location from 2001 to 2009.

Environmental degradation also leads to regular flooding in cities such as Ban-
dung because of deforestation and drains blocked with garbage [5]. However, fishing
is still widely practiced along the river, and the catchment has been contaminated by
heavy metals and microplastics, which are consumed in areas adjacent to the river. In
recent years, the volume of farmed fish in the Saguling reservoir has reduced by
5,000 metric tons per year because of deterioration of water quality leading to lower
dissolved oxygen levels in the Citarum River basin [7]. Additionally, the number of
fish species in the river has decreased by 60% since 2008 [6].

In 2018, the Indonesian government established the Citarum Harum — a seven-
year revitalization program with the goal of Citarum’s water drinkable in 2025. The
program has been supported by the Asian Development Bank (ADB) since 2013,
which includes combating soil erosion and agricultural runoff by reforesting sur-
rounding mountains, extracting the toxic sediment, prohibiting discharging waste-
water from factories, and setting up environmental education projects [2]. Table 2
shows the innovation of the ADB program to increase the sanitation and wastewater
management based on a formulated scenario for treating domestic and industrial
water.
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Table 2 Benefits of improved sanitation and wastewater management [7]

Benefit Monetized Quantified

Health Averted fecal-oral disease from Reduced cases of food poisoning from
improved on-site sanitation and waste- | consumption of fish infected by algal
water management blooms or heavy metal

Averted health impacts of less expo-
sure during flooding events

Water Reduced water treatment costs to Increased business investment due to
households and industries availability of cheap and clean water

Improved fish yields from farming in Reduced frequency and costs of flood
downstream lakes events due to preventing further land
subsidence from excessive groundwa-
ter extraction

Environment | Reduced frequency of river and reser- | Improved quality of life for riverside
voir dredging due to sludge extraction | communities

before wastewater release Conservation: preserved biodiversity
Rise in land prices due to improved Tourism opportunities due to improved
esthetics of riverside and lakeside real | esthetics of riverside and lakeside
estate locations

2.1.2 Kahayan River

The Kahayan River is used by local people for many purposes, including drinking
water supply, washing, bathing, transportation, and fishing. Recently, gold mining
activities have been distributed over the Kahayan and Rungan Rivers watersheds.
Commonly, these activities are conducted in the upstream villages. In 2004, about
1,000 units of gold mining equipment were being used in the Kahayan watershed
and 200 units in the Rungan watershed [8]. Significantly, gold mining contributes
19.4-29.1% of the annual revenue of the Palangka Raya region, although it is a
significant source of water pollution [9]. The primary pollution of the river is
associated with the artisanal small-scale gold mining (ASGM) that uses mercury
(Hg) in the gold extraction process [10]. The mercury forms an amalgam with gold
concentrate and then is burned off in a rudimentary smelting process. The remaining
mercury concentration in aquatic systems is readily converted to organic methyl
mercury by a process that is thought to be mediated by SO,>~ reducing bacteria, and
surficial sediments are regarded as the primary sites of microbial methyl mercury
production [11]. Bioaccumulation through the food chain increases the human risk
of chronic methyl mercury exposure, mainly in those populations with high intakes
of fish or fish products [12]. Total mercury concentrations in fish (Mystus nemurus)
obtained from both rivers ranged from 0.02 to 0.48 ng/mg wet wt., which is close to
the USEPA guideline value for human consumption.

Additionally, the highest total mercury concentration in a water sample came
from a tributary of the Kahayan River, which was higher than Indonesia’s drinking
water standard for total mercury (1,000 ng/l) [10]. Recently, the gaseous elemental
mercury (GEM) was measured to clarify the human health risk of inhalation in three
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artisanal small-scale gold mining (ASGM) areas of Palu (Central Sulawesi, 342,000
residents), Muara Aman (Bengkulu in Sumatra, about 1,000 residents), and Palangka
Raya (Central Kalimantan, 236,000 residents). The results showed that the health of
residents of Palu—not only in the ASGM area but also in the city—may be at risk
due to GEM inhalation. In Muara Aman, the health of people who engage in gold
refining and gold shop employees may be at risk, whereas the health of residents of
Palangka Raya appears not to be at risk [13].

The United Nation’s Minamata Convention on Mercury was signed by the
Indonesian government on 10 October 2013 and then followed with the ratification
on 22 September 2017, which requires a reduction in the use of mercury and mercury
compounds at mining sites [14]. Therefore, Indonesia has acted a vital step to limit
anthropogenic mercury releases into the environment. However, ASGM activities
are closely related to poverty and thus are likely pessimistic about continuing [13].

Currently, the Ministry of Environment and Forestry (KLHK) of Indonesia has
reported that in 2021, around 59% of 564 rivers in Indonesia will be heavily
polluted. The sources of pollution are industrial waste, such as oil, gas, mining,
domestic or household waste, and livestock waste. Previously in 2015, around
79.5% of rivers across the country were reported in severe pollution conditions.
Therefore, there is an improvement in water quality in Indonesia today [15].

2.1.3 Crude Oil Sludge

Currently, Indonesia’s oil production reached nearly 740,000 barrels of oil per day
(BOPD) which is predicted to produce approximately 51,000 m® of crude oil sludge
annually [16, 17]. Pertamina Ltd. at Unit Tanjung business operation, South Kali-
mantan, Indonesia, has produced 300 m® per year crude oil sludge from 5,000 BOPD
of oil production. This large quantity does not include a stockpile of crude oil sludge
by other oil and gas companies operating in Indonesia. Santa Fe Ltd. in Papua and
Vico Ltd. in Kalimantan store about 20,000 and 15,000 m> of crude oil sludge.
Pertamina Ltd. stockpiles as much as 15,000 m® of crude oil sludge in Cilacap and
Balikpapan, 500 m? in Plaju, and 16,000 m® in Indramayu of oil processing facility
[18]. To date, the number of crude oil sludge production will vary due to stringent
standards regulated by the Indonesian government. Oil and gas exploration and
production (E and P) are necessary and responsible for various environmental
pollutions worldwide. Table 3 shows common waste associated with E and P
activities. Physically, crude oil sludge forms as sticky mud and has a viscosity of
450 cP. The hydrocarbon compounds in crude oil sludge are dominated by a long
carbon chain (i.e., from CI1 to C44). The organic phase in crude oil sludge
contained heavy petroleum residue. At the same time, oil-contaminated soil is
contaminated soil or sand with petroleum oil or its derivative compounds.

Table 4 shows general characteristics of crude oil sludge collected from Balongan
oil refinery unit, Cirebon, Indonesia, and oil-contaminated soil collected from Bula
oil field, Seram, Indonesia.
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Table 3 Common waste associated with E and P activities [16]

R. S. Putra et al.

E and P activities

Waste Components S |D|C |P|M|A
Oil spill/leaks Hydrocarbon, chemicals R RN
Contaminated soil Hydrocarbon, chemicals, heavy metals NN N NN
Domestic waste Organic, solids, oil and grease, nutrients NN N NN A
Lubricant waste Hydrocarbon, heavy metals v [ \/
Ballast water Hydrocarbon, heavy metals 3
Boiler blowdown Biocides, heavy metals, scale \ N
Drilling fluid, mud, Biocides, metals, surfactants, viscosifiers N N
and cutting
Produced water Hydrocarbon, heavy metals, organic, N v

ammonia, H,S, BTEX
Produced sand Hydrocarbon, heavy metals \
Oil sludge/bottom Hydrocarbon, chemicals, heavy metals 3 \
waste

S seismic survey, D exploratory drilling, C construction, P production, M maintenance,

A abandonment

Table 4 Characteristics of oil sludge and oil-contaminated soil [16]

Parameter Oil sludge Oil-contaminated soil National standard®
Density, g/L 878.8 1,024.5 —
Viscosity, cP 450 -
TPH, % 30-33 20-22 -
Water, % 2.61 4.50 -
Solid, % 35.63 73.8 -
Volatile hydrocarbon, % 7.65 14.4 -
Non-volatile hydrocarbon 54.61 9.5 -
Organic-C (dry wt.), % 28.49 - -
Heavy metals (mg/L)

As 0.0002 0.57 5
Ba 0.429 1.37 100
B 0.011 - 500
Cd <0.001 0.03 1
Cr <0.001 <0.005 5
Cu <0.001 0.01 10
Pb <0.001 <0.004 5
Hg 0.0013 0.12 0.2
Se 0.0008 - 1
Ag <0.001 - 5
Zn 0.124 0.06 50

# Ministry of Environment of Indonesia No.128/2003
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Table 5 TPH content after 24 h soil washing and 30 days bioremediation [16]
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TPH content (%)

Treatment Time (days) | Control (exp.1) | Biosurfactant (exp.2) | Tween80 (exp.3)
Soil washing Initial 32.00 32.00 32.00

1 29.40 (8.13) 20.20 (36.90) 24.00 (25.00)
Bioremediation |2 29.40 (8.13) 20.20 (36.90) 24.00 (25.00)

4 27.04 (15.50) 15.84 (50.50) 19.70 (38.44)

7 26.40 (17.50) 12.10 (62.19) 16.45 (48.59)

15 24.20 (24.38) 9.60 (67.50) 12.58 (60.69)

21 21.77 (31.97) 4.05 (87.34) 9.84 (69.25)

30 17.31 (45.91) 2.96 (90.75) 6.66 (79.19)

Value in bracket is the removal percentage of TPH

Standard practice on the treatment of crude oil sludge is physical/chemical
extraction and then centrifugations to recover oil while the remaining residue is
treated by mean bioremediation or co-processing method, which utilizes the incin-
eration to burn waste at high temperature (1,500°C) in cement kiln. According to the
environmental regulation, total petroleum hydrocarbon (TPH) in crude oil sludge
must be reduced until 15% (w/w) before the bioremediation can be applied to treat
crude oil sludge. The surfactants, either synthetic or bio-products, are added to the
soil washing process to reduce TPH content in crude oil sludge. Additionally, these
surfactants also enhanced the bioremediation process itself [16, 19]. Table 5 shows
TPH content in crude oil sludge after 24 h soil washing and 30 days bioremediation
process.

Crude oil sludge is treated by soil washing to reduce oil content before bioreme-
diation continues. Experiment 1 (exp.1) is washed with tap water, while exp.2 and
exp.3 are washed with biosurfactant from Azotobacter sp. and Tween80 at 10-fold
CMC value. Significantly, TPH decreased by 37% when oil sludge was washed with
a biosurfactant (exp.2). After oil content is recovered and removed from an exper-
imental reactor, bioremediation is continued for 30 d. The highest removal of TPH is
91% from crude oil sludge by biosurfactant compared with Tween80 (79%). There-
fore, the significant growth of petrophilic bacteria in bioremediation is enhanced by
surfactants [20, 21]. The applied field of bioremediation on petroleum-contaminated
soil showed that the addition of specific degrader microbe and biosurfactants could
remove 46 g total petroleum hydrocarbon per kg soil from 4.883 m® for 16 months
treatment [22]. Chevron Pacific Indonesia (CPI) is the biggest oil producer in
Indonesia, which contributes up to 40% of national oil production. Currently, this
company operates nine treatment facilities with 42.000 m® of contaminated soil per
treatment cycle and has successfully treated more than half a million cubic meters of
contaminated soil from the Sumatra operation area from 2003 to 2011 [16]. Figure 2
shows the enhancement mechanism of microbial degradation with biosurfactants
produced by petrophilic bacteria.

An assuring technique that can enhance the biodegradation efficiency of hydro-
phobic compounds is the employment of biosurfactants. The present of biosurfactant
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Biodegradation

intermedi r
ntermediater products Bioremediation limiting factors:

I 1. Low substrate solubility
Biosurfactant
producing
bacteria Petrophilic Biosurfactant increased the
bacteria substrate bioavailability

543
(2)%.°

|

l E E E 2. High toxicity of hydrocarbon

compounds
Petrophilic
bacteria

Augmentation of specific
degrader microbe

Increase the solubility and
availability of substrate, thus
making it more readily to microbial attack

Fig. 2 Mechanisms of biosurfactant in degradation of hydrophobic compounds [18]

can improve a low solubility compounds biodegradation by two mechanisms are as
follow: (1) enhancement of the solubility employing emulsification of the hydro-
phobic compounds, making it more available for microorganism attack and (2) facil-
itated transport and mobilization of hydrophobic compounds, allowing it to connect
more with microbial cells [18]. By decreasing the interfacial and surface tension with
biosurfactant addition, the surface area of the hydrophobic compound will increase,
which leads to enhanced bioavailability and mobility. Furthermore, the emulsifica-
tion mechanisms are promoted by the high molecular mass of biosurfactants,
whereas the mobilization mechanisms are promoted by common molecular types
of biosurfactants [23, 24].

2.1.4 Tailing Soil

PT. Freeport Indonesia (PTFI) is a copper and gold mining company operating in the
Mimika Regency, of the Papua Province, since 1972. Currently, the company
processes 220,000-240,000 tons of ore per day. The ore processing is conducted
at the mill (MP-74) using a well-known flotation process, which produces concen-
trate and tailings. Tailings are finely ground natural rock residue from the processing
of mineralized ore amounting to approximately 97% of the processed ore, and only
3% represent the concentrate containing copper, gold, and silver. Tailings produced
by company operations are deposited in a designated area of 230 km? in the lowlands
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Table 6 Characteristics of deposited tailing in conservation area [25]

Characteristics | Type 1 Type 2 Type 3 Type 4

Particle size Medium- Medium-fine Mix medium-fine/ Very fine
course very fine

Drainage Very good Moderate Bad-water logged/ Very bad

inundated

Moisture Moderate High Very high Very high

Nutrient Very low Low Low-moderate Low

Land use Forest/ Agriculture with Wetland/aquaculture | Mangrove
agroforestry ameliorative

of Mimika Regency of the Papua Province of Indonesia. Tailing’s soil is classified as
Entisolic and is characterized by low to very low content of Nitrogen (N), Phospho-
rous (P), Potassium (K), and organic carbon and high Calcium (Ca), Magnesium
(Mg), Copper (Cu), Iron (Fe), Manganese (Mn), Zinc (Zn), Sulfur (S), and pH level
ranging from medium to high (pH 6-8). The high pH level of tailings soil reduces the
mobility of nutrients and metals in soil solution and the availability of these elements
to plants [25].

To minimize the lateral impacts, the company builds and maintains two levees
along 54 km in the east and 52 km in the west sides of the deposition area. The area
between the two levees is the Modified Ajkwa Deposition Area (Mod-ADA), which
was used about 230 km? for the deposition area of tailing in the lowlands. The area
has no longer actively received tailings that use as reclamation areas. In this area, the
deposited inactive tailing soil is divided into four zones based on tailing particle size,
geomorphology, hydrogeology, and appropriate vegetation types. Additionally, the
number of soil organisms (bacteria, fungi, and actinomycetes) in the tailing areas are
medium to high population, which can play their roles in the decomposition of soil
organic matter [26]. Those areas are converted into the natural forest by
re-vegetation and productive agricultural land. Table 6 shows the characteristic of
deposited tailing in the reclamation area.

Based on tailing characteristics there are three programs that have been consid-
ered to reclaim the tailing soil after the final mine closure: (1) allows the natural
succession to occur in the tailing area, (2) convert the tailing area into agriculture
(includes estate crops plantation, forest plantation, or agroforestry), and (3) convert
the area where natural succession process has occurred after several years into
agriculture, forest plantation, or agroforestry. Additionally, the company started
these reclamation programs before the final mine closure as the strategic plans to
determine an appropriate plant that can grow in the tailing area. Field reclamation
has been conducted since 1992 by covering 6,430,000 m? of the area with agricul-
ture, forestry, and agroforestry plants. Until 2011, around 160 plant species have
been successfully grown in the area [25]. In addition, a part of a plant has been
confirmed by laboratory testing that the metal concentration in the plant is lower than
the limits of environmental standards of the Indonesian government, as shown in
Table 7.
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Table 7 Heavy metal concentration in the plant that had been grown in the tailing [25]

Heavy metal conc. (mg/kg wet.
weight)
Plant type Plant name Treatment As Cu Pb Zn
Fruit Banana Tailing <0.20 [1.70 |<0.20 |3.52
(Musa L.) Non-tailing <0.20 |[1.10 |<0.20 |1.72
Melon Tailing <020 045 |<0.20 |1.32
(Cucumis melo L.) Non-tailing <020 [0.46 |<0.20 |1.15
Watermelon Tailing <0.20 [0.40 |<0.20 |1.11
(Citrullus lanatus) Non-tailing <0.20 [0.57 |<0.20 |1.21
Pineapple Tailing <0.20 |1.81 |<0.20 |1.48
(Ananas comosus) Non-tailing <0.20 [0.54 |<0.20 |1.16
Vegetable Chili pepper Tailing <0.20 |[1.33 | <0.20 |2.49
(Capsicum annuum) Non-tailing <0.20 |1.88 | <0.20 |2.36
Eggplants Tailing <0.20 [0.96 |<0.20 |1.43
(Solanum melongena L.) Non-tailing <0.20 |1.01 |<0.20 |1.75
Spinach Tailing <0.20 [2.83 | <0.20 |2.65
(Spinacia oleracea) Non-tailing <0.20 [2.59 |<0.20 |2.66
Tomatoes Tailing <0.20 [0.54 |<0.20 |1.75
(Solanum lycopersicum) Non-tailing <0.20 |0.56 |<0.20 |2.13
Long bean Tailing <0.20 (092 |<0.20 |1.32
(Vigna unguiculata) Non-tailing <0.20 [0.99 |<0.20 |6.06
Food plant Sweet potatoes Tailing <020 [1.60 |<0.20 [2.22
(Ipomoea batatas) Non-tailing <0.20 [1.06 |<0.20 |3.20
Sago palm Tailing <0.20 [0.38 |<0.20 |0.42
(Metroxylon sagu) Non-tailing <0.20 [0.41 |<0.20 |0.98
Forest plant Adina nerifolia Tailing <0.20 [2.67 |<0.20 |4.55
Non-tailing <020 |2.55 |<0.20 |4.72
Fiqus armitii Miq. Tailing <020 |1.69 |<0.20 |7.63
Non-tailing <0.20 |2.51 |<0.20 |8.03
Nauclea orientalis Tailing <0.20 [3.17 |<0.20 |5.50
Non-tailing <0.20 |1.62 | <0.20 |5.36
The standard limit of National Food and Drug Administration | 1.00 5.00 |2.00 40.00
of Indonesia No. 03725/B/SK/B/VII/SK

Highland reclamation program in overburden stockpile areas at Grasberg open-pit
mine area has been recently reclaimed by transplants using a tissue culture technique
to provide mass micropropagation [27]. The area is located at 4,100—-4,300 m above
sea level, where only subalpine and alpine plant species can grow in this area. As the
Grasberg mine transitioned from open pit to underground operations in 2016, more
mining areas would be reclaimed. The total area reclaimed as of December 2011 was
200 ha, and up to 637 ha will be reclaimed until 2020. A single ha mine requires
2,500 clumps of transplants, so thus 1.6 million clumps of transplants are required up
to 2020. The primary means of plant establishment is transplanting native grasses,
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Fig. 3 Reclamation area of overburden stockpile at Cartensz [28]

shrubs, and ferns harvested from the surrounding, relatively undisturbed areas and
from previously planted areas that serve as a plant source. A photograph in Fig. 3
shows the reclamation in the overburdened stockpile at the Cartensz area. The
grasses and shrubs are divided and replanted in the pots at the Grasberg nursery,
acclimated to the conditions, then transplanted onto the overburdened
stockpiles [27].

2.2 Pollution with Mercury by Illegal Gold Mining
in Indonesia

Artisanal small-scale gold mining activities have been conducted in many countries,
such as Brazil, Mongol, Indonesia, etc. The gold mining areas in Indonesia are
mostly distributed in Sumatra, Java, Kalimantan, Sulawesi, and Papua islands.
Small-scale gold mining usually uses elemental mercury for gold extraction which
is called as amalgamation process; this activity threatens the environment because
the mercury used in the process has not been completely recovered and partially
discharged into environments and it will be released to the river, surrounded area,
and atmosphere where the activities are carried out near. Consequently, mercury
pollution cannot be avoided, this small-scale gold mining activities are considered as
illegal gold mining [29]. After long process for drafting, President of Republic
Indonesia has launched Presidential Decree No.21 year 2019 that determined
national action to reduce and remove mercury in small-scale gold mining. The
reduction target of mercury utilization in sector of small scale of gold mining is
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Fig. 4 Gold mining activities using mercury in Cikaniki River of West Java; (a) The Cikaniki
River where gold mining activities have been performed, (b) A drum with an impeller for extracting
gold with mercury

100% (zero mercury) by 2025. Therefore, mercury concentration in river water
should be monitored to avoid environmental damage in the future.

2.2.1 Past and Current Situations of Illegal Gold Mining

In 2001 and 2002, Yustiawati et al. surveyed the mercury pollution caused by small-
scale gold mining activities in some rivers of Indonesia, the Cikaniki and Cidikit
Rivers in West Java, and the Kahayan River in Central Kalimantan. Different
methods and equipment have been used in the rivers in West Java and Central
Kalimantan. In the Cikaniki and Cidikit Rivers, the small drum with an impeller has
been used as shown in Fig. 4. Soil containing small amounts of gold ore, cement,
water, and elemental mercury are put into the drum. The drum is set in a small stream
in the middle or edge of the river as shown in Fig. 4. The drum continues to be
rotated by hydraulic power to mix well soil with mercury; in this process gold will be
extracted and bounded with mercury. After rotating for several days, mercury
contained gold was separated from soil. A small ball of amalgam Hg with gold
can be obtained by squeezing out the excess mercury from the amalgam by using a
piece of cloth. The last, the amalgam was heated with a burner to evaporate mercury
from the amalgam to get pure gold. The outline of the mining process is shown in
Fig. 5. Amalgamation process is the primary method to extract gold from gold ore or
alluvial gold because about 90% of gold will be trapped in amalgam by this method.
From several steps of gold mining processes, especially the separation process of Hg
amalgam from soil and the evaporation process, mercury could be discharged into
the environments, then mercury contamination occurs. On the other hand, in the
Kahayan River, the gold sands have been collected from the bottom of the river by a
special device built up on a raft as shown in Fig. 6. The river sands are pumped up
with huge amount of water and flowed down on a slider, whose surface was covered
with a carpet having long fibers. The lighter ordinal sands can flow down out of the
slider but the heavier gold sands can be trapped between the long fibers. After the
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Fig. 5 Mining processes for extraction of gold from soil in the Cikaniki River
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Fig. 6 Gold mining activities at the Kahayan River in Central Kalimantan, some devices set up in

the river
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Fig. 7 Procedure for speciation analysis of mercury

Table 8 Mercury concentration of river water samples

Total Hg (pg/L) Hg bound with HA (pg/L)

No. Sampling location 2001 2002 2001 2002
L. R. Cikaniki 1 4.86 1.13 0.09 0.15

2. R. Cikaniki 2 2.74 0.71 0.23 0.09

3. R. Cikaniki 3 3.63 0.37 0.11 0.07

4. R. Cidikit 1 0.24 0.34 0.07 0.02
5. R. Cidikit 2 0.82 0.39 0.06 0.01

6. R. Cidikit 3 0.44 0.49 0.08 0.02

7. R. Kahayan - 0.08 - nd
nd not detected

process run for several days, the carpet was dried, and gold dusts in the fibers are
recovered. In this activity, elemental mercury was not used in the river but used in
worker’s house to extract gold from the collected gold sands. In this study, the
concentrations of mercury in the water samples of three rivers in West Java and
Central Kalimantan were measured [30].

The river waters were collected in October 2001 and September 2002 at three
sampling sites ranging from upstream to downstream chosen at each river. By
filtration of the water using 0.45 pm membrane filter, mercury in the river water
was separated into dissolved Hg and adsorbing Hg on suspended particles (partic-
ulate mercury). Moreover, the dissolved mercury was separated into cationic and
anionic species by adding C-25 cation-exchanger resin into the filtered solution.
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After digestion of organic matters in the solution by KMnO, in acidic solution,
mercury in the solution was measured by a Mercury Analyzer (Hiranuma HG-300).
The procedure of the speciation analysis for mercury is shown in Fig. 7. Since most
of anionic species of mercury were thought to exist as a complex with humic
substances, the conditional stability constant and the complexing capacity of
humic acid with Hg were calculated by using a Scatchard plot [31].

Mercury was detected in all the water samples of the Cikaniki and Cidikit rivers in
2001 and 2002. The concentrations of the total Hg and HA-bound mercury species in
the Cikaniki and Cidikit rivers are shown in Table 8. The total concentration of
mercury in the Cikaniki River in 2001 was higher than the maximum tolerable
concentration (0.002 mg/L) of Indonesian Government regulations for river water.
However, the concentration in 2002 had drastically decreased because of the reduc-
tion in the number of gold mining operations due to the regulation of the gold mining
activities on the river by the government. Most of mercury existed as the adsorbing
species on suspended particles, which were suggested to be clay minerals from the
SEM images and the elemental analysis data by X-Ray spectroscopy. These results
indicated that the separation between mercury and soil in the gold mining process
had not achieved completely and the mixture of fine mercury drops and soil was
discharged into the river. Anionic species of HA-bound mercury were also found in
the sample waters but in relatively low concentration. Mercury was detected in water
samples of the Cidikit River; however, the concentration was less than the maximum
tolerable concentration. The concentration of mercury in the river water of the
Kahayan River was much lower than those of the Cikaniki and Cidikit rivers,
because the gold mining process at the Kahayan River was different from that of
the Cikaniki and Cidikit rivers, where mercury was not used in the river directly.
From the experiment in Laboratory, the conditional stability constant and the
complexing capacity of a humic acid, which was prepared from soil sampled at
Jangraga, with mercury were estimated by Scatchard plot and the values were 6.5 as
the log K’ and 0.38 pM, respectively [30].

From 2013 to 2017, Tomiyasu et al. also surveyed the mercury pollution around
the Cikaniki River which was caused by small-scale gold mining activities. The
average of annual concentration of total filtered Hg was in the range of 1.2-12.5 pg/
L [32]. They reported that the concentration of mercury in 2013 in the river water
near the mining site was 9 times higher than the environmental standard in Indonesia
[33]. They found that the forest soil was also polluted with mercury, whose concen-
tration was approximately 20 times higher than the maximum permitted level of
mercury in the soils of Indonesia. They suggested that the mercury released by
mining activity was dispersed through the atmosphere and deposited on the surface.
From the vertical total Hg profile and the distribution of organic matters in soil, they
suggested that mercury deposited from atmosphere was retained at the soil surface
and suppressed to move toward a deeper layer. In order to estimate the atmospheric
mercury levels, they used the native epiphytic fern Asplenium nidus (A. nidus) as a
biomonitor. They collected the A. nidus fronds in natural forests and village areas
where the gold mining activities are conducted and measured the total mercury
concentration in the fronds after the acid-digestion. The mercury concentrations in
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A. nidus were higher at the mining village (5.4 x 10* 4+ 1.6 x 10° ng g~ ") than at the
remote site (70 + 30 ng g~ '). They concluded that the atmospheric pollution with
mercury was found in areas at least 1 km away from the mining villages [34]. Some
researchers reported the impact of mercury contamination to the environment of the
Cikaniki River. Aquatic biotas are at higher risk affected by mercury pollution. The
Caddisflies (Trichoptera) are one of the aquatic insects that live in freshwater;
meanwhile, in river and stream they are mostly found in the larvae stage [35]. The
Caddisflies (Trichoptera) have the important role in aquatic food chain. They
degrade organic material in river sediment, and also are as the food sources for
fish [36]. While the Trichoptera are contaminated by mercury, then they are con-
sumed by fish, it leads to the accumulation of mercury in fish. Furthermore, it will
threaten human health because if the Hg contaminated fishes are consumed by
human, the accumulated mercury will move to the human. Yoga et al [37] observed
the effect of mercury on the aquatic insects, Trichoptera, the results indicated that
tracheal gill of Trichoptera had become darkening until 91%, those insects were
found in some segments of the Cikaniki River. Moreover, the increase in the
concentration of particulate Hg and the total suspended solid (TSS) in the Cikaniki
River conduced the reduction in secondary production of Chematophyche spp.
[38]. Susintowati and Hadisusanto studied the mercury accumulation in benthic
organisms (the aquatic organism that live in bottom sediment river), then they
found that mercury is higher accumulated in non-sessile benthos than in sessile
benthos [39].

Castilhos et al. investigated the pollution with mercury in fish which were
collected mainly from the rivers in the artisanal gold mining areas of North Sulawesi
and Central Kalimantan of Indonesia. They reported that more than 45% of fish
samples in a river collected of North Sulawesi had the mercury concentration in the
muscles above the WHO guideline for human consumption (0.5 pg/g). On the other
hand, the mean mercury concentrations in fish samples from Galangan area in
Central Kalimantan were two to four times lower than the WHO guideline,
ie. 0.5 pg/g [40].

2.2.2 Remediation of Mercury Contaminated Water and Soil

Mercury contamination in soil and water as impact of illegal gold mining activities
threatens environment and human health. When the wastes were disposed to the
river, then river water are used for irrigation of paddy field, mercury will be
accumulated in aquatic biota and plants; furthermore, mercury will enter into food
chains, it may cause serious health problems. Therefore, it is necessary to remediate
the soil and water that have been contaminated by mercury. There are many
remediation methods that could be applied to the contaminated soil and water.
Phytoremediation is one of remediation methods that are often used to remove or
reduce heavy metals in contaminated soil and water. Hidayati et al. studied to
identify the plants that have potency to uptake and accumulate mercury from
water and soil. Phytoextraction was conducted to some indigenous plants. Some
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indigenous plants where growing in Pongkor gold mining area indicated to have
high tolerance to mercury and survived in mercury contaminated condition. These
plants have potential to be used for phytoremediation to clean up the river water from
mercury contamination. These indigenous plants were Lindernia crustacea (L.) F.M,
Digitaria radicosa (Presl) Miq, Zingiber sp., Commelina nudiflora, Colocasia sp.,
Paspalum conjugatum. The highest accumulated Hg was found in Lindernia crus-
tacea, which was about 89.13 ppm [29].

Another remediation method is to use microorganism to remove environmental
contaminant. Irawati et al. reported that Brevundimonas sp. HgPl and
Brevundimonas sp. HgP2 were highly mercury resistant bacteria that were isolated
from a gold mine in Pongkor village with MIC of 575 ppm. Brevundimonas
sp. HgP1 has the ability to accumulate Hg?* up to 1.09 and 2.7 mg/g dry weight
of cells and removed 64.38 and 57.10% Hg>* from the medium containing 50 and
100 ppm HgCl,, respectively [41]. The ability of Brevundimonas sp. HgP1 and
HgP2 to grow in the presence of highly HgCl, was suitable to be applied in waste
water treatment. These microorganisms play an important role to decompose organic
matter and also to reduce the toxic effect of mercury in waste water treatment.

2.2.3 Conclusion

Regarding the environmental pollution in Indonesia, the issue of illegal small-scale
gold mining was mainly described in this section. Anyone can easily conduct this
mining process because it can be carried out without any special equipment or
technology. The elemental mercury used in technology is also relatively inexpensive
to obtain, so it has not been rigorously recovered. Therefore, a significant amount of
mercury is released into the river during the separation process from the soil and into
atmosphere during the evaporation process of mercury. As a result of investigation,
it has been found that not only the water and soil of the river near the mining site but
also the plants and soil of the remote forest are contaminated through the atmo-
sphere. Mercury mining activities should be terminated as soon as possible, and
some remediation technologies should be done for soils contaminated with high
concentration of mercury.

3 Nitrobenzene Pollution in Songhua River in China

3.1 Background

On November 13, 2005, an explosion occurred at a petrochemical plant of Jilin
Petrochemical Company of Petro China near the Songhua River in Jilin City, Jilin
Province of China (see Fig. 8). The jknexplosion and its subsequent pollution
leakage caused serious impact. Five persons were confirmed dead, nearly 70 people
were wounded, and more than 10,000 residents were evacuated [42]. The explosion
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Fig. 8 Explosion in Jilin petrochemical plant

had resulted in a spill of approximately 100 tons of chemicals, including benzene,
aniline, and nitrobenzene (NB), into the Songhua River. After the accident, the
explosion caused a pollution plume of 80 km long on the surface of the Songhua
River, which was mainly composed of benzene and NB [43, 44]. China’s State
Environmental Protection Administration (SEPA) said publicly on that day that the
Songhua River had suffered “major water pollution” after the 13th November 2005
explosion at the chemical plant. The highest concentrations of benzene and NB in the
Songhua River exceeded the standard by 108 times (the standard limit of benzene is
0.01 mg/L in water) and 29.1 times (the standard limits of NB is 0.017 mg/L in
water), respectively, after the accident [45].

The Songhua River is a major river in northeast China and the main water source
of many cities and villages it passes by, including Harbin, the capital of Heilongjiang
Province with a population of four million (in 2005). It also was the source of
drinking water in Harbin in 2005, so this pollution incident paralyzed the water
supply system in Harbin. The Municipal Government of Harbin had to temporarily
shut down its water supply, leaving around four million people temporarily without
access to tap water but bottled water provided by the government (www.uneptie.
org). Pollutants flowed down the Songhua River and passed through many cities.
Pollutant trajectory and arrival time are shown in Fig. 9. The Songhua River
(1927 km), which flows through Jilin and Heilongjiang provinces, merges with the
Heilongjiang River (called the Amur River in Russia) and forms a national border
with Russia, and eventually flows into the Sea of Okhotsk [46]. The incident caused
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Fig. 9 Pollutant trajectory and arrival time

a serious water crisis domestically and internationally in the region along the river
and became one of the top 10 international pollution events in 2005 [47].

Pollutants entering the Songhua River may affect the organisms in the water,
crops on the river bank, ice and groundwater. We mainly evaluated the safety of ice
layer, sediment, aquatic products, groundwater, coastal agricultural and animal
husbandry products, and urban water supply by sorting out the investigation data.
In order to investigate the pollution hazards caused by the explosion and compre-
hensively evaluate the safety situation of the Songhua River after decades of time,
this paper studies whether the pollution event will bring harm to human-beings by
analyzing the specific data.

3.2 Responses

After the explosion accident, China government have taken a series of remedial
measures. We mainly studied from two aspects: first, the emergency response to
pollution accidents shortly after the explosion accident performed by Jilin and



54 R. S. Putra et al.

Heilongjiang provincial governments in China (two polluted provinces along the
Songhua River), and second, the pollution control measures from 2006 to 2010
followed by the government of China after the pollution.

3.2.1 Emergency Measures After the Explosion Accident

After the accident occurred, Jilin and Heilongjiang provincial governments in China
took the following measures according to the requirements of their plan: first, the
Jilin Petrochemical company quickly closed the discharge outlet of the pollutant to
cut off the pollution source [48]. Second, on November 14, 2005, Fengman Hydro-
power Station located upstream of the explosion source increased the discharge in a
short time and rapidly reduced the concentration of NB and other pollutants in the
water [48]. Third, Harbin adopted underground deep well for a temporary water
supply, and about 1,200 t activated carbon was put into the drinking water at the
purification plant of Harbin using the Songhua River water as the water source to
adsorb pollutants [48]. Then, the 80 km long pollution plume arrived in Jiamusi city
of Heilongjiang Province, located downstream the explosion source on December
8, 2005. The concentration of NB in Jiamusi section of the Songhua River began to
rise and reached the peak value between 8:00 a.m. and 14:00 p.m. on December
10, 2005, which was more than 10 times of the standard concentration as shown in
Fig. 10. Jiamusi City has the same emergency treatment mode as Harbin. On

0.20

Concentration of NB  (

A:4:00, December 8, 05 B:10:00, December 8, 05 C:16:00, December 8, 05
D:6:00, December 9, 05 E:14:00, December 9, 05 F:8:00, December 10, 05
G:14:00, December 10, 05 H:6:00, December 11, 05 1:14:00, December 11, 05
J:6:00, December 12, 05 K:16:00, December 12, 05

Fig. 10 Real-time monitoring results of NB content in Jiamusi section [50]. A: 4:00, December
8, 05, B: 10:00, December 8, 05, C: 16:00, December 8, 05, D: 6:00, December 9, 05, E: 14:00,
December 9, 05, F: 8:00, December 10, 05, G: 14:00, December 10, 05, H: 6:00, December 11, 05,
I: 14:00, December 11, 05, J: 6:00, December 12, 05, K: 16:00, December 12, 05
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December 12, 2005, the pollution plume left Jiamusi city [49]. Then it continued to
flow along the downstream, passed through Tongjiang city and Fuyuan county of
China, and finally flowed into Heilongjiang River.

3.2.2 Five Years Prevention and Control Plan (2006-2010)

In 2006, the Chinese government approved and implemented the Plan for the
Prevention and Control of Water Pollution in the Songhua River Basin
(2006-2010) (hereinafter referred to as the Plan), arranging 116 pollution control
projects with a total investment of US $1.9 billion (RMB 13.4 billion;
Conversion rate: 1 USD = 7 RMB), 70 municipal sewage treatment plants were
built, and 2.95 million tons of sewage treatment capacity were added per day [S1]. In
order to understand the follow-up situation of the Songhua River pollution and avoid
more serious consequences, the Ministry of Science and Technology of China
commissioned scientific research institutions to carry out a comprehensive safety
assessment on the Songhua River. Due to the low latitude and long ice age of the
Songhua River, in order to avoid the secondary pollution caused by pollutants in ice
and sediment, the environmental protection departments paid close attention to this
and strengthened the monitoring of some key river sections. At the same time, in
order to ensure the food safety related to the Songhua River, the evaluation project
team collected hundreds of fish samples in Songhua River, and hundreds of milk,
eggs, and meat samples from agricultural irrigation areas and animal husbandry
bases that might be affected within 10 km along the Songhua River and detected and
analyzed the residual NB in them. In order to ensure the safety of water use, the
project team investigated and evaluated the drinking water sources along the Song-
hua River and closely monitored the groundwater. Comprehensive evaluation of the
safety situation of the Songhua River was carried out [52].

On the other hand, Jilin and Heilongjiang provincial governments resolutely
eliminated a number of enterprises that used the backward technology with large
water consumption and heavy pollution. In 2008, Heilongjiang province carried out
a comprehensive investigation on potential environmental safety hazards in many
key industries, key enterprises, sewage reservoirs, tailings ponds, and other envi-
ronmental risk sources as well as drinking water sources. 4,461 enterprises were
inspected [51], 173 enterprises were shut down for treatment, 352 enterprises were
treated within a time limit, 215 enterprises were rectified within a time limit, and
134 enterprises were subject to administrative punishment [53].

3.3 Data Analysis

In order to evaluate the effectiveness of the above measures and understand the
subsequent situation of the Songhua River pollution, the safety situation of the
Songhua River was evaluated from three aspects: the concentration change of NB
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in Songhua River, the inter-annual variation of other chemical index concentration in
the Songhua River, and the safety evaluation of agricultural, livestock, and fish
products.

3.3.1 Determination of NB Concentration

The date when the explosion occurred in Jilin was 13 November 2005, and the date
when the pollution plume arrived at Harbin city was 24 November 2005 (Harbin is
around 600 km downstream of the explosion site). The ice and water samples were
collected from the city of Harbin and Jilin on the Songhua River, in March, May, and
October of 2006 and March of 2009 at each sampling site (see Fig. 11) [42].

The analytical data of ice and water samples collected from the Songhua River are
given in Tables 9 and 10. Table 9 shows that the NB concentrations in water samples
were 0.025 pg/L to 0.19 pg/L. The concentration of NB was much lower than that of
NB (0.58 mg/L) in the pollution plume that arrived at Harbin city on 24 November
2005. From data of March to October in 2006, the concentration of NB in the upper
reaches of Harbin decreased significantly. The NB concentration in Harbin basin is
slightly lower than that in Jilin City basin, which proves that the area near the
explosion source is the most polluted area. The concentration of NB in ice was also
very low in spite of the ice formed during the winter season of the accident. In the
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Table 9 Concentration of nitrobenzene in the water samples collected from the Songhua River

Collection date | Sites Concentration of nitrobenzene/pg/L
March-06 Harbin A (downstream) 0.19

Harbin | B (upper stream) 0.03
May-06 Harbin | A (downstream) 0.03

Harbin | B (upper stream) 0.03
October-06 Harbin A (downstream) 0.04

Harbin | B (upper stream) 0.04

Harbin | C (branch) 0.02

Jilin D (downstream) Not detected®

Jilin E (upper stream) 0.05

Jilin F (Fengman hydroelectric | 0.11

power station)

% The detection limit of the nitrobenzene in water is 0.01 pg/L

Table 10 Concentration of nitrobenzene in the ice samples collected from the Songhua River in

Harbin
Collection date Sites Concentration of nitrobenzene/pg/L
March-06 B (near surface) 0.65
B (surface) 0.04
B (0.2 m below the surface) 0.03
B (1 m below the surface) 0.05
A (surface) 0.02
March—-09 A (0.2 m below the surface) 0.08
B (0.2 m below the surface) 0.04
C (0.2 m below the surface) 0.10

Table 11 Fish samples collected in Songhua River at Harbin city

Fish samples | Collecting date | Species Size/cm | Nitrobenzene quantity/ng/g
A March-06 Yellow catfish 25 30.2
B March-06 Yellow catfish 14 19.7
C October—06 Carp 30 13.6
D October—06 Longnose gudgeon |12 15.8
E October—06 White fish 10 9.86
F October—07 Crucian carp 15 2.73
G October—07 Yellow catfish 13 3.31
H October—07 Perch 14 1.14

data, the content of NB in ice is very low, and the accident happened during the
freezing period of the Songhua River, which indicates that NB and other pollutants
in water are excluded from ice when water is frozen to form ice. NB was detected in
most of the water and ice samples taken in the Songhua River. However, the
concentration of NB in any water and ice samples was sufficiently low [42].



58 R. S. Putra et al.

At the same time, the results as shown in Table 11, the monitoring of fish shows
that the content of NB in the fish was decreasing gradually [54]. The content of NB
in the same species of fish decreased significantly from March to October in 2006,
while the content of NB in other species of fish still showed a downward trend, with
the biggest difference of 30 times [54].

According to the above data, we can find that most of the pollutants such as NB
have been taken away by the river water, and the NB content in the fish in the river
has also been greatly reduced, and all of them have dropped below the standard
value. Combined with the data of NB content in the water, it can be concluded that
the pollution of the Songhua River water has changed to the level of non-toxic to
human-beings.

3.3.2 Detection of each Index in the Songhua River

Thanks to the large amount of the capital investment in the five-year plan
(2006-2010), the research groups obtained rich practical data through experiments.
Through the comparison of previous experimental data, the comprehensive treat-
ment of water projects has achieved certain results.

According to the situation of exceeding the standard of each index section in the
Songhua River Basin, from 2001 to 2015, the main pollutants were permanganate
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Some Pollution Problems to Consider the Design for Remediation 59

N

—_
[\
I

—_
S

o]

Comprehensive pollution index
(o)}

4 T T T T T
2001 2003 2005 2007 2009 2011

2013 2015

Particular year

Fig. 13 Inter-annual variation of comprehensive pollution index of river basin water quality [49]

index, petroleum, BODs (five-day biochemical oxygen demand), and ammonia
nitrogen, and then the four indicators above were selected to analyze the concentra-
tion change trend, as shown in Fig. 12 [49].

From the inter-annual trend chart, we can see that after the explosion in 2005,
BODs rapidly rose to an unprecedented peak, and the other three indicators also
reached their peaks in the following 2006-2007. Subsequently, China took some
emergency measures to solve the pollution problem. What makes us pleased is that
the implementation of emergency measures has achieved remarkable results. The
potassium permanganate index and ammonia nitrogen concentration decreased
rapidly by about 80% from 2007 to 2008. For petroleum, the BOD5 also showed a
very rapid decline and entered a relatively long-term stable state of low concentra-
tion around 2008 (except that the BOD5 showed an upward trend after 2013) [49].

The water quality of the Songhua River Basin is generally improved. As shown in
Fig. 13, from 2001 to 2007, the overall pollution level increased and maintained at a
high level. After 2007, it showed a downward trend, and tended to be stable from
2013 to 2015, and the pollution was significantly reduced [49]. In general, the
pollution degree of each index has been reduced, the overall water quality of
comparable section in the Songhua River Basin deteriorated first and then improved.
Thanks to the effective pollution control measures taken by the central government
of China, the comprehensive pollution index in the Songhua River has dropped to a
very low level since 2008.
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3.3.3 Safety Assessment

As the Ministry of Science and Technology of China entrusts scientific research
institutions to protect the specific data of comprehensive safety assessment of the
Songhua River, we can only collect the macro experimental results from news
reports or press conferences. The conclusion is as follows.

Whether NB Frozen into Ice and Sediment Causes Secondary Pollution
According to the research results, the amount of NB frozen into ice was less. In
addition, the sediment of the Songhua River is mainly sandy, and the amount of NB
sunk into the sediment was probably limited. In addition, due to the large amount of
water when the river opens in spring, the melting of ice body and the release of
sediment in this spring would not lead to the water quality of the Songhua River
exceeding the standard. The concentration of NB in some stagnant areas and buffer
zones may have increased [52].

Food Safety of Aquatic Products

The assessment project team collected hundreds of fish samples in the Songhua
River, detected and analyzed the samples of different river sections, different habits,
and different species of fish samples, as well as fish in fish ponds within 2 km along
the Songhua River and carried out experiments on the enrichment and release of NB
in fish. The results showed that the content of NB in fish in the Songhua River
dropped to the safe level after 25-30 days. The content of NB in the fish in the
Songhua River and the fish cultured in fish ponds along the coast met the safe
content index and then the fish could be eaten [52].

On the Drinking Safety of Groundwater on Both Sides of the River

The assessment project team investigated and evaluated the drinking water sources
and decentralized drinking water sources along the Songhua River and closely
monitored the groundwater. The results showed that among the 48 monitoring
wells along the Songhua River, no trace of NB was detected except for some
monitoring wells which were lower than the drinking water source standards in
China. Therefore, the safety of groundwater drinking is guaranteed [52].

Food Safety of Agricultural and Livestock Products on Both Sides
of the Songhua River

The assessment project team investigated the agricultural irrigation areas and live-
stock breeding bases that may be affected within 10 km along the Songhua River,
detected and analyzed the NB residues in hundreds of milk, eggs, and meat samples,
and carried out the simulation test of the impact of NB wastewater on typical
agricultural products. The results showed that NB was not detected in milk, eggs,
and meat samples along the Songhua River, and the agricultural and livestock
products along the river could be safely consumed [52].

The Impact on Crop Growth
The results of simulation test on soybean, corn, rice, wheat, and vegetable showed
that when the river water met the national surface water standard, no adverse effects
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on seed germination and seedling growth were found. Therefore, the use of the
Songhua River water for irrigation would not affect the growth of crops [52].

Safe Water Supply in Cities

The evaluation project group has carried out a variety of tests on the removal of
pollutants, the results showed that the removal effect of NB by powdered activated
carbon was very good, and more technical basis for this method was obtained. This
technical achievement can be used for safe water supply in cities in the future when a
small amount of pollutants such as NB in water sources exceed the standard [52].

3.4 Conclusions

After the accident, NB as the main pollutant has seriously affected the environment
and human life in the polluted areas. The Chinese government has taken timely some
measures to reduce the impact of pollution on residents and curb the possibility of
pollution diffusion. The water pollution control of the Songhua River Basin has
achieved remarkable results under the long-term adherence of the Chinese govern-
ment and steady progress has been made in the emission reduction of the total
pollutants. Due to this serious accident, China has paid more and more attention to
environmental protection, invested a lot of manpower and material resources in the
prevention and control work, and paid close attention to the water quality and
pollution control of the Songhua River.

According to the above data and literature research, we can know that the
possibility of the secondary pollution in the Songhua River is extremely low. In
the continuous investment and pollution control, the safety of fish in the river,
agricultural and livestock products along the coast, domestic water and drinking
water have been guaranteed. At present, the water quality and soil on both sides of
the Songhua River have been greatly restored. However, environmental problems
still need us to take seriously, never relax, and avoid the occurrence of such
hazardous events again.

4 Salt Damages in Bangladesh

4.1 Introduction

Coastal areas are the shifting geomorphological boundaries between land and ocean.
Increasing anthropogenic influences in the coastal areas and water resources has
resulted in the reduction of freshwater flows, the dwindle of the groundwater
resources, the alternation in the mixtures of freshwater and brackish water in the
estuaries, and the increase in more marine influences within the region [55]. Saltwater
intrusion is a problematic concern occurring in coastal water resources all over the
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world. Groundwater resources such as aquifers and surface water resources such as
rivers, canals, and lakes are severely affected by the salinity intrusion [56, 57]. The
Mekong River Delta in Vietnam, the Ganges—Brahmaputra—Meghna (GBM) Delta
in Bangladesh, and other river deltas in India are prone to be contaminated by saline
water. Drinking water resources are vulnerable to saltwater intrusion. Subsequently,
in these regions, 25 million-plus people are at the risk of the salinity contamination in
the drinking water. Furthermore, climate change is likely to overstress the saltwater
contamination, which negatively impacts on the human health in these regions
[58]. The saltwater intrusion also arises by fluctuating the salinity from sea levels
rise, seasonal cyclones, tidal surges, and the upstream withdrawal of freshwater from
the ground [59]. In addition, the coastal zones are also threatened by the collective
influences of different heavy metals such as arsenic, iron, and manganese contam-
ination [57, 60]. Besides, the seasonal fluctuation of boron, nitrate, and fluoride
concentration in the groundwater also poses significant health risks for adults and
children [61]. Consequently, coronary diseases, such as high blood pressure and
hypertension, are a common public health problem in the coastal zones [58]. More-
over, periodic droughts and low rainfall caused by climate change intensify the water
resources’ salinity problem and threaten the water quality, affecting the water and
food security. As a result, the coastal zones of Bangladesh are one of the severely
poverty-ridden areas.

4.2  Process of Salinity

The edge between fresh groundwater and saline groundwater is denoted as the
freshwater—saltwater interface. The dynamic process of fresh surface water from
the rivers and the groundwater released to the estuaries prevents the inland move-
ment of saline groundwater and the surface water. The saltwater intrusion may occur
naturally in the coastal zones, depending on the hydraulic connection of freshwater
aquifers and saline water. The difference in the water density of sea and fresh water
typically results in a higher hydraulic head or water pressure in the saline seawater
than the freshwater. Here, the higher hydraulic head difference will cause the saline
water from the sea entering inland. This is the natural mechanism of the seawater
intrusion in the coastal zones.

Geographically, the presence of a large coastal belt in Bangladesh is prone to be
exposed to saltwater intrusion. But it is a matter of concern that the seawater
intrusion occurs mainly by the anthropogenic activities influencing more than the
natural system. In the following sections, we describe the results of our survey on the
extent of the salinity problem in coastal Bangladesh. We also have discussed the
nature and prevalence of the salinity intrusion in different seasons, notably monsoon
and dry seasons, and the underlying anthropogenic causes of the salinity intrusion in
the coastal districts.
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Fig. 14 In the monsoon season, Ca—Mg—HCO; dominates in river water due to the heavy monsoon
discharge from the upstream that pushes off the Na—Cl type seawater toward the south (a). Major
river water in the dry season contains Na—Cl type seawater compared to the Ca-Mg—-HCOj type (b).
During the dry season, limited river water discharge from the upstream causes a salinity front
pushing toward the north [62]

4.3 Seasonal Variation in Salinity

The coastal rivers in Bangladesh demonstrate a pronounced seasonal contrast in
terms of hydrogeochemistry. The contents of anions and cations in the surface waters
vary in the monsoon season and dry season, resulting in the different salinity levels.
The distinction in such salinity lies in water discharge from the Ganges—
Brahmaputra—Meghna (GBM) and the internal rainfall drainage [62]. The surface
water in monsoon is characterized by Ca—Mg—HCO; type water compared to the dry
season by Na—Cl type water (Fig. 14a, b).

When rainfall sets in the pre-monsoon season, the salinity in the coastal districts
varies from 0.01 ppt to 17 ppt (parts per thousand) in the surface waters. When
rainfall descends in the post-monsoon season, the salinity reaches up to 38.2 ppt
(Fig. 15a, b). Due to India’s Farakka Barrage water diversion since 1975, different
threshold criteria were changed substantially, including the monthly dry season
average (December—May) and annual minimum flows [62]. As an inactive delta of
the Himalayan rivers, Bangladesh’s southwestern zone is severely affected by an
extreme salinity level. This part is also the hub for all kinds of natural disasters,
including storm surges, tidal floods, and cyclones that help the seawater intrude
inland [63].

Moreover, this part of Bangladesh is highly vulnerable to the impacts of climate
change as well. Global warming is also slightly related to this seawater intrusion. As
the sea level is rising due to global warming, the associated impacts of inundation are
responsible for increasing coastal region’s salinity. A recent study showed that the
5 ppt saline front could penetrate about 40 km inland for the sea level rise (SLR) of
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post-monsoon season (b) in the coastal rivers and estuaries of Bangladesh [64]
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88 cm, which reached likely to only the freshwater pocket of the Tentulia River in
Meghna estuary [63].

4.4 Groundwater Extraction and Salinity

Groundwater extraction is another significant reason behind the seawater intrusion in
the coastal areas of Bangladesh. We are relentlessly pumping groundwater near the
coastal zones for irrigation and drinking purposes, causing the groundwater
resources to be threatened by saline intrusion [65]. Most of the shallow tube well
water samples had higher Soluble Sodium Percentage (SSP) values compared to the
surface waters. On the other hand, Sodium Adsorption Ratio (SAR), an essential
indicator of irrigation water quality, indicated the surface water and groundwater
with low sodium hazard [66]. The hydrochemical analysis disclosed that the ground-
water in this area was neutral to slightly alkaline, and leading cations were Na™,
Mg?*, and Ca®* along with chief anions C1~ and HCO; . Most of groundwater had
total dissolved solid (TDS) >1,000 mg/L, and more than 40% of the groundwater
had EC >2,250 ps/cm, which indicates the saline water intrusion in south-central
coastal districts of Bangladesh [65]. The pronounced differences in the electrical
conductivity of groundwater are shown in Table 12. From the coastal belt toward
inland the seasonal difference in groundwater salinity becomes significant. Some of
the coastal districts show significant increase in salinity in the monsoon seasons
compared to the dry season.

4.5 Shrimp Cultivation

In addition to natural salinity intrusion and groundwater extraction, poor water
management and upstream intervention are other significant reasons for saline
water intrusion in the coastal districts. Shrimp cultivation is related to more signif-
icant environmental consequences, such as sedimentation, soil salinization, pollu-
tion, and biodiversity loss [63, 68—70]. This shrimp cultivation is intensifying the

Table 12 Reported references with groundwater electrical conductivity from coastal districts

Coastal districts Groundwater electrical conductivity References

Batiaghata Upazila, | 1,000 pS/cm to for shallow tube well in the monsoon season | [66]
Khulna

Gopalganj district | Dry season: 274 to 9,190 pS/cm; monsoon season: 600 to [65]

9,380 pS/cm
Barguna and Pre-monsoon season: 719 to 37,300 pS/cm; Post-monsoon [61]
Patuakhali district | range from and 741 to 34,100 pS/cm
Along with the Dry season: 27 to 50,500 pS/cm (mean: 5990.77 pS/cm); [67]

coastal belts monsoon season: 24 to 44,600 uS/cm (mean: 5459.12 pS/cm)
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salinity problem over time. Salinity in the shrimp-cultivated area is 500% higher
compared to the non-shrimp-cultivated areas [68]. Subsequently, a considerable
number of land-use change occurred by constructing the drainage channels for
shrimp and crab cultivation (aquaculture) and the remaining agriculture practices.
In the Bagerhat district, agricultural land decreased around 303 km? (7.97 km*/year),
while aquaculture increased dramatically at 486 km?” (12.78 km*/year) from 1980 to
2018 [63, 71]. It is perceivable that shrimp farming is a significant economic
adaptation to the rapidly salinizing delta that may produce economic growth
[72]. Yet, it has not been a useful adaptation for the delta’s poor and marginalized
areas in its present form.

4.6 Impacts of Salinity on Agriculture

In the previous section, we have mentioned the changes in agricultural land-use
patterns. The land-use change has increased salinity over the years, harmed the
coastal people’s agricultural production, endangered food security, livestock farm-
ing, livelihoods, health, and well-being. The salt accumulated in the agricultural soils
from the increase in salinity affected groundwater for irrigation [73]. Located in the
Khulna district, Batiaghata Upazila has the highest salinity in the groundwater and
surface waters (EC <700 mS/cm). Even during the rainy season, both surface and
groundwater sources for irrigation are saline with the extreme risk of salinity.
Moreover, during monsoon season, rainwater flushes saline soil from the adjacent
farmlands and accumulates salts in the ponds [66]. In the same area, soil samples
collected from 2004 to 2011 indicated that soil salinity was lowest in September due
to the rainfall-flushing of soil, while the highest soil salinity was observed in March—
May during the pre-monsoon season, which was naturally dry as shown in Fig. 16.

Soils affected with salinity impair crop production as the number of cations and
anions is higher than the optimum amount. On the southwest coast of Bangladesh,
salinity changes occur due to the hydrological alteration, which affects the ecosys-
tem [74]. In Bangladesh’s southwestern zone, Aman rice variety is the prime
cultivated rice variety but the Boro, Aus, and other types of rice variety are not
profitable to be grown in the soil enriched with salts. So, farmers have to raise less-
profitable rabi crops like vegetables. On average yearly, 0.2 million metric tons of
rice production is reduced in this coastal region because of seawater intrusion
[63]. Subsequently, shrimp cultivation is a unique adaptation technique to sustain
livelihood in the South-west coast [72] and cultivate saline tolerant variety, pond-
sand filter, rainwater harvesting, leveling land, applying potassium sulfate fertilizer,
and avoid fallowing land in the dry season [75].
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Fig. 16 Salinity of six different soil series from Batiaghata Upazila, Khulna district from 2004 to
2011 collected from Soil Research Development Institutes (SRDI) where MHL means medium high
land [66]

4.7 Impact of Salinity on Public Health and Well-Being

Increasing salt intake has substantial negative impacts on human health and well-
being. Groundwater provides the single primary drinking water resource in the
coastal zones other than rainwater [76]. Because of saltwater intrusion, poor people
face acute salinity problems in drinking water, which brings detrimental conse-
quences on the coastal communities’ public health and sanitation [64]. Usually,
younger women and younger girls are responsible for collecting drinking water from
long distances on foot every day [76]. It is also challenging for pregnant women to
collect water irrespective of their physical condition. Saline water is also a crucial
factor for hypertension or high blood pressure in the coastal areas. It also contributes
to an increased risk of (pre)eclampsia among pregnant women and infant mortality
[64]. People exposed to the moderate potable salinity (TDS >2,000 mg/L) had 42%
(p < 0.05) higher chance of being hypertensive than those who consumed freshwa-
ter, which may lead to heart diseases [77].

The social, educational, mental, and physical well-being of women and girls is
also compromised as they are engaged in collecting water for household chores such
as cooking, bathing, washing clothes [63]. The most regrettable reality is that water-
borne diseases such as diarrhea and cholera are prevalent in these areas, as potable
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water remains inaccessible in the dry season. The high salinity also gives severe
damages to the building infrastructures, including the buildings of the primary and
secondary schools and colleges, roads, and communication facilities. Consequently,
due to damage of school buildings the school dropout rate among young boys and
girls in these areas is higher. Subsequently, the harassment to young women and
girls sometimes happens by these men and adolescent boys, creating social mayhems
[63, 72]. Moreover, salinization and waterlogging also may create a sequence of
poverty, unemployment, and consequently uneducated population.

4.8 Impacts of Salinity on the Mangrove Ecosystem

The Sundarbans, the world’s largest mangrove forest covering Khulna, Satkhira, and
Bagerhat districts, lies in Bangladesh’s extreme southwestern zone. As the salinity in
this region increases, it is likely to alter this unique forest’s regular habitat pattern.
Anthropogenic activities such as shrimp cultivation, over-extraction of groundwater
for drinking and irrigation, and transboundary and upstream water diversion projects
are the major contributor to the alarming salinization process in Bangladesh’s
regions mentioned above and they negatively affect the mangrove ecosystem [77].

The drastic change in the salinity profile and hydrochemistry has a critical effect
on the Sundarban mangrove forest and its biodiversity, known as a world heritage
site. Banerjee et al. [78] showed that the variability in salinity has a significant
impact on the growth of Heritiera fomes (locally known as Sundari), which can
serve as an indicator species of salinity variation. The species die when the
Sundarbans’ rivers and canals are inundated by the saltwater excess more than the
average and remain waterlogged for a long period [78, 79]. Any damage in the
Sundarbans eventually leads to the losses in heritage, biodiversity, and livelihoods.
As the Sundarbans are the reservoir of several saline ecosystems, any significant
damage may result in the tremendous loss of the ecosystems.

4.9 Concluding Remarks

Considering the seriousness and impacts of the salinity on the present environmen-
tal, climatic, and socio-economic conditions existing in Bangladesh’s coastal
regions, we need to address more the salinity intrusion and its associated problems
such as soil salinization, drinking water crisis, public health problem, and social
issues with a great importance.
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5 Soil Contamination of Railroad Station with Lead

5.1 Introduction

The railway in Japan started in 1872 by operation between Shinbashi in Tokyo and
Yokohama (29 km) [80]. Since then, railways have spread throughout the country as
developing in industries in Japan. The railway business in Japan was firstly operated
by both of a national and many private companies, and then they were unified in a
State-owned enterprise, Japan National Railways (JNR: Koku-tetsu). However, after
long operation by JNR, in order to eliminate the deficit and streamline its operation,
JNR was privatized in 1987 to be divided into seven private companies. JR Hok-
kaido is one of the seven private companies and operates the railway business in
Hokkaido exclusively.

The railway in Hokkaido was established relatively early time in 1880 between
Temiya and Sapporo to transport coal from coal minings in Horonai area to Otaru
port [80]. In 1983 during the JNR era, there were 37 lines and more than 4,027
working kilometers in Hokkaido. After privatization, the deficit lines were abolished
gradually, and, in 2021, JR Hokkaido has the working kilometer of 2,488 km of the
14 lines [81]. Since the coal industry was once flourishing in Hokkaido, railways
needed to transport coal from the mining sites to the port in order to provide huge
amounts of coal mined in Hokkaido to the main land by ship. However, along with
the decline of the coal industry, the transportation of coal by railroads also decreased
rapidly. Asahikawa Station and Iwamizawa Station had played an important role as a
hub station for coal and personnel transportation. Since a steam engine was used as a
locomotive in those days, these stations needed vast ground for supplying fuel and
water to the locomotives and replacing the locomotives and freight cars. However,
due to the changes in economic structures and the modernization of railway facilities
such as the spread of diesel and electric engines, it is no longer necessary to have as
vast ground as before. In the processes of the redevelopment of the grounds, soil
survey was conducted in these stations and soil contamination with lead was
disclosed.

Various causes for the lead pollution in these stations have been surmised, for
example, anti-knock agents added to gasoline, lead solutions in lead storage battery,
and paint containing lead. White metal, one of alloy of lead and tin, has been used as
a bearing material. It was possible that the fine particles of the alloy were scattered
due to the abrasion of the white metal in the bearing unit. However, the exact cause
has not yet been identified at present. Understanding the exact situation of the
pollution and chemical species of pollutants in soil is important to identify the
cause and decide the adequate remediation methods.

Ohkawa et al. measured the lead and tin contents in the soils of Asahikawa and
Iwamizawa stations and analyzed the distribution of the chemical species of lead in
soil by sequential extraction method [82]. It is known that the lead isotope abun-
dance gives the important information to identify the cause of the pollution
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[4, 5]. They tried to obtain the basic knowledge on the cause of pollution and soil
remediation by the lead isotope composition of each fractionated lead species.

Soil samples were collected from one contaminated site in Asahikawa station
(A-1) and two sites of Iwamizawa station (I-1 and I-2). A soil obtained from our
university campus was used as an unpolluted soil. In addition to the soil samples,
two kinds of white metal, a crown shaft and a lead storage battery used in JR
Hokkaido previously were provided by the company as the samples to compare
the lead isotopic abundance with each other. Automobile emission particles (NIES
No. 8) were used as a standard sample for checking the accuracy of the measurement
of isotopic abundance [83].

5.2 Contents of Lead and Tin in the Contaminated Soils

Table 13 shows the amounts of lead and tin in contaminated soils of the stations and
an unpolluted soil. In the soils of both stations, the lead contents were higher than the
environmental standard for soil in Japan, 150 ppm, especially A-1 contained five
times more than the environmental standard of lead. The lead concentration in
unpolluted soil was sufficiently low compared to the environmental standard
value. Few amounts of tin in the unpolluted soil N and the polluted soil A-1 were
detected. On the other hand, relatively high amounts of tin were detected in the soil
samples of I-1 and I-2. Some kinds of white metal with the different ratio of tin to
lead (Sn/Pb) have been used as the bearing material of the wheel axles of railway
vehicles. The ratios of the Sn/Pb in I-1 and I-2 were relatively close to those of white
metals as shown in the table. The contamination of the soil in Iwamizawa station
may be caused by scattering of fine alloy particles due to abrasion of the white metal
during wheel rotation into soil.

Table 13 Contents of lead and tin and the ratio in contaminated soils

Sample Pb content (ppm) Sn content(ppm) The ratio of Sn/Pb
A-1 832 (780) Less than 5 < 0.006
I-1 360 (140-160) 21 0.058
12 289 (230-290) 72 0.249
N 33.7 Less than 5 < 0.147
White metal no. 6 1.098
White metal no. 7 0.164
White metal no. 8 0.093
White metal no. 9 0.071

White metal no. 10 0.012

The environmental standard of lead for soil in Japan, 150 ppm
The values of the parentheses are those reported by JR Hokkaido
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Fig. 17 Sequential fractional extraction of lead from soil samples

5.3 Chemical Species of Lead in Soil by Sequential Extraction

The results of sequential fractional extraction of lead in the soil samples are shown in
Fig. 17a—d. Most of the lead in the natural soil (N) was fractionated into the F5, the
residue, and few amounts of lead were fractionated into the F1-4. However, the
amounts of lead distributed in the F3 (iron-manganese oxide bound state) were
relatively large in the contaminated soils. A-1 soil contained some amount of lead
in F2, whereas I-1 and I-2 soils contained more in F4 than in F2. The lead
fractionated in F1 (ion exchangeable species) was very small in all soil samples
including the natural soil.

5.4 Isotope Analysis of Lead in Soil Samples

Lead has four stable isotopes, 204Pb, 206Pb, 207Pb, and 2°®Pb. Three isotopes except
204Pb are the final products of the radioactive decay of U and Th. Therefore, it is well
known that the isotopic composition of lead differs depending on the mineral deposit
[84]. The sources of the lead in samples can be presumed from the differences in the
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isotopic composition [85, 86]. Therefore, the lead isotope abundance gives the
important information to identify the cause of the pollution.

Ohkawa et al. attempted to clarify the cause of pollution of the station soils by
measuring the lead isotope composition of lead species fractionated by the sequential
fractionation extraction method. The measurement of the isotope ratio of lead was
conducted by ICP-MS. A solid-phase extraction column with chelate resin
(NOBIAS CHELATE PA-1, Hitachi High-Technology, Japan) was used to concen-
trate lead ion and remove impurities in the lead solution. 10 ppb of thallium ion was
added to the solution as the internal standard. The detail condition for the measure-
ment is described in their previous paper [87].

The plots of the isotope ratio, 208pp,206p}, vg. 297pb/2%Ph, of lead in the fractions
of Asahikawa soil and Iwamizawa soils by sequential fractional extraction are shown
in Fig. 18. For comparison, the reported ratios of lead in natural soil and the host rock
in Hokkaido [88] are plotted in the same figure.

The lead isotope ratios of the fraction of F1-F4 obtained by sequential fractional
extraction were similar to each other but significantly different from that of F5. In
general, lead in F5 is said to be the lead that has existed in the land originally and
lead in the other fractions has been artificially derived later. However, the lead
isotope ratios of F5 in these soils were different from that of the host rock in
Hokkaido. Therefore, the lead in FS might be also added to there from the different
source a long time ago. The lead isotope ratio of the deeper soil (1-3 m)
corresponded to the values of the host rocks and soils in Hokkaido reported by
Murozumi et al. [88] within the error range. From this result, it is considered that the
lead in the deeper soil is that which originally existed in the land. The lead isotope
ratio of white metal (WM) was relatively close to those of F1-F4 of Iwamizawa soil.
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From these evidences, it is presumed that the cause of lead pollution in the
Iwamizawa station might be due to the alloy of lead and tin, white metal used in
the bearing unit.

5.5 Conclusion

In order to estimate the cause of the lead pollution in railroad stations, the sequential
fraction extraction and lead isotope ratio measurement were applied to the soil
samples. The distribution pattern of the chemical species (F1-F5) of lead in the
polluted soils was different from that of the unpolluted natural soil. Tin was detected
in the soil of Iwamizawa station but not in the soil of Asahikawa station. The lead
isotope ratios of F1 to 4 of each contaminated soil were similar to each other but
different from that of F5. The lead isotope ratio in the deep soil was different from
that of the surface layer soil. These results mean that the lead pollution had been
introduced into the surface layer soil artificially. The lead isotope ratio of white metal
(WM) used as the bearing material was relatively close to those of F1-F4 of
Iwamizawa soil. From these evidences, it is presumed that the cause of lead pollution
in the Iwamizawa station might be due to the alloy of lead and tin, white metal used
in the bearing unit. However, tin was not detected in the soil of Asahikawa station
and the lead isotope ratio of the soil was different from that of white metal.
Consequently, it was not possible to identify the cause of the lead pollution of
Asahikawa station. The additional information is necessary to identify the cause
exactly.

6 Conclusion

In order to find the adequate remediation technology suitable to a polluted site, we
have to know the pollution situation exactly, the sort of the pollutant, the concen-
tration and the toxicity as well as the chemical species. In this chapter, four cases of
the investigation of pollution problems which occurred in different countries, Indo-
nesia, China, Bangladesh, and Japan, were described. In a certain site among these
contaminated areas, the contamination has already been almost completely elimi-
nated, and in other sites the contaminated soil has already been treated or transported
to the disposal site. On the other sites, the human activities and natural phenomena
which can cause pollution have been still continuing, and then pollution has been
progressing. The remediation seems to be not easy for all four pollution cases shown
here. How to recover the pollutants that move with river water, and how to remediate
the wide-spreading pollution such as salt damage caused by the rise in sea level? It is
not easy to obtain the answer. However, these pollution problems were very
important to consider the design for the remediation techniques and the materials
used there.
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Abstract Heavy metals are one of the main constituents of the earth and have
played an important role in living organisms. However, ingestion of large amounts
of even essential heavy metals can cause serious damage and continue to cause many
sufferings as pollutants in the environment. This chapter outlines the toxicity
common to the general properties of heavy metals, and then details the effects of
individual heavy metals on living organisms, mainly human health. And finally, it
also describes the effect of reducing the antioxidant heavy metals that coexist with
the adverse health effects of these heavy metals.

Keyword Co-exposure, General properties, Heavy metals, Lethal dose, Reactive
oxygen species, Toxicity

1 Introduction

Heavy metals are important biologically as trace nutrients, however, the toxic effects
of the heavy metals in human physiology are very concerning. Thus, for compre-
hensive understanding of metals’ mechanism of actions, there is a need to know
about involving functions and actions, such as their concentrations, speciation, and
toxicokinetics which make them detrimental [1]. There is an urgent need to address
properly their environmental sources, leaching criteria, chemical alterations, and
their modes of action that contaminating the surrounding environment and ecosys-
tem, where life persists. Several researches depicted that these metals are released
into the environment by two pathways: one is natural and the other is anthropogenic
means, especially mining and industrial activities, and automobile exhausts
[2]. Metals accumulate into the groundwaters, by passing along water pathways
and ultimately assembling in the aquifer, or they are washed away by run-off into
surface waters, as a result water and soil pollution occur. The toxicity and poisoning
level of metals are being triggered by their exchange mechanism. When metals are
ingested, they form several cellular stresses including formation of reactive oxygen
species (ROS), altering their structures, and inhibit the biomolecular reactions and
functions in biological systems. This chapter focuses on certain heavy metals and
their effects on human and ecosystem [3]. Metals are crucial components of the
environment. Their presence in the environment is quite unique because it is
troublesome to dispel them from the environment entirely once they enter in the
environment. Metal comprises such toxic substances which are visible in several
environmental and occupational conditions. The effect of these toxic metals on
human health currently is of great interest due to the omnipresence of metal exposure
[4]. For decades, various metals are being evicted from the Earth and utilized in
industries and production worldwide. So, the problems raising in the environment
from these toxic metal usages have such serious aspects. Metals are natural material
(except for Plutonium and Uranium) also categorized as globally-distributed pollut-
ants. Metals are being depressive now-a-days creating environmental disruptions
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such as they accumulated in the human body. Even if their exposure level is minor,
they could be potentially toxic [5]. For example, Iron (Fe) and Copper (Cu) are vital
for life and play a vital role in enzyme system functioning. Other metals are
xenobiotics in nature, they do not have any crucial benefits for human and other
living organisms, e.g., lead (Pb) and mercury (Hg) at trace level exposure can be
toxic. Though these metals are of great importance, they can be detrimental at high
exposure. The very basic tenet of toxicology follows as: “the dose makes the poison”
[6]. U.S. Agency for Toxic Substances and Disease Registry (ATSDR, 2017) lists all
the metals with their potential hazards, disposal, and toxicity level. According to the
list, the order of three most hazardous metals is Pb, Hg, arsenic (As), respectively.
Cadmium (Cd) is the sixth most hazardous metal according to ATSDR [7]. The
metal exposure has several routes such as inhaling tiny particulate matter, ingesting
them through foods, metals can be vaporized and inhaled [8]. The amount of metals
that was accumulated in the digestive tract could be different based on the metal’s
chemical form and individual’s nutritional condition. After metal accumulated in the
tract, it spreads throughout the organs and tissues. Metals usually accumulated in
some storage areas such as liver, kidneys, and bones for decades, as through kidneys
and digestive tract, excretion primarily occurs. Metal toxicity mainly affects the
brain and kidneys, though some corresponding metals such as As are able to cause
cancer [9]. An individual with acute dose of metal toxicity has some symptoms
which involves hypertension (exposure to lead), headache, renal toxicity (exposure
to Cd), and weaknesses in body. Also these toxicities might occur even the individ-
ual has no symptoms. The diagnosis of this kind of toxicity level can be so difficult
otherwise the technical body must have that expertise and knowledge to able to do
correct diagnosis [10]. Due to metal toxicity, the genetic factors may become
vulnerable and that study needs much intensive inquisition. A diagram of sources
of heavy metal and human exposure has been presented in Fig. 1. It is also
concerning that metals exposures now at low condition can cause several chronic
diseases and hinder necessary functioning [11].

Dose-response relationship is an important part of the principles of pharmacoki-
netics and pharmacodynamics. In this relationship, the required dose and frequency
with the therapeutic index for a drug are determined for a population. The therapeutic
index is the ratio of the minimum toxic concentration to the median effective
concentration. This index helps to measure drug’s efficacy and safety. Increasing
the drug dose with a minimal therapeutic index enhances the toxicity probability or
drug ineffectiveness. Thus, this relationship differs by population and it is influenced
by patient-related factors such as age, pregnancy, and organ function [12]. Dose-
response curve has been shown in Fig. 2.

In fish, metals can transport through various pathways [12]:

— Through gills as diffusion occurs in membranes into bloodstream
— Skin contact as diffusion occurs in the bloodstream

— By drinking water

— Ingesting sediments

— Transportation in food chain
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Fig. 1 Sources of heavy metals and human exposure (Modified after [2])

In humans, metals are transported through several pathways such as through
lungs when humans inhale lead dust and particulate matters, through skin, by
drinking metal-polluted water, through food chain, by eating contaminated food
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(such as for Pb, acidic juices and foods will liquefy lead from the food and juice
containers). Children playing with toys that may contain Pb paint [12]. Human
exposure to metals through food chain has been illustrated in Fig. 3.

The categories of metals are bit different in case of concentration. It can be
essential and non-essential. Metals in low concentrations are crucial for good health
and in high concentrations these are lethal [12]. Some essential metals are: chro-
mium (Cr), Cu, zinc (Zn), nickel (Ni), manganese (Mn), and selenium (Se).
Non-essential metals are: aluminum (Al), Pb, As, Hg, Cd, gold (Au), silver (Ag),
and tin (Sn).

Many factors are responsible for metal toxicity in body such as metal solubility,
metal’s ability to bind with the biological sites, extent of metabolized metal complex
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formation, and much more [14]. Thus, this metal toxicity can cause severe impacts
on human health as well as on the environment.

2 Properties of Metals

Metals have some notable properties which make them crucial and also make them
globally-distributed pollutant [12]. Some mentionable properties are:

— Metals have luster, malleability, and ductility.

— They are the elements of rocks and mineral ores in low concentration.

— Anthropogenic activities trigger erosion, as a result metals are released in the
environment.

— They remain solid at room and normal temperature.

— They form cations (positively charged ions).

— They are good conductors of electricity and heat.

— They dissolve in water and are easily concentrated in aquatic organisms.

— They trigger point and non-point source pollution.

3 Sources of Metal Pollution

Metals (toxic) can be accumulated in the environment through discharging industrial
effluents, organic wastes, refuse burning, power generation, and transportation.
Wind can also be a major metal pollution source because metals can be steered
many places even miles away through this force, if metals are in particulate (gas-
eous) form [5]. Metal pollutants are then finally carried out from the air into the
ground and the surface of waterways. In this way, air is also an important source for
the metal pollution in the environment. Metals which are released from industrial
effluents are severe pollution causing source of hydrosphere. Also the movement of
drainage water from contaminated catchment areas is responsible for such
pollution [15].

Mining is one of the major sources of metal pollution. Because of the mining
activities, the mine tailing is being disposed in the waterbodies, which forms acid
rock drainage (ARD). And then from both abandoned and operating mines, the mine
tailing and ARD are released into the groundwater and surface water [12]. Some
toxic metals used in industrial production [5] are shown in Table 1.

Other mentionable sources are agricultural activities which involve use of fertil-
izers; soil amendments from bio-solids; coal combustion such as As, Cd, Se, and Zn;
urban run-off such as Cu, Pb, and Zn; industrial waste; solid waste disposal such as
batteries, tires, and appliances [16]. Regulatory limits of heavy metals are given in
Table 3.
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Table 1 Toxic metals usedin ey Manufacturing purposes
industrial production As Fertilizer, metal hardening, paints, textile
Cd Fertilizer, electronics, paints
Cr Metal plating, tanning, rubber
Cu Plating, rayon, electrical
Pb Paints, battery
Ni Electro-plating, iron steel
Zn Galvanizing, iron plating, steel
Hg Chlor-alkali, scientific apparatus, chemicals

Table 2 The favorable organs of some toxic metals

Metal Favorable organs

As Skin and pulmonary nervous system

Cd Skeletal, pulmonary, and renal system

Cr Pulmonary system

Mn Nervous system

Pb Nervous system, renal system, hematopoietic system
Ni Pulmonary system and skin

Sn Nervous and pulmonary system

Hg Renal system and nervous system

4 Metal Toxicity

Metals have impacts on human, animals, and aquatic organisms. There is an adverse
biological effect of metals on organism’s survival, activity, growth, metabolism, and
reproduction. Mainly, the chemical activity of metal ions with the enzymatic and
membrane system often causes metal ions toxicity to mammal species. Toxic metals
usually target those organs which have the possibility to persist highest metal
concentration such as brain and bone marrow, etc. This possibility depends on the
exposure route and chemical characters of metal compounds such as lipid solubility
and molecular size. Human exposure to toxic metals can also be carcinogenic such as
chromium and nickel are associated with cancer causing agent [17]. The favorable
organs of some toxic metals are shown in Table 2. Metals can cause both acute and
chronic poisoning in human and animals [12].

Toxicity can be measured in two ways: LCsy and ECsy. LCsq is the lethal
concentration 50 which causes death in 50% of the organisms of exposed population.
EC50 is the effective concentration 50 which causes nonlethal negative effect in
50% of the exposed organisms. If there is lower amount of LCso or ECsg, then the
metal has more toxicity [12]. Regulatory limits of some heavy metals according to
EPA Environmental Protection Agency, OSHA Occupational Safety and
Health Administration, FDA Food and Drug Administration have been presented
in (Table 3).
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Table 3 Regulatory limits of some heavy metals (EPA Environmental Protection Agency, OSHA
Occupational Safety and Health Administration, FDA Food and Drug Administration, ppm parts per
million, mg milligram)

EPA regulatory limit in FDA limit in food or OSHA limit in air
Metals drinking water (ppm) bottled water (ppm) (workplaces) (mg/m3)
Arsenic 0.01 - 10
Cadmium | 0.005 0.005 5
Chromium | 0.1 1 1
Selenium 0.05 - 0.2
Manganese | 0.05 - 5
Mercury 0.002 1 0.1
Sliver 0.0001 - 0.01
Zinc 5 - 5
Lead 0.15 - 0.15
Aluminum | 0.2 - 5
Barium 2.0 - 0.5

4.1 Modes of Action

Metals cause structural damage to organs especially to the tissues such as Hg injures
brain. Metals inactivate the enzyme and the enzyme co-factors [18]. Metals interact
in three ways as follows;

— Additivity where two metals have twice the effect of either metal (1 + 1 = 2);

— Synergism where two metals have more effect than twice the effect of either metal
(1 + 1 = 3), such as Cd and Cu, Cd and Cr, Cu and Ag, and Zn and Ag;

— Antagonism where two metals have less than twice the effect of either metal
(1 + 1 = 1.5), such as Zn and Cd, Zn and Pb, Hg and Se, and Hg and Cd [18].

Heavy metal toxicity mechanism in human has been illustrated in Fig. 4.

4.2 The Factors Affecting Metal Toxicity

Some factors [6, 12, 19] that affect metal toxicity in human and animals are given
below:

— Metal concentration: In high concentration metals can cause acute effects. And in
low concentration they may cause chronic effects.

— Time of exposure and mood of exposure: Furthermore, the continuous exposure is
more hazardous than discontinuous exposure.

— Bioavailability or speciation: Metal concentration is not an indicator of its
biological effect. Metals need to be present in the dissolved form to interact
with the surface or tissues for better detection of its biological system. Metal
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Fig. 4 Heavy metal toxicity mechanism in human (O figures — exposure routes)

bioavailability is affected by speciation. Speciation refers to different chemical
forms where metal exists as its neutral element, ions, and organic forms. For
example: organic and inorganic mercury, Cr*® and Cr*>.

— pH: At low pH metals are more toxic. Concentration of hydrogen ion has an
impact on the metal speciation such as aluminum. In sediment, metals are being
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released due to lower pH levels. On the other hand, metals are being bound in the
sediment due to higher pH levels.

— Buffering capacity: Buffering capacity of waterbodies relies on the carbonate and
bicarbonate ions concentration and affects the aquatic ecosystem susceptibility to
ARD. In the buffered waterbody, metals are less lethal.

— Salinity: Comparing with saltwater, metals are more toxic in the freshwater
because they are more bioavailable in freshwater. Chemical speciation of metal
is affected by salinity, for example: Cd in the form of Cd*? is more bioavailable
than its elemental form and dominant in freshwater. On the other hand, Cd creates
chloride complexes, which makes them less toxic and bioavailable.

— Water temperature: If water temperature increases, then metal toxicity also
increases. Q10 = 2 (in coldblooded animals metabolism rate is doubled with
every 10°C water temperature increase). With increasing water temperature,
respiratory rate, membrane permeability, and absorption rates also increase.

— Hardness: In soft water, metals are mostly toxic. Whereas the toxicity depends on
calcium (Ca) ion concentration (Ca*?), it gives protective effect. Water quality
criteria for metals are based on water hardness in US, Canada, and Europe.

— Species and individual differences: Aquatic animals are more delicate than
aquatic plants. Daphnia is planktonic freshwater crustacean where shrimp is
impressible marine crustaceans. In each species, there are sensitivity differences.

— Age and body size: Young animals are more sensorial than adults. Young animals
don’t have developed detoxification enzymatic system. They have high metabolic
rate, as a result more toxic metals are taken faster by them.

— Persistence: The time required for 50% of the metals dose to be reduced from
organisms is termed as half-life. Metals such as Hg, Cd, and Pb have longer half-
lives in mammal species and ultimately can create prolonged effects.

— Detoxification: Metal exposure can lead to metallothionein (low molecular weight
protein), it has the ability to bind with some metals such as Cd, Cu, and Zn and
thus lessen their toxicity. The system can be submerged if concentration of metal
is too high and also if there is a continuous metal exposure.

One of the notable phenomena of metal toxicity is bio-concentration or
bioaccumulation. Bioaccumulation is the phenomenon which is responsible for the
increase of metal concentration in the organisms comparing with their concentra-
tions in sediments or water. All the metals sustain bioaccumulation. Animals which
live in sediment are more susceptible to metal exposure at high level [20].

Bio-magnification is another phenomenon which is responsible for metal toxicity.
The term “bio-magnification” refers to the increase of metal concentration gradually
in the higher trophic levels of food chain. Usually, predators sustain more metal
concentration than the preys. Animals on higher trophic level have the highest metal
concentration, mainly pertaining to mercury and cadmium, manganese, and sele-
nium also [20].

Biotransformation refers to the metal alteration by the organism. Thus, the metal
toxicity can be both increased and decreased. For examples, converting organic Hg
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with inorganic Hg can increase Hg toxicity whereas the conversion of inorganic As
to organic As can decrease the As toxicity [21].

5 Metals and Their Effect on Human and Environment

There are some concerning metals that can cause residential and occupational
hazards. Out of 35 metals, 23 metals are considered as heavy metals, such as As,
Cd, cesium (Cs), Cr, cobalt (Co), Cu, Fe, Pb, bismuth (Bi), antimony (Sb), Au, Mn,
Ni, platinum (Pt), Ag, Hg, Sn, Zn, uranium (U), vanadium (V), and tellurium
(Te) [22]. They can be naturally occurring. Though some of them are required in
trace amount for health, higher concentration of these can be dangerous for health.
Metal can affect the human body and environment in several ways [23]. Heavy
metals can damage energy levels, hinder the human body function, even damage
organs such as liver, kidneys, brain, and blood, and cause Parkinson’s disease,
Alzheimer’s disease. It can induce either acute or chronic health effects. Long-
term exposure of such metals can even cause cancer [24]. Some heavy metals
above the tolerable concentration can be found in the environment. For proper
defensive measure to avoid excessive exposure, the knowledge of heavy metals is
required [25]. Some important metals such as Pb, Hg, Cd, Cu, As, Cr, Mn, Al, and
Ag with their effects on human health and the environment are discussed here in the
below.

5.1 Pb and Its Effects

For decades, intensive focus has been provided on Pb in environmental health
research. Pb is mined and used in industries and production for millennium, thus
modern industrialization introduced mass production of household products, paint,
candies, toys, ceramics, cans and other products in the twentieth century. For the past
60 years, Pb has been used as antiknock vehicle fuel additives, which is major source
of environmental disruption worldwide [26]. The annual production rate of Pb is
raising from 5.4 million tons currently. Around 60% Pb has been used in battery
manufacturing, rest of them are used in solder, cable, gasoline additive and plastic
production etc. Such productions are posing a considerable risk to individuals as
well as the prevailing communities. Because of the risks, several developing coun-
tries have taken necessary actions which have limited the actual exposure of Pb over
the last 25 years [27]. Several sources are responsible for Pb pollution in the
environment such as gasoline and pigments, factory chimneys, ore smelting, pesti-
cides and fertilizers, metal plating, battery wastes, soil wastes, automobile exhaust
and so on. Pb accumulation pathway in human are diverse such as inhaling Pb dust,
drinking Pb contaminated water, eating contaminated food (acidic juices and foods
will liquefy Pb from the food and juice containers. Children playing with toys that



92 M. M. Rahman et al.

may contain Pb paint [13, 28]. Pb is easy to find and mine, has multipurpose. Pb
undergoes corrosion and stain, delivers brightness to paint dye, gives support to be
attached on the woods. Pb*? is the most bioavailable form of Pb and successfully
binds with sediments [27]

Several factors are responsible for the Pb exposure effects, such as water having
low pH (acid rain water) can release more Pb from Pb solder plumbing in respect of
high pH water [29]. In soil environment, Pb tends to persist in root vegetables like
onions and vegetables such as spinach [30]. If people do not have enough Ca, Zn, or
Fe in their diets, then there is a high possibility to absorb more Pb in their diets [28].

For the toxicity level measurement, humans have focused on the method devel-
opment such as GFAAS (Graphite Furnace Atomic Absorption Spectroscopy), a
technique used for surveillance and research, which can be used for the precise Pb
measurement in blood (mg/dL). According to general dose, children and adults Pb
exposure can create a great health problem such as coma, renal failure, effects on
metabolism, intelligence (low exposure) and even death (at high dose) [31]. Children
are particularly vulnerable to neurotoxic effects of Pb. According to epidemiologic
studies, Pb exposure at low level in children (<5 years) was found in the range of
5-25 mg/dL which may hinder their intellectual development [28]. Because of that
Centers for Disease Control (CDC) has lowered the allowable concentration of Pb in
children blood ranging from 25 to 10 mg/dL. And it is also recommended that
children from 6 months to 5 years old must do universal blood Pb screening [32].

Impacts of Pb on Human Health Even at markedly low level exposure, Pb is very
viral for humans. Pb can cause both chronic and acute health effects depending on
the dose and exposure condition. Pb mainly targets the nervous system, hematopoi-
etic system and renal system, thus causing anemia, neurological, cardiovascular,
renal, gastrointestinal, hematological, and reproductive effects. Through blood
examination, Pb exposure to human can be measured. Pb tends to persist in the
bones in re-mobilized form hence can cause Pb exposure late in the individual life
[2]. Primary sources of Pb exposure are industrial dust and fumes inhalation and
contaminated food consumption. Inhalation is one of the most prominent exposure
pathway for human triggering point source pollution such as Pb contaminated sites
and generated waste from production contains Pb which is then burnt. Another major
source of Pb pollution is drinking contaminated water [28]. Home dusts can contain
Pb paint which can be inhaled by both adults and children and ingested by children
through eating behavior. Pb can have several deleterious effects on human health
such as by accumulating in teeth and bones, Pb can persist there and can act as
transporter of Pb in the bloodstream because half-life of Pb is around 20 years [4]. Pb
mainly targets the bone marrow and brain as reservoir. So, Pb toxicity is much more
severe if the diet is calcium deficient. There is no safe level for children. By
measuring Pb concentration in blood, Pb exposure can be evaluated. Around
250 parts per billion (ppb) was taken into account as safe level till 1970. And then
according to the revised recommendation, the safe level of Pb was checked from
50 to 100 ppb [12]. Pb has some neurological impacts also such as hyperactivity,
imperfect attention span, and low IQ in children. Pb interferes with Ca transportation
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in the neuron membranes. The linkage between Pb exposure and cancer is yet to be
evaluated though more studies are needed to address the probable linkage between
Pb exposure and several cancers [33].

Impacts of Pb on Aquatic Organisms Pb can be found in water up to 500 ppb
injures algae. Pb obstructs the necessary enzymes to perform photosynthesis, lessen
the absorption capacity of water, inhibits growth (greater than 50 ppb injures
fishes) [12].

Impact of Pb on Animals Pb creates poisons for animals, which is termed as avian
plumbism for birds. This disease is caused by high concentration of exposure in
animals. Pb enters into animal’s body through several processes [2]. Pb is toxic for
several organs such as kidneys, heart, bones, hematopoietic system, nervous system,
and reproductive system. Pb also affects the red blood cell formation by inhibiting
aminolevulinic acid dehydrogenase (ALAD). Pb affects the enzymes of sulfhydryl
group and erythrocyte thiol contents. It is viral for domestic animals such as cattle,
dogs, and small animals. In animals, Pb poisoning can be acute and chronic which
can readily cause death [19].

Physiological and Biochemical Impacts of Pb Pb also interferes in the enzymatic
process for hemoglobin synthesis. Pb causes birth defects, kidney dysfunction,
anemia (usually found in children having Pb concentration > 400 parts per billion
in bloods). Around 1,200 toys were tested by using X-ray fluorescence analyzer. It
was found that Pb levels were at 12-23 ppt in weight [10].

5.2 Hg and Its Effects

Hg is a naturally occurring metal which is an odorless liquid, colorless as vapor and
has silver-white shiny feature. It is very viral and also bioaccumulative. It has severe
impacts on the environment, particularly in the water environment. Primary sources
of Hg pollutions are some man-made activities such as wastewater discharge,
incineration, mining, agriculture, and so on [34]. Hg can be toxic for biological
system even if they prevail in trace amount. Hg is used in several activities world-
wide such as: in chlor-alkali 13%, batteries 9%, dental amalgam 9%, electronic
equipment (5%), vinyl chloride monomers 21%, lamps (4%), measuring devices 9%,
gold mining 22%, and others 8%. Hg toxicity is based on the form in which it
accumulates in body such as elemental form, organic or inorganic form (alkyl-Hg
compounds: methyl-Hg, dimethyl-Hg, and ethyl-methyl Hg). Hg remains in nature
in these forms: elemental, organic, and inorganic Hg, having their own different
toxicity levels. These three forms can be found in water environment such ocean,
river, lakes where it is taken up by the microorganisms and converted to methyl-Hg
within them, thus causing bio-magnification and aquatic environment disturbances.
Human methyl-Hg exposure mostly occurs due to consuming these contaminated
aquatic lives [15]. In case of methyl-Hg (potential neurotoxin), ingestion of
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contaminated food is one of the major reasons of Hg toxicity exposure, mainly for
fishes. About 80% of inhaled elementary Hg vapor is accumulated in the lungs tissue
where they enter in the blood-brain barrier causing neurological and renal effects
[35]. Neurological effects are considered as hindering human brain development.
Though elemental Hg ingestion does not cause high level of toxicity but deaths have
been recorded. Elemental Hg vapor inhalation has caused some severe symptoms
such as insomnia, memory loss, thyroid, headache, shivering, also damages kidney
[19]. Also, organic and inorganic Hg toxicity can be triggered by using fairness
creams, soaps, and medicines. Hg passes easily through the placental barrier and
blood-brain barrier causing severe exposure during pregnancy. According to Inter-
national Agency for Research on Cancer, methyl-Hg is regarded as a potential
carcinogen [7].

Hg Speciation Speciation of Hg can be in various forms such as elemental Hg or
metallic Hg (Hg), inorganic Hg (Hg*?), organic Hg (methyl-Hg). As bacteria
(methylate Hg*?) at water—sediment interface, methylation is forwarded by low pH
and high dissolved organic carbon. Methyl-Hg (CHs;Hg") is the most persistent,
lethal, and lipophilic form [12].

Impacts of Methyl-Hg on Fish Fishes are relatively impassible to toxic effects of
methyl-Hg and can endure up to 10 times as much methylmercury as humans.
Methylmercury storage in muscle tissue can detoxify methyl-Hg. If the levels of
methyl-Hg are high, then unfavorable conditions may arise such as decreasing rates
of egg hatching, impairing growth, and development [15].

Impacts of Methyl-Hg on Human Health Hg exposure may cause Alzheimer’s
disease [36]. This disease is considered as one of the top four death causing diseases,
particularly responsible for mortality in the USA. This disease has affected over five
million people, which will increase to 16 million affected by 2050 [37]. Methyl-Hg
exposure may cause autism spectrum disorder which is a neurological disorder
[17]. Several impacts can be seen due to methyl-Hg exposure such as memory
loss, weak muscles, hand paralysis, disability in eye-hand coordination, vision and
speech loss, impairment in consciousness. Children are at higher risk of methyl-Hg
exposure, birth defects, cause cancer, prolonged exposure can damage kidneys even
death [2]. Methylmercury toxicity mechanism in human body and affected organs
(critical) has been illustrated in Fig. 5.

Impact of Hg on Animals Hg has detrimental effects on neurological and repro-
ductive systems of wildlife. This effect has been for a while as contaminating source
of freshwater bodies [12]. Hg enters into the animal’s body, persists in the tissue for
prolonged period, affecting their physiology. Fish from the water body, the birds
(eagles and loons) which eats these fishes all are interconnected in this process [5]. A
recent study by New York State scientists and other researchers in the Adirondack
region reiterated this problem by showing that common loons (below) with high Hg
levels exposure produced fewer off-springs (chicks) [18].



95

Effects of Metals on Human Health and Ecosystem

_ ourif) __n

++

SH

Aqure Al

([eon1o) sueSIO PIJOAYJe pue APoq UeWINY Ul WSTUBYIAUW AIIOIX0) AINJISWAYRN S “SI

uondiosqy unys

JOBI) [BUIISIUIOIISBL)

Ay,
PDwAyapy uonsasur

B

~+SH



96 M. M. Rahman et al.

Minamata Bay Incident In 1907, Chisso factory near Minamata Bay started to
produce acetaldehyde and vinyl chloride. And then in 1932, mercuric oxide (HgO)
catalyst started to be used in production. Because of this continuous discharge,
around 150 tons of Hg was discharged from the period of 1932 to 1968. Hg was
present in that the bay in the form of bacteria methylated Hg*?. Minamata Bay had
many fishes, so people and seabirds ate those fishes from the bay. Methyl mercury
concentration is millions of times stronger in top food chain than water. As a result,
such disease called “Minamata disease” was occurred. In 1956, a completer linkage
between the Minamata disease and methyl mercury was identified [38].

5.3 (d and Its Effects

Cd is not such crucial element for human biological functions. Cd exposure has
some effects on human health and ecosystem [39]. Mammal species can be exposed
to Cd through inhalation (tobacco smoking) and ingestion pathway. Cd mainly
targets renal and pulmonary system. Major health impacts from Cd exposure were
recorded through dietary exposure. These exposures can cause kidney, lung, and
bone damage [40]. Around 90% of Cd exposures through dietary intakes recorded
for non-smokers. Cd can be viral for animals, organisms, and plants. Cd deposited in
toxic form in the environment causes bioaccumulation in the kidneys and liver of
both vertebrates and invertebrates. Cd can enter into the environment from various
man-made sources. Wastewater is one of the notable sources of Cd contamination in
the environment [41]. Industrial air emissions and worldwide use of fertilizers in soil
for agricultural activity are also some emerging sources of Cd. Iron and steel
production (20% Cd exposure), fossil fuel (33% Cd exposure), waste incineration
(2% Cd exposure), cement, and other (1.2% Cd exposure) such human activities are
responsible for human Cd exposure [42]. Plants such as rice and tobacco which are
grown in contaminated soils can take up Cd and Pb through inhalation and human
dietary exposures. Furthermore, Cd contaminated soil can cause human exposure
when it is disturbed, and the Cd dust inhaled by humans [43].

Cd Toxicity Cd hinders Zn metabolism, disturbing Zn containing enzymes. Thus,
gastrointestinal absorption occurs and ultimately replaces Zn in metallothionein. It
also binds with Ca which may cause osteoporosis, Cd deposition in bones may cause
hypercalciuria. It decreases Cu concentration in liver and decreases ceruloplasmin
concentration in plasma. It also binds with Fe, decreases the concentration of
hemoglobin and hematocrit, thus causing [44]. Cd exposure toxicity has been
illustrated in Fig. 6.

Effects of Cd on Human Health Cd can cause acute and chronic health effects
such as anemia, deformation in skeletons, loss of bones, kidney dysfunction,
obstructs necessary enzymes to perform absorption in tubules of kidney. It can be
a potential carcinogen on higher dose [46]. Diets such as rich in red meat, sea fishes
can often contain high Cd intakes, cause kidney and liver damage, elevated
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Fig. 6 Cd exposure toxicity mechanism in human body (Modified after [45])

frequency of stone (kidney) formation. Smokers are marked as the higher risk bearer
than people with less iron levels. The secondary health effects of Cd are skeletal
damage which is caused by the damage in kidney through Cd exposure [47].

Effects of Cd on Aquatic Organisms Cd can also affect aquatic organism’s health:
Such as Cd impairs the growth of aquatic plants, deformities in skeleton of fishes
(in bones Cd replaces Ca), reduces the survival rate of shell fish, as well as causes
kidney tubules dysfunction in fishes [46].

Effects of Cd on Animals In animals, prolonged inhalation or ingestion exposure
of Cd causes detrimental effects on the liver, lung, kidney, bone, nervous system,
immune system, and blood. Cd can affect the bone tissues on young animals [43].

Cd and Itai-Itai Disease Kamioka Mine situated 40 km away of Fuchu Town had
discharged untreated effluent containing Cd to the rice paddies from 1920. Rice
plants absorb Cd spontaneously. So, people of the area consumed those contami-
nated rice for around 30 years and were disclosed to 600—1,000 mg of Cd everyday
which exceeds twice the toxicity level. In 1950, people from Fuchu Town, Japan
(near Toyama City in Jinzu River Basin) confronted several pains in joint, muscle,
and bones, also they faced severe dysfunctions in kidney. Even caused death of some
people living there [48].
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5.4 Cu and Its Effects

Cu is categorized by the USEPA as Group D carcinogen though it has not been listed
in new cancer classification category. Cu is an essential natural metal, needed in
trace amount (5-20 ppm) as nutrient [5]. Cu presents in soil at an average concen-
tration of 50 ppm. It is found in plants and animals. It acts as an essential nutrient for
human and for animal where it is needed in small quantity. It is an important
component of human body because it reacts with iron and creates red blood cells
in body. It is a component of enzymes which helps to form hemoglobin and
hemocyanin and also supports carbohydrate metabolism. It is responsible for func-
tioning of more than 30 enzymes. It helps to grow healthy hair in humans. Moreover,
at concentration of more than 20 ppm, Cu*? is viral [49]. The chief sources of Cu
releasing in the environment are mining, sanitary fittings, containers, smelting, birth
control pills, and Cu refining, industrial production such as wires, pipes, and fossil
fuel combustion. Water line pipes are usually made of Cu and bath settings also are
made from bronze and brass alloys which comprise Cu [12]. The chief source of Cu
in drinking water is Cu leaching from water pipes and bath settings because of acidic
water. Even Cu in water leaves some blue-green spots in bath settings. The other
primary sources are as pesticides in agricultural field, used to remove algae from
waterbody. Some metabolic studies recorded that oral ingestion of Cu ranges from
24 to 60%. The absorption capacity of Cu depends on some factors such as dietary
condition, Fe and Zn presence in food. No studies have been conducted to measure
the skin and inhalation exposure of Cu. Though few studies depicted that skin
absorption of Cu was very low, the Recommended Allowance (RA) of Cu for adults
is 0.9 mg/day. The highest safe level of Cu intake for a lasting period of time
(chronic exposure) is 10 mg/day. Metals, beans, cocoa, shell fish are rich in Cu [50].

Toxicity of Cu Cu is able to bind with sediments and organic matter in soil. Cu is
highly viral for aquatic organisms. Adrenaline, aldosterone, and cortisol are released
due to stress. Adrenal gland is also affected by stress, retaining Cu and reduces
Zn. Aldosterone mechanism follows by Na and Cu which secretion increase the
reduction of Zn and Mg. Zn is important for toxic heavy metal removal (Cu). Mood
swing and mind can become troubled when brain starts to be saturated by Cu. Cu
saturation may limit the presence of important neurotransmitters in brain which helps
to keep brain Cu functioning static [51]. Cu binds with necessary protein-enzymes
such as ceruloplasmin and metallothionein to enter into the cell and mitochondria
use these proteins in the Krebs cycle to form ATP. Liver mainly receives adrenal
glands signal to form these proteins. Any dysfunction in adrenal glands and liver
may relate to unbound and release Cu thus Cu will start to accumulate in blood [12].
Cu may also accumulate in lysosomes, mitochondria causing necrosis and cellular
degeneration. Higher Cu level in blood may cause erythrocyte membrane weakness
causing fragility thus hemolysis (hemolytic crisis). Cu may cause hemoglobin
oxidation forming methemoglobin (cannot carry oxygen). Fish species such as
shell fish and fin fish are around ten to hundred times more susceptible to Cu than
mammal species [12]. Algae are more sensitive to Cu mammal species (around
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1,000 times). When dissolved organic carbon is present in the waterbody then Cu is
less viral. The Cu level in blood, hair, liver biopsy are some reliable indicators of
copper toxicity. Hemoglobin level, serum copper, and serum ceruloplasmin can be
helpful for the diagnosis, as Cu accumulates deep in the liver and brain [5].

Impact of Cu on Human Health and Animals Cu plays an important role in
human body function. For example, in bones and connective tissue, Cu is necessary
to bind with Ca to form connective tissue and repair them all. Such imbalances may
cause osteoporosis, skin, nails and hair damage also. Cu plays an important role in
cell’s energy production. Cu is required in the electron transport system which is
termed as energy cycles final stage and produces cellular energy. Any imbalances
here may cause depression, fatigue, and low energy Cu [51]. For immune system, Cu
must be in balance with Zn. Any imbalance may cause infections such as yeast and
fungal infections. Cu can affect thyroid gland, glandular system, adrenal system. Cu
imbalance may cause premenstrual syndrome, cysts, miscarriages, sexual malfunc-
tion, even hyperthyroidism, Wilson disease, Menkes disease, and Grave’s disease
[52]. These all can occur because of stress and Hg exposure as well. It may affect
reproductive system, for example Cu is related to estrogen metabolism which is
necessary for pregnancy and women’s fertility and man’s potency. It can affect the
nervous system also. Cu increases the production of the neurotransmitters such as
epinephrine, dopamine, and norepinephrine. Cu imbalance may affect psychological
and neurological conditions such as loss of memory in young people, schizophrenia,
anxiety, and depression. Cu deficiency may cause anemia, hindering white blood
cells formation, osteoporosis in infants and children, and defects in tissue, skeletal
problems. There is relatively low copper toxicity in humans because of Cu detox-
ification process by metallothioneins in kidney and liver [53]. The drinking water
standards for Cu are developed depending on the taste, not on the toxicity risk. Acute
or short-term effects of Cu are: more Cu ingestion may cause temporary gastroin-
testinal distress with nausea, abdominal pain, and vomiting. High Cu dose can
damage liver, even can cause death. High level Cu exposure may cause red blood
cells decimation, ultimately causing anemia [49]. Chronic or long-term effects of
Cu are: kidney and liver damage (high dose), mammal species have versatile
mechanism to store Cu in the body that they are usually protected from over plus
dietary copper levels. Wilson’s disease is a genetic inherited disorder in which Cu
stores in liver. Liver toxicity has some severe symptoms such as jaundice, swelling,
headache usually does not appear at young age [2]. It can be a potential carcinogenic,
causing cancer. Studies have showed that Cu has high cancer risks, especially in
workplaces, as workers are exposed to chemicals having carcinogenic capacity.
Though in animal, Cu cancer risk has not been found. Cu has some reproductive
and developmental effects also. Though the developmental effects have not been
recorded in human but in animals some effects have been occurred such as animal
growth and developmental processes can be hampered at high Cu dose, hinder bone
formation, lessen the body mass and litter capacity [51] Copper toxicity mechanism
in human body and their outcome have been illustrated in Fig. 7.
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Impact of Cu on Fish Fish species such as shellfish have some considerable
individual effects of Cu such as it lowers the metabolism rate of clams especially
in estuaries. It also affects shell fish population by lowering the egg and sperm
production is sea, exposing to Cu concentration around 10-20 ppb [12]. In fin fish,
Cu inhibits osmoregulation by intervening the sodium uptake process in the gills. Cu
also has some neurotoxic effects such as it meddles with olfaction, as a result
disrupted olfaction process obstructs migration, salmon habitation, and predator
avoidance. Cu has effects on their food intake and growth, damages kidney, lessens
the survival rate of juvenile fish. Cu has some sub-fatal effects on rainbow trout also.
Stress in rainbow trout occurs at relatively low Cu exposure (1.4 ppb), causes
hyperactivity in population, increases cortisol level in bloodstream, in liver it
forms metallothionein [54].

Cu Effects on Ecosystem Cu limits the algal growth, responsible for death of
beneficial insects such as mayflies, causes emergence of insects which can undergo
water pollution. These variations will have an impact on fish species appearances.
Cu has continuing effect throughout the ecosystem [5].
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5.5 As and Its Effects

As can be present in three allotropic forms: grey, yellow, and black. The stable form
is silver-gray and brittle-crystalline solid. As rusts easily in air and at high temper-
atures, thus, it forms As trioxide. Non-metallic form of As is not that much reactive.
As and its compounds are widely used in special type of glass manufacturing, also in
wood preservation [2]. As gas AsHj3 is an important dopant gas in micro-chip
industry, although it is extremely viral which requires strict guidelines. China is
the chief exporting country of As worldwide. World resources of As in Cu and Pb
ores are around 10 million tons. In the nineteenth and twentieth century, As and its
compounds were used in medicine. As is found in small concentration naturally on
Earth’s crust. It is found in minerals and soil and thus enter into the air, land, and
water through run-off and dust. As originates from various sources such as micro-
organisms that release volatile methyl-arsines to around of 20,000 tons per annually
and from volcanoes that release about 3,000 tons of As annually. Anthropogenic
activities are more responsible for such As pollution. By burning fossil fuel,
man-made activities release around 80,000 tons of As annually. As is known as
potential poison though it is needed in trace amount for human (maybe) and animals.
The required intake of As is around 0.01 mg/day which is as much as low. As is a
hard component that can’t be turned to water-soluble form or volatile form easily. As
is an unstable metal, so for that high concentration does not actually stay at a site for
a longer period. Despite this characteristic, it might have some negative impacts too
because it disperses easily. Because of human encroachment activities, such as
melting and mining, the As forms, which were immobilized, have started to mobilize
now. As a result, they can be found in many places where it is not supposed to be
found. Many As forms may be found in combination with minerals and sulfur such
as Arseno-pyrite (AsFeS) and orpiment. From As’s oxide form, the worldwide
production of As is around 50,000 tons annually, excessively used in industries [55].

As Toxicity As toxicity may arise from bio-transformation activity, where detri-
mental inorganic As compounds are methylated by microorganisms such as bacteria,
algae, fungi, and even by human forming mono-methylarsonic acid (MMA) and
dimethyl-arsenic acid (DMA). In this process, inorganic As is enzymatically
transformed to end metabolite (methylated arsenicals), which is responsible for
chronic As exposure [18].

Inorganic Arsenic (V) — Inorganic Arsenic (III)
— Mono — methylarsonic acid (V)
— Mono — methylarsonic acid (III)
— Dimethyl — arsenic acid (V).

In bio-methylation process, the end products are mono-methylarsonic acid and
dimethyl-arsenic acid. These compounds are excreted through urine, which indicates
chronic As exposure. Under specific conditions, mono-methylarsonic acid (MMA)
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in the form of MMA (III) generally is not excreted and stays as intermediate product
in the human cell. It is highly toxic compared with other forms, which can ultimately
cause As related carcinogenesis [56].

Effects of As on Human Health As has some toxic effects though inorganic form
of As is found naturally. Humans can be exposed to excessive As concentration
through eating contaminated food, inhalation of polluted air, and drinking contam-
inated water. Through skin absorption or skin contact with water and soil, humans
and animals can be exposed to As [50]. Soluble form of inorganic As may have
immediate toxic effects. So, ingesting large quantity can cause severe gastrointesti-
nal problems such as vomiting, dysfunction in blood, impairment in nervous system,
and even death. If not that deadly, these large doses may diminish blood cell
formation, disruption in red blood cells formation in the blood circulation, liver
enlargement, skin colorization, limbs sensation impairment and can cause brain
damage. The interrelationship between As exposure and health effects is of great
concern [33]. From the studies it is depicted that As causes high blood pressure, heart
attacks, and other circulatory disease. Though in case of diabetes and reproductive
effects, As sensitive is not recorded yet, it causes long-term neurological effects and
causes cancer at sites other than lung, bladder, kidney, and skin. Also, it causes skin
changes such as hyperkeratosis and colorization. These effects have been visible in
several studies [50]. Dose-response relationships and As risks have been demon-
strated in various studies. Drinking-water having As concentrations of 50 pg/L can
cause As related skin damage. Inhaling As through occupational exposure can cause
lung cancer. It has also been recorded that the risk of As related health effects
increased at cumulative exposure levels >0.75 (mg/m’) x year (e.g., 10 years of
exposure to a work area air concentration of 50 pg/m> As) [12].

In food, As can find in lower amounts, but in fish and sea food As concentrations
can be high because in water fishes absorb As through discharge. Fishes that absorb
high amount of inorganic As can be dangerous for human health. At workplace,
people can be exposed to higher levels of As due to occupational exposure. Also, in
houses (furniture), farmlands (pesticide use), people can be exposed to As. Inorganic
As exposure may cause several health problems such as stomach irritation, less
formation of red and white blood cells, lung irritation, skin type change. Also several
studies have concluded that exposing to high amount of inorganic As may develop
the chance of several cancer formation such as lymphatic cancer, lung cancer, skin
cancer, and liver cancer. Also a very alarming exposure to inorganic As may cause
skin irritations, increased infections, heart failure, miscarriages, infertility in women,
brain damage, and more. Ultimately, inorganic As can cause DNA damage. A toxic
dose of As oxide is considered as 100 mg. Organic form of As does not harm DNA
or cause any cancer. But exposure to significant concentration of organic As can
have impact on human health such as stomach aches and nervous system
damage [57].

Effects of As on Plants and Animals Human interferences prolongs As cyclic
process in the environment. As a result, huge amounts of As are being discharged in
the environment, animals, and aquatic organisms. Pb, Zn, and Cu producing
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industries may produce As [5]. In agricultural processes As can be released in the
environment, once it is entered in the environment, it can’t be removed, so the
amount increases over time by both anthropogenic and natural activities. Thus,
causing prolonged health effects to plants and animals everywhere. Plant absorbs
As readily, in these foods, high concentration of As might be present. Inorganic As is
very toxic. So, toxic inorganic As concentration is found in surface water which
readily changes the genetic mechanisms of aquatic animals, especially of fish
populations. This kind of toxicity is being generated by As accumulation in bodies
of organisms that eat those fishes from freshwater. Generally, bird eats these fishes
that have high concentration of As presence causing As poisoning to aquatic
organisms, fish populations start to die and decompose [58].

5.6 Cr and Its Effects

Cr is a hard metal with silver-gray color. It does not rust in air, when it is heated, it
forms chromic oxide (green). Cr is impermeable to oxygen. According to Interna-
tional Agency for Research on Cancer (IARC), Cr and its trivalent compounds have
been listed within Group 3 (it is not classified as carcinogenicity characteristics to
human). OSHA does not consider Cr as a carcinogen [2]. Cr is an essential metal that
is found in coal, petroleum, steel, catalysts, fertilizers, pigment oxidants, and metal
plating tanneries. Cr is used in industrial production such as electroplating, coating
of silver mirror, metallurgy, paint and pigment production, dyeing catalyst, leather
tanning, mold making for bricks, paper and pulp production. Cr in the form of Cr
(IV) oxide- (CrO,) is used to produce magnetic tape. As a result, the industrial
activity plays a concerning role in Cr releasing in the environment causing harmful
effects to human, plants, animals, and ultimately to ecosystem. Anthropogenic
activities such as sewage disposal, fertilizer usage trigger the chromium release in
the environment. As well as agricultural practices are responsible for the Cr con-
tamination. In recent year, Cr in hexavalent form Cr*® is severely responsible for
environmental Cr contamination [12]. Cr is mined in the form of Cr which is
FeCr,0,4 ore. Cr ores are mined worldwide. Around 14 million tons of chromite
ore are being extracted. Worldwide reserves of Cr ore are 1 billion tons [3].

* Crions on Human Health: Through breathing, drinking, eating or skin absorp-
tion, human can be exposed to Cr and its compounds. In air and water, Cr is found
in lesser amount. In drinking water, its concentration is low also. But contami-
nated water might contain Cr (IV) or Cr (VI). The main route of Cr exposure to
human body is through food that contains Cr (III). This form of Cr is readily
found in fruits, vegetables, yeasts, meats etc. The way of food packaging,
preparation, and storage may change the Cr quantity in food. Food storing in
cans and tanks may increase the concentration of Cr in the food. Cr (III) acts as
nutrient for humans and its deficiency can cause heart diseases, diabetes, meta-
bolic activity disruptions. But human exposure to high amount of Cr (II) may
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affect human health such as causing skin rashes. Unlike Cr (III), Cr (IV) is very
toxic to human health. Especially at workplace, people working in textile and
steel factories may expose to this compound. Also tobacco users have the highest
chance of Cr (IV) exposure. This compound can cause severe health impacts such
as from leather items, allergy and skin reaction may happen (skin rashes).
Inhalation of Cr (VI) may cause nose bleeding and irritations. Some severe health
problems of Cr (VI) are: skin rashes, liver damage, kidney damage, genetic
mechanism alteration, immune system damage, ulcer, stomachaches, respiratory
diseases, cancer (lung), and even death. The human health problems to Cr
exposure depend on the Cr’s oxidation form. Cr in its metal form has low toxicity.
Cr in hexavalent form is very toxic. Some adverse health effects of the Cr
(VD) form are: ulcer formations, nasal septum’s mucous membrane perforation,
bronchitis, edema, allergic reactions, skin irritations, dermatitis, and respiratory
diseases (breathing shortness, nasal itchiness) [12, 59]. According to National
Toxicology Program (NTP), Cr and its trivalent compounds can be considered as
carcinogen. NTP provided evidence of Cr carcinogenicity in animals. Some
forms of Cr that can show carcinogenicity are: Cr (VI): Calcium chromate,
chromium trioxide, strontium chromate, and zinc chromate. Hexavalent form
(Cr*®) of Cr is the most viral, though some other forms of Cr such as Cr (III)
compounds are less toxic and cause little or no health problems. On the other
hand, Cr (VI) tends to be corrosive, thus cause swelling and redness of skin
(allergic reactions) to the body. Furthermore, inhalation of Cr*® may cause
anemia, nose lining irritation, and nose ulcers. It may cause stomach ulcers
(mostly in chromate worker), sperm damage in male reproductive system. There-
fore high Cr™® dose can cause severe respiratory, hepatic, gastrointestinal, and
neurological effects and even death. High chromium exposure can cause inhibi-
tion of erythrocyte glutathione reductase, which readily lessens the ability to
convert methemoglobin to hemoglobin. In both in vivo and in vitro experiments,
it has been seen that in several ways chromate compounds can cause DNA
damage and chromosomal aberrations and DNA transcription. Human can be
exposed to higher dose of Cr (VI) through drinking water. Also, some potential
evidences show that Cr can induce carcinogenicity to human, in animals chro-
mium can cause stomach tumors [60].

5.6.1 Effects of Cr in Plants and Animals

Cr and its compounds differ in characteristics and cause effects on plants and
animals. Through anthropogenic process and natural processes, Cr in the form Cr
(II) and Cr (VI) enters in the soil, water, and air and ultimately in the entire
environment. Steel, textile, and leather production industries are main responsible
body for this high concentration Cr (IIT) exposure to living things. Thus, Cr level in
the water has been increased by discharging industrial effluents in the water body
[16]. Man-made activities such as coal combustion are also responsible for the high
concentration dispersal of Cr in the air. Waste disposal will eventually increase its
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amount in the soil. In the air, Cr is end to persist and then goes to soil or water. Cr
readily attaches with the soil particles as a result Cr does not flow through the
groundwater. Sediment would absorb Cr in water and produce unstable form.
Finally, only smaller amount of Cr can be dissolved in water. Cr (IIl) is a crucial
element for organisms which can disrupt sugar metabolism causing heart diseases,
when the daily uptake is too low [61]. Cr (VI) is dangerous to organisms. Cr (IV) can
change the genetic mechanisms and can cause different type of cancer. Crops have
some system which regulates the Cr concentration in a significant way that it remain
at low level and did not cause any impairment. If there are higher concentrations of
Cr in soil, that will eventually increase the Cr concentration in crops too. Cr uptake
of crops is influenced by soil acidification process. Plant usually takes up only Cr
(II). This is an important chromium form, but negative effects can occur when
concentration will be much higher [5]. In fish, Cr does not accumulate in their body.
Metal products disposal may trigger the high Cr concentration in surface water. That
can damage fish gills present at the point of disposal. In animals, Cr can cause severe
health hazards such as birth defects, infertility, weakness, ulcer, tumor, respiratory
diseases, and disability to fight disease [3].

5.7 Mn and Its Effect

Mn is a very important element for iron and steel production. In present days, steel
making comprises 85-90% of total demand and other most of the demand. Mn is the
basic component of cheap stainless steel formation and widely used in aluminum
alloys. Mn in the form of Mn dioxide is used as a catalyst. Mn is widely used to
de-colorize glasses and create violet color glasses. Potassium permanganate is one of
the strong oxidants and is used as disinfectant widely. Manganese oxide (MnQO) and
manganese carbonate (MnCQO3) are used in fertilizers and ceramics and MnCO5 is
used especially for making other Mn compounds [1].

Mn is a crucial element for all and found readily in soils, where it remains as
oxides and hydroxides, and it moves through its different oxidation states. Mn’s
principal form is pyrolusite (MnO,) and also present in the form of rhodochrosite
(MnCQOs;). In around 25 million tons of mining activities, five million tons of the
metal are being recovered, and reserves exceeds around 3 billion tons metal. Some
organisms, such as diatoms, mollusks, and sponges, store manganese. Fish can store
up to 5 ppm Mn and mammals can store up to 3 ppm in their tissue, though they have
already around 1 ppm [2].

Effect of Mn on Human Health and Animals Mn is one of the three toxic
essential trace metals, which is not only necessary for survival but also can be
toxic when high Mn concentration will prevail in human body. When people do
not make up to the recommended daily allowance (RDA) or exceed the limit, in both
conditions it starts to decrease the health condition. Human can be exposed to
manganese through several routes such as eating food, for example eating spinach
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or tea or the food which contains highest concentrations of grains and rice, soya
beans, oyster, eggs, nuts, olive oil, and green beans. After Mn absorption in the
body, it will transport to the blood and then liver, kidney, pancreas, and finally to the
endocrine glands. Mn has severe impact on brain and respiratory tract. The symp-
toms of high dose manganese exposure are: forgetfulness, dullness, nerve damage,
and hallucinations which can cause Parkinson’s, bronchitis, schizophrenia, paraly-
sis, sleepiness, emotional disturbance, insomnia, headache, and lung embolism.
Especially impotence in men can occur if men are exposed to Mn for prolonged
period. Other alarming health effects of Mn are: glucose intolerance, blood clotting,
fatness, skeleton disorder, birth defects, hair color changes, depressed cholesterol
level, neurological effects. Long or chronic health effects of Mn can be triggered by
dust and fume inhalation. From these kinds of diseases, nervous system becomes
weak and may cause physical disability. Severe pneumonia and other respiratory
infections have been recorded among workers who are exposed to Mn dust or fume
and experimental suspicious tumorigenic agents [62].

So, Mn is a crucial metal for body but in recent days it has been listed as global
toxic metal. Mn was introduced as gasoline additive in the form of methyl-
cyclopentadienyl Mn tri-carbonyl (MMT). MMT is considered as occupational
manganese hazard and connected with Parkinson’s disease with several syndromes
such as tremor, gait disorder, cognitive disorder, and postural instability. High dose
of manganese exposure can cause neurotoxicity. Mn can cause neurological disease
termed as “Mn” by forming Mn rigidity, tremor, mass formation, mood disorder, and
memory dysfunction. The symptoms of Mn are quite similar to the symptoms of
Parkinson disease. Therefore, the main differences between Mn and Parkinson
disease are the symptoms and disease progression and also Mn is not susceptible
to levodopa ( -DOPA) administration [2].

Effect of Mn on the Ecosystem Mn and its compounds are found in the soil and
water as small particles. Also they can be in the air as dust particles. They tend to
settle on the land within few days. Mn and its compounds are released in the
environment through industrial activities and fossil fuel burning. From the human
exposure, manganese can penetrate into the surface, groundwater, and sewage water.
Mn accumulates in the soil easily because it is used as pesticides [63].

Effect of Mn on Animals For animals Mn is an important element for animals of
around 36 enzymes, used for carbohydrate, fat, and protein metabolism. Even at low
level exposure, Mn can interfere with bone formation, reproduction and growth of
animals [64]. Ultimately it could be viral for animal even at low level. Mn com-
pounds can cause brain, lung, and liver damage, vascular disturbances, low blood
pressure, inhibit the development of animal fetuses. Then Mn skin absorption may
cause tremors [8]. From several studies on test animals, it has been depicted that
acute Mn poisoning can develop tumor in animals [5].

Effect of Mn on Plants In plants, after the uptake from the soil, Mn ions are
transported to the leaves. Even at low level Mn absorption, it can cause disorder in
plant mechanisms. Mn plays an important role in division of water into hydrogen
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and oxygen for plant uptake. Mn may trigger both toxicity and deficiency problems
in plants. Mn deficiency is common in low pH soil. Both deficient and high toxic
level of Mn in soils may cause cell wall swelling, leaf withering, and creating brown
spots on leaf. The interconnection between deficient and toxic concentration can be
measured by detecting optimal Mn concentration for plants [11].

5.8 Al and Its Effects

Al has only one naturally occurring isotope which is Al-27 and that is not radioac-
tive. Al is a poor metal, mainly found in the form of ore bauxite and is versatile for its
light weight, strength, and counteraction capacity to oxidation. Meanwhile, Al is
oxidized but remains in unstable form than most other metals. Al is used in industrial
productions of various products which is very significant for the worldwide econ-
omy. Metal recovery from scrap through recycling has become a vital element of the
Al industry. Metal industrial production is around 20 million tons per year and also
the same quantity is recycled. The Al ore reserves are around 6 billion tons
worldwide. Al is used as building material, electrical transmission wire, in packag-
ing, transportation material because of its durability, strength, and lightweight. Al is
also utilized as structural components which is emergent for aerospace industry. Al
is the second most usable metal after iron. The pure aluminum usually forms alloys
with other metals such as Cu, Mn, Zn, and silicon. Al is highly conductive and cheap
comparing with Cu. Al was first used for household electrical lining in 1960 [2]. Al
is also used in telescope mirrors and modern mirror as thin reflective coating [64].
But Al tends to be sensitive towards thermal expansion as well as can’t sustain
pressure, because of these characteristics galvanic erosion occurs. The most recent
Al technology development is the Al foam production through adding to molten
metal usually a metal hybrid, from which hydrogen gas is released. So, for this
phenomena, the molten Al need to be thickened by consolidating silicon carbide or
Al oxide fibers before this is performed. Thus this Al foam is widely used in space
shuttle and traffic tunnels [5].

Effect of Al on the Environment Al is abundant in the earth’s surface, present in
the percentage of around 7.5% to 8.1% of earth crust. Al can’t be found readily in its
free form. Al in the form of Al hydroxide provides benefits to the soil properties. Al
being a reactive metal is extracted from its ore, Al oxide (Al,O3). Comparing with
other metals, Al is quite hard to refine because Al is oxidized very easily and that
oxidized compound is very stable. And because of these characteristics, Al is used in
several applications. It can cause acidifying problems. Al oxide (crystal from) helps
to form gemstone which is called as “Corundum.” Al oxide with other metals creates
some versatile compounds such as with cobalt it makes blue sapphires and with
chromium it makes red rubies, with iron traces it makes topaz which is a yellow Al
silicate. They all can be easily produced artificially [65].
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Effect of Al on Human Health Due to the abundance, human can expose to Al at
an alarming rate. At high concentration exposure, Al can cause health disorders. Al’s
water-soluble form (ions) such as Al chlorine may cause detrimental health effects.
In humans, Al exposure may occur through skin absorption and ingestion such as
eating contaminated food. Some chronic or long-term effects of Al are: central
nervous system damage, memory loss, acute trembling, dementia, and much more.
Al is considered as occupational hazard causing metal, as it can create water-soluble
form. Workers who are exposed to Al and are being used in production procedure
may undergo lung disorders. Also, pulmonary diseases and kidney damage may
occur by inhaling Al oxide powder and Al dust. Inhalation of silica and iron oxide air
can cause severe diseases such as “Shaver’s disease”. Especially, in kidney dialysis
process, Al can also penetrate in kidney patient’s body [66].

Effects of Al on Animals and Plants Al can store in plants and can create health
hazards for animals which take these plants as food. In acidic lake, Al concentration
is high. In high acidic condition, fish and amphibian population cannot sustain
because of the reaction of Al ions with fish protein of gill and embryos of frog. It
has been observed that high Al concentration has impacts on fishes, birds, and other
animals which take these insects and fishes and also on the animals that take in Al
through air inhalation. Animals that take in Al through air may incur lung disorder,
loss in weights, and activity downfall [2]. Another notable adverse effect of Al in
environment is the Al ions that make reaction with phosphates, thus there are lesser
amounts of phosphate available for water organisms to intake. Also, in groundwater
of acidified soil, Al concentration can be found at a higher level. Thus indicating, Al
can injure the tree roots that are connected to groundwater [27].

5.9 Ag and Its Effect

Ag is a rare metal in the Earth crust as the 67th naturally abundant metal. Pure Ag is
very ductile, malleable, and lustrous form of Ag. With nanotechnology develop-
ment, Ag nanoparticles (Ag-NanoParticles) are being used widely in various sectors
[67]. Ag is not chemically active but it can react with nitric acid and sulfuric acid. It
is stable in water. It has greater cost and highest electrical conductivity. In crude oil
and steam well, Ag concentration can be high. Ag can be found as monovalent in its
every form, the predominant forms are its oxide, fluoride, and sulfide. It can react
with hydrogen sulfide in the air and creates tarnish (Ag sulfide). Ag is a precious
metal, especially Ag nitrate is widely used in electronic manufacturing, appliances,
mirror and jewelry making, and photography. Ag bromide and Ag iodide both are
used from the very beginning of photography era, also applicable for black and white
image. It is used as a catalyst in several oxidation reactions. Ag and its compounds
are also used in dentistry and battery manufacturing [8].

Anthropogenic activities can increase the concentration of Ag in the environment
such as mining of metal, photo-processing, hazardous waste disposal, smelting, and
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lots more. Several studies have demonstrated that the few forms of Ag are much
more toxic than other metals, because both soluble and insoluble forms of Ag can
cause toxicities which also include the occurrence of occupational exposure [5].

Effect of Ag in the Environment In mineral rich soil, Ag can be found in high
concentration around 44 ppm. Ag can be absorbed by plants in the range of
0.03-0.5 ppm. Ag metals are natural crystals and its deposits are found worldwide.
The major Ag ores “Stephanite” and “Acanthite” can be found in Bolivia, Mexico,
and Honduras. Refining of several metals can form some by-product in the form of
Ag compounds. Around 17,000 tons of Ag are mined annually [68].

Effect of Ag on Human Health Ag and its compounds are being used worldwide
which allows the Ag exposure to human health through various routes such as
inhalation, ingestion, and skin absorption. According to ATSDR (2008), human
can be exposed to Ag dust or fume through occupational exposure. Skin contact
occurred through using different kind of burn creams and jewelry. Through needles
and dental amalgams, Ag can also enter into human body. Soluble Ag compounds
are more easily absorbed than insoluble Ag [69], causing potential health hazard.
Chronic exposure to Ag mainly affects some key organs of human body such as
kidney, eye, liver, lung and brain, and causes damage to them. Similarly, prolonged
exposure to Ag nitrate can lower blood pressure and lower respiratory rate. Ag in its
salt form, AgNO3, can be lethal in the concentrations of more than 2 g. Soluble Ag
compounds have the ability to accumulate the muscle and brains in smaller quantity
[70]. Soluble Ag compounds are absorbed by tissue slowly (prolonged period),
creating blacking pigmentation on skin, which termed as “Argyria.” Such permanent
pigmentation developed due to argyria (on skin) and argyrosis (on eyes). This is
mainly the result of inhalation and Ag solid material attack on the skin and eyes. It
can be severe corneal harm, when it comes to eye contact. Through skin absorption,
it can cause skin irritation. This disease can also be occurred by using medicine
containing Ag and colloidal Ag. Localized agrarian caused direct skin absorption of
Ag, where it enters in the body in very slight amount through sweat glands. This
deposition causes small round patches (light brown or black color) on the skin. It
mainly affects the hands, mucous membranes, and eyes [71]. In eyes, Ag fine
particles may enter through air and form localized agrarian over time. Generalized
agrarian causes skin, eye, and nail pigmentation through Ag compound (AgNO3)
ingestion, inhalation, and skin surface contact. Once it enters into the body, it passes
through the bloodstream and accumulates in the several tissues. Sun-exposed areas
are more vulnerable to these types of exposure. Long-term Ag exposure can cause
allergy and dermatitis. Inhalation of Ag vapor can cause throat or lungs irritation,
headache, breathing difficulties and respiratory problems, unconsciousness, confu-
sion, drowsiness, weakness, and even death [71]. Excess concentration of Ag may be
very detrimental. Comparing with other route, ingestion of Ag is much hazardous for
health because it can accumulate in the lung for prolonged period. Thus, it can cause
anemia, pneumonia, narcosis, nausea, vomiting, stomachache, and diarrhea. Long-
term overexposure can cause permanent nervous system and brain damage. Contin-
uous exposure of methyl ethyl ketone through inhalation can form hexane
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(neurotoxin) [67]. According to ATSDR, Ag in any of its form is not considered as
carcinogen and viral to nervous, immune, and reproductive system.

6 Combined Effects of Heavy Metals

Living organisms in nature are exposed to not only one xenobiotic substance, but
also a combination of toxic substances through multiple routes of exposure. Com-
binations of exposure depend on the environmental factors and occupational vari-
ability. Though abundant information on the effect and toxicity of single metal are
widely available, studies on effects of multiple metals are relatively very few.

Tabacova et al. [72] examined placental As and Cd in relation to lipid peroxides
and glutathione levels in 49 maternal-infant pairs from a copper smelter area and
reported that combined exposure of metals resulted in lower glutathione antioxidant
protection and higher concentrations of lipid peroxides [72]. Dimitrova et al. [73]
studied the combined effect of Zn and Pb on the hepatic superoxide dismutase-
catalase system in carp (Cyprinus carpio), and it was found that superoxide
dismutase and the catalase activity were increased at a 24-h exposure and decreased
at a 5-day exposure.

Combined effect of Cu and Cd on Chlorella vulgaris growth and photosynthesis-
related gene transcription was explored by Qian et al. [74]; and it was found that the
combination of these two metals decreased cell growth and chlorophyll content, and
increased ROS content synergistically. The transcript abundance of psbA and rbcL
were reduced, though not in a synergistic interaction; however, the transcript
abundance of psaB was increased synergistically by metal combination [74].

Combined treatment of Pb and Cd is reported to be additive type of toxicity in
Sprague—Dawley rats, when administrated orally [75]. Yuan et al. [75] informed that
combined treatment of Pb and Cd in acute toxicity studies significantly altered
physiological and biological properties of blood, resulted in microcytic hypochromic
anemia and damages of different intensities to the liver and kidney, where target
organs of the metals were testicles, liver, and kidneys. The minimum dose to observe
adverse effect was suggested as less than 29.96 (29.25 + 0.71; Pb(NOs3), + CdCl,)
mg/(kg bw day) oral administration for 90 consecutive days. Similar additive
toxicity of Pb and Cd was reported by Hambach et al. [76], depicting Pb increased
the effect of Cd on early renal biomarkers (e.g., retinol binding protein,
N-acetyl-p-d-glucosaminidase, intestinal alkaline phosphatase) in metallurgic refin-
ery workers.

According to Herndndez-Garcia et al. [77] the major cell death process was
apoptosis when isolated red blood cells of common buzzard were exposed to a
mixture of Pb and Cd (1:10). It was reported by Wu et al. [78] that Pb and Cd
significantly inhibit cellulase activity on earthworm (Eisenia fetida) in a combined
exposure. The combined toxic effects of Pb and Cd were complex, and probably
influenced by the competitive adsorption and bioavailability of both metals [78].
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The effect of Hg and Cd on the packing and elasticity of biomimetic lipid
monolayers was investigated by Le et al. [79] using various lipid combinations. It
was shown that the metal-mixture (HgCl,:CdCl,; 1:1) showed alterations in the
lateral lipid packing as depicted by area expansion and enhanced film rigidity.

Antagonistic effect was reported by Smith et al. [80], while investigating the
influence of Cd on Pb accumulation in pregnant and non-pregnant mice by exposing
them to Cd and Pb contaminated soil. The existing Cd depicted a major influence on
the Pb and Fe accumulation in the kidneys and liver, respectively. Cd reduced Pb
accumulation in all mice irrespective of status [80]. Vellinger et al. [81] investigated
the interactive effect of As and Cd in a freshwater amphipod (Gammarus pulex) and
reported similar antagonistic interaction between metals on mortality. Metal con-
centrations in tissues were lower in binary mixtures than in single metal exposures at
similar concentration [82]. In another research Vellinger et al. [82] observed that
mobilization of the detoxification systems (such as reduction in glutathione content,
y-glutamyl-cysteine ligase activity, and metallothionein concentration) were
increased in G. pulex in response to the binary exposure. They suggested that this
response indicates the changes in energy reserve utilization, as well as a possible
energy reallocation from locomotion to detoxification [81].

Jadhav et al. [83] examined the sub-chronic exposure of metal-mixture (As, Cd,
Pb, Hg, Cr, Mn, Fe, and Ni) via drinking water in male rat. It was observed that
contaminants can alter systemic physiology of rats by altering the functional and
structural integrity of kidneys, liver, and brain [83]. The mixture decreased body
weight and water consumption and increased weights of brain, liver, and kidneys.
Moreover, necrotic changes were observed in those organs. The same research group
[84] in a similar study reported that the sub-chronic exposure of metal-mixture (As,
Cd, Pb, Hg, Cr, Ni, Mn, and Fe) via drinking water can induce immune toxicity in
male rats, and found that the hematopoietic and immune systems of male rats were
toxicologically sensitive to joint mixtures. It was also suggested that it leads to
anemia and suppression of humoral and cell-mediated immune responses [84].

Low doses of Pb, Cd, and As in a mixture increase delta-aminolevulinic acid
(ALA), Fe, and Cu in male Sprague Dawley rats [85]. It was also observed to
increase a significant amount of Cu in kidney [85]. Exposure with a mixture of Pb,
As, and Cd to BALB/C 3T3 cells resulted in miRNA and mRNA expressions which
could be responsible for the cellular death, growth disruption, and inhibited
proliferation [86].

Tully et al. [87] investigated the effects of As, Cd, Cr, and Pb on gene expression
regulated by a battery of 13 different promoters in recombinant HepG2 cells. They
informed that Cd, Cr, and Pb exhibited significant dose-dependent induction of the
stress-responsive promoter human metallothionein-IIA (hMTIIA).

Combined effect of Cu, Cd, and Pb on Cucumis sativus growth and
bioaccumulation was evaluated by An et al. [88]. Binary combinations of Cu + Cd,
Cu + Pb, and Cd + Pb resulted in all three types of interactions: additive, synergistic,
and antagonistic responses on growth [88]. Ternary combination of Cu + Cd + Pb
produced an antagonistic response for the growth. The bioaccumulation of one metal
was influenced by the presence of other metals in metal mixtures [88]. Similarly
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synergistic, antagonistic, or additive effects of the toxicity were reported in different
metal mixtures by Lin et al. [89], when the combined toxicity of eight common
heavy metals (Pb, Cd, Hg, Cu, Zn, Mn, Cr, Ni) mixtures were studied in HL7702
cells.

The bioaccumulation of heavy metals and growth response of rice plants after
exposure to combined contamination by Cu, Cd, and Pb was conducted [90] in a pot
experiment. Yizong et al. [90] showed that Pb promoted both root and shoot
absorption of Cu and Cd, and Cu affected Cd and Pb absorption in the root, but
Pb concentrations in both root and shoot were not affected by Cd application.

The features of morphological changes in the urinary bladder of mature rats were
investigated under combined influence of heavy metals (Zn, Cu, Fe, Mn, Pb, and Cr)
by Romaniuk et al. [91]. This metal combination caused intense morphological
alterations in all structures of the urinary bladder of rats, which may initiate the
dysfunctions of bladder; and these alterations rely on the period of heavy metals
intake [91].

Antonio et al. [92] reported that in pregnant rat the mixed exposure of Cd and Pb
has additive influence on decreasing Na*/K*-ATPase function, where Cd activity
was effected by Pb to cause inhibition of the Na*/K*-ATPase pump. This inhibition
results in intracellular K™ depletion, intracellular Na* accumulation, and intracellular
free Ca*? increase, causing intense cognitive dysfunction [92]. Another research
group [93] reported binary exposure of Pb and As in brain and informed that in the
presence of As, action of Pb drastically enhanced and affects the hippocampus.
Moreover, the ternary mixture of Pb, As, and Cd triggers intracellular Ca*? release,
ROS generation, encourages the extracellular signal-regulated pathway (ERK),
c-Jun N-terminal kinases (JNK), and mitogen-activated protein kinase3 (MAPK3)
pathway, causing neuronal oxidative stress [94].

The complex interaction of metals (As, Cd, Hg, and Pb) can change the essential
neuronal cell integrity by down-regulation of neuronal nitric oxide synthase
(n-NOS), metallothionein-3 (MT-III), catalase, superoxide dismutase (SOD),
brain-derived neurotrophic factor (BDNF), glutathione peroxides (GPx), glutathione
(GSH), and glutathione S-transferase (GS) and results in oxidative stress [14]. The
oxidative stress by various cellular signaling pathways results in programmed
neuronal cell death and cognitive dysfunction [94].

Vinodhini and Narayanan [95] evaluated the impact of toxic heavy metals
(Cd + Pb + Cr + Ni) on the hematological parameters in common carp (Cyprinus
carpio L.). They reported decreased hemoglobin and PCV as well as elevated RBC
count and blood glucose [95]. Chandanshive et al. [96] studied the effect of heavy
metal model mixture on blood hematological parameters in the laboratory acclima-
tized fish Labeo rohita, where a significant reduction of erythrocyte count and
hematocrit level was reported.

Combined effects of Cd, As, and Pb in a comparative study using conceptual
models and the antioxidant responses in the brackish water flea were examined by
Yoo et al. [97]. Yoo et al. [97] reported that the combinations of As+Pb and Cd + Pb
showed synergistic effects, whereas Cd + As+Pb and Cd + As combinations showed
additive, but antagonistic effects were not observed in any combinations.
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Interestingly, in several combined treatment experiments one metal exhibited
protective effect against another metal toxicity. For instance, Firat and Kargin [98]
investigated the combined effects of heavy metals on serum biochemistry of Nile
Tilapia (Oreochromis niloticus) and found that concentrations of Cd and Zn metals
in the serum were lower in combined metals-exposed fish than in fish exposed to
individual metals, thereby exhibiting protective effect.

Examining the combined effect of Cd and Zn in PC12 cells, Rahman et al. [99]
reported that Zn effectively inhibited Cd-induced apoptotic cell death via
suppressing mitochondrial apoptosis pathway and reserving Cd-induced production
of reactive oxygen species (ROS). Zn limited Cd-induced apoptosis by decreasing
cytochrome c release from the mitochondria, and down-regulating the pro-apoptotic
protein caspase 9 and Bax, as well as up-regulating anti-apoptotic Bcl-x [99]. Sim-
ilarly, evaluating the effect of Zn in the presence of Hg in PC12 cells, Hossain et al.
[100] reported Zn triggers glutathione and Nrf2-mediated protection against inor-
ganic Hg-induced cytotoxicity and intrinsic apoptosis. Combined exposure of Hg
and Zn exhibited improvement in cell viability, cell membrane, DNA damage, ROS
amount, and apoptotic cells, along with a significant increase of pro-survival mTOR,
akt, ERK1, Nrf2, HOI1, Bcl-2 and Bcl-xL, and decrease in apoptotic p53, Bax,
cytochrome ¢ and cleaved caspase 3 [100].

Alike Zn, Selenium (Se) also expressed ameliorative actions against As-induced
cytotoxicity via modulating autophagy/apoptosis [101]. Rahman et al. [101]
explained that Se modulates As-induced intrinsic apoptosis pathway via enhancing
mTOR/Akt autophagy signaling pathway by retaining antioxidant molecules and
hindering the cellular accumulation of As in the cells. Similar Se-amelioration was
reported by Hossain et al. [102, 103] against Cd and Hg influenced toxicity in PC12
cells. Co-presence of Se with Cd protects against Cd-induced cytotoxicity in PC12
cells through inhibition of Cd-induced oxidative stress and suppression of mito-
chondrial apoptosis [102]. Co-exposure also displayed increased antioxidant gluta-
thione and glutathione peroxidase 1 (GPx1) levels, and decreased DNA
fragmentation and cell membrane damage [102]. Hossain et al. [103] also reported
that Se attenuates inorganic Hg-induced cytotoxicity and intrinsic apoptosis in PC12
cells modulating antioxidant properties and ROS generation.

These studies in biological system indicate that the interaction among different
metals is very complex. These complex interactions depend on environmental
factors, exposure time, and exposed animals. Intensive understanding on the asso-
ciated mechanism of action and exploration of the substantial impact on biological
system is needed.

7 Concluding Remarks

There are still many unknown parts about the biological effects of heavy metals. It
has been reported that even heavy metals that are recognized as harmful to health,
such as Cd and As, have a negative effect on living organisms if they are not
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completely present. The general understanding is that excessive intake or excess
exposure of heavy metals is harmful, even in the case of absolutely essential heavy
metals for physical and biological activities such as Cu and Zn. Heavy metal
exposure to human, animals, and plants involves several different routes such as
by water and food consumption, skin absorption, inhalation of metal dust and fume
in the air and especially at workplace through occupation exposure. Usually many
heavy metals are considered as toxic even at low level. The chief heavy metal
toxicity mechanism is influenced by the free radical formation which can cause
biological molecule (lipid, protein, nucleic acid) damage, oxidative stresses, DNA
damage. Ultimately these metals act as potential carcinogens and neurotoxins. Some
metals can be chronic where other metals can be acute even after prolonged
exposure, ultimately causing organ damage and diseases in the body such as liver,
brain, kidney and lungs damage and connected diseases. Recently, there have been
many reports that the toxicity of these heavy metals can be alleviated by simulta-
neous or pre-administration of essential heavy metals such as Se, Zn, or Cu. These
heavy metals also induce oxidative stress and show toxicity when administered in
large amounts. However, these metals can help in relieving oxidative stress under
permissible and proper dose. Many studies have various discussions about the
mechanism, but it seems that more detailed research is needed in the future.
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Abstract Persistent organic pollutants (POPs) are manmade chemical substances
and their by-products remain in the environment for long periods of time. Based on
the increasing threat of POPs to human health and the environment, the Stockholm
Convention was adopted and enforced. The initial POPs listed were chlorinated
chemicals such as polychlorinated biphenyls (PCBs), dioxins, chlorinated pesticides
and insecticides such as 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT). Even
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after their ban and elimination from the market, POPs are still widely distributed
throughout the environment around the globe, including in human body. High-dose
exposure to dioxins and DDT may cause cancer. However, the effects of relatively
low doses in the general population are still under consideration. Foetuses and
neonates may be particularly sensitive to exposure to these chemicals, and the life-
long health effects of prenatal exposure to chemicals need to be investigated. The
Hokkaido Study on Environment and Children’s Health (The Hokkaido Study) is an
on-going birth cohort established in 2001. The Hokkaido Study comprises two
cohorts: the Sapporo cohort with 514 pregnant women recruited in the second to
third trimester from one gynaecology hospital in Sapporo during 2002-2005 and the
Hokkaido cohort with 20,926 pregnant women recruited in the first trimester in
cooperation with 37 gynaecology hospitals and clinics all over Hokkaido Prefecture
during 2003-2012. In the Sapporo cohort, detectable levels of dioxins, PCBs, and
chlorinated pesticides were found in maternal blood during pregnancy. Increasing
levels of these chemicals in the maternal blood were associated with decreased birth
size, delayed neurodevelopment at an early age, and up- or down-regulation of
thyroid and reproductive hormones at birth. Increased levels of dioxins were also
associated with reduced levels of IgE at birth, but increased risk of otitis media
incidence up to 18 months and wheezing up to 7 years of age. Specific genetic
polymorphisms modify the maternal blood dioxin levels so that there is a possibility
of genetically vulnerable populations to dioxins. Exposure to PCBs modifies DNA
methylation at birth, which may partly explain the adverse effect mechanisms on
health outcomes. Long-term follow-up is necessary to determine the life-long effects
of such exposure in early life.

Keywords Dioxins, Exposure levels, Health effects, Organochlorine pesticides,
Persistent organic pollutants, Polychlorinated biphenyls

Abbreviations

AHR Aromatic hydrocarbon receptor
BSID-II Bayley Scales of Infant Development Second Edition
CI Confidence interval

cis-HCE Heptachlor epoxide

CYPI Cytochrome 450 family 1

DDE Dichlorodiphenyldichloroethylene
DDT Dichlorodiphenyltrichloroethane
DHEA Dehydroepiandrosterone

DLC Dioxin-like compound

e-waste Electronic waste

FSH Follicle stimulating hormone
HCB Hexachlorobenzene

HCH Hexachlorocyclohexane
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HRGC/HRMS High-resolution gas chromatography/high-resolution  mass

spectrometry
TIARC International Agency for Research on Cancer
IGF2 Insulin-like growth factor 2
ISAAC International Study of Asthma and Allergies in Childhood
LINE1 Long interspersed element 1
MDI Mental development index
NHANES National Health and Nutrition Examination Survey
NHATS National Human Adipose Tissue Survey
OCPs Organochlorine pesticides
OH-PCBs Hydroxylated PCBs
OR Odds ratio
p.p’-DDE 1,1-Dichloro-2,2-bis(4-chlorophenyl)ethane
p.p’-DDT 1,1,1-Trichloro-2,2-bis-(p-chlorophenyl)-ethane
PCB Polychlorinated biphenyl
PCDD Polychlorinated dibenzo-p-dioxins
PCDF Polychlorinated dibenzofuran
PFOA Perfluorooctanoic acid
PFOS Perfluorooctane sulfonic acid
PFOSF Perfluorooctane sulfonyl fluoride
POPs Persistent organic pollutants
SNPs Single nucleotide polymorphisms
TCDD Tetrachlorodibenzo-p-dioxin
TEF Toxic equivalency factor
TEQ Toxic equivalent
WHO World Health Organization
B-BHC Beta-hexachlorocyclohexane

1 Background: Persistent Organic Substances
in the Environment

Persistent organic pollutants (POPs) are manmade chemical substances and their
by-products remain in the environment for exceptionally long periods [1]. Owing to
their long half-lives, they are widely distributed throughout the global environment
in soil, water, air, wild animals, and human bodies. Because of the high solubility of
the POPs in fatty tissue, they bio-accumulate in especially high concentrations (up to
70,000 times than background concentrations) in the living organs of animals at
higher levels of the food chain. Initially, 12 POPs were listed under the Stockholm
Convention to protect human health and the environment and were categorised into
three categories: pesticides (aldrin, chlordane, 1,1,1,-trichloro-2,2-bis(p-
chlorophenyl)ethane (DDT), dieldrin, endrin, heptachlor, hexachlorobenzene
(HCB), mirex, and toxaphene), industrial chemicals (HCB, polychlorinated
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Fig. 1 Chemical structures of Persistent Organic Pollutants (POPs) discussed in this chapter

biphenyls (PCBs)), and by-products (HCB, polychlorinated dibenzo-p-dioxin
(PCDD), and polychlorinated dibenzofuran (PCDF). Subsequently, 16 classes of
chemicals were added to the Stockholm Convention, including
perfluorooctanesulfonic acid (PFOS) with its salts, perfluorooctane sulfonyl fluoride
(PFOSF), perfluorooctanoic acid (PFOA) with its salts, and PFOA-related com-
pounds (Stockholm Convention, http://www.pops.int/TheConvention/ThePOPs/
tabid/673/Default.aspx). Their chemical structures are shown in Fig. 1.

PCBs have 209 congeners, and PCB-153 is one of the most detected non-dioxin-
like PCBs used for comparison of exposure levels among different populations
[2]. Dioxin-like (DL) PCBs have 12 congeners, and the potential toxicity of
DL-PCBs is considered to be higher than that of PCBs. DL compounds (DLCs) or
the more generally used term “dioxins” include seven PCDDs, 10 PCDFs, and
12 DL-PCBs. Most dioxins are by-products of manufacturing processes such as
smelting, chlorine bleaching of paper pulp, and the production of certain herbicides
and pesticides. A major cause of the release of dioxins into the environment is the
incomplete burning of solid and hospital waste by uncontrolled waste incinerators.
Dioxins can also result naturally from volcanic eruptions, forest fires, and other
natural processes. In Japan, the Ministry of Environment monitors the dioxin levels
in the environment [3]. As shown in Fig. 2, technologies were developed for
controlled waste incineration with low dioxin emissions, so that the secular trend
of dioxin levels in the environment decreased since the 1990s and remained stable at
relatively low levels, although detectable.

Organochlorine pesticides (OCPs), including DDT, aldrin, and endrin are classic
pesticides that are classified as POPs. They have been banned for agricultural or
domestic uses in accordance with the Stockholm Convention, except DDT usage to
control malaria in a few developing countries. Figure 3 shows the p,p-DDT and
1,1-dichloro-2,2-bis (p-chlorophenyl) ethylene (p,p’-DDE) levels in wildlife in
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Japan [3]. Since the early 1970s, DDT has not been used in Japan; however, owing to
its long half-life and persistent properties, it can still be detected, although the levels
remain low.

Among the newly added chemicals to the Stockholm Convention, PFOS and
PFOA should be especially considered. PFOS and PFOA are synthetic chemicals
with unique surfactant properties that are resistant to oil, water, grease, or soil. They
have been intentionally used in industrial applications such as electric and electronic
parts, firefighting foam, photo imaging, hydraulic fluids, leather, paper, and con-
sumer products such as textiles for more than 60 years [4]. In contrast to chlorinated
compounds such as PCBs and dioxins, PFOS and PFOA do not accumulate in lipids,
but bind to blood proteins. The presence of detectable concentrations in animals at
higher trophic levels (polar bear, caribou, walrus) has generated concern regarding
the biomagnification potential of PFOS and PFOA in food webs [5].

2 Chlorinated Chemicals in Humans

2.1 Exposure Levels in Humans

The potential toxic effects of DLCs are related to the binding affinity of aryl
hydrocarbon receptors (AHR). Based on the estimated AHR affinity, the World
Health Organization (WHO) assigned a toxic equivalency factor (TEF) for each of
the 29 DLCs. The TEF is used to identify the toxic effects of the 29 DLCs based on
their relationship with the most toxic compound, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), by assigning it a basic coefficient value of 1 TEF, and then
assigning each of the other 28 DLCs a coefficient value ranging downward from
1 (TCDD and 1,2,3,7,8-pentachlorodibenzo-p-dioxin PeCDD) to 0.00003 (mono-
ortho PCBs) (Table 1). The toxic equivalent quantity (TEQ) is then calculated by
multiplying the concentrations of the individual congeners of DLC with its TEF [6].

Dioxin levels among different populations are shown in Table 2. Historically,
there have been a few incidents of dioxin pollution. Yusho was a disease caused by a
widespread consumption of dioxin-contaminated rice-bran oil in the Kyusyu area in
Japan. PCDFs were the main culprits and the DLC levels in the blood were found to
be as high as 214.5 pg/g-TEQ factor lipid [2, 7]. A similar rice-bran oil contamina-
tion occurred in Taiwan as well, called Yucheng in 1978-79. High levels (6,550 pg/
g-TEQ lipid) of PCDD/PCDFs in the blood were observed in Yucheng patients
[2]. High TCDD contamination was also found in a Vietnamese hotspot where the
United States veterans used the herbicide Agent Orange during the Vietnam War in
the 1960s. The level was as high as 1,832 pg/g lipid in breast milk collected in 1970.
The levels of total dioxins and PCDD/PCDF in pooled Vietnamese blood from 1991
to 1992 were 1,145 pg/g lipid, which is approximately 50 TEQ [8]. Even after
40 years, total PCDDs/PCDFs levels of 25 pg/g lipid were detected among males
who live close to the former US air base [9]. On 10 July 1976, a chemical
manufacturing plant accident occurred in Seveso, Italy, causing severe exposure to
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Table 1 Toxic equivalency Congener ‘ WHO 2005 TEF
factor (TEF) for each of the
dioxin-like compound (DLC) 17 congeners of PCDDs/PCDFs

PCDDs (polychlorinated dibenzo-p-dioxins)

2,3,7,8-TCDD 1.0
1,2,3,7,8-PeCDD 1.0
1,2,3,4,7,8-HxCDD 0.1
1,2,3,6,7,8-HxCDD 0.1
1,2,3,7,8,9-HxCDD 0.1
1,2,3,4,6,7,8-HpCDD 0.0
OCDD 0.0
PCDFs (polychlorinated dibenzofurans)

2,3,7,8-TCDF 0.1
1,2,3,7,8-PeCDF 0.0
2,3,4,7,8-PeCDF 0.3
1,2,3,4,7,8-HXCDF 0.1
1,2,3,6,7,8-HXCDF 0.1
2,3,4,6,7,8-HxCDF 0.1
1,2,3,7,8,9-HxCDF 0.1
1,2,3,4,6,7,8-HpCDF 0.010
1,2,3,4,7,8,9-HpCDF 0.010
OCDF 0.0001

12 congeners of dioxin-like PCBs
Non-ortho—-PCBs

344'5-TCB (PCB 81) 0.0001
33'44’-TCB (PCB 77) 0.0001
33/44°5-PenCB (PCB 126) 0.1
33'44°55°-HxCB (PCB 169) 0.03000
Mono-ortho-PCBs

2/344°5-PeCB (PCB 123) 0.00003
23'44°5-PeCB (PCB 118) 0.00003
2,344'5-PeCB (PCB 114) 0.00003
233'44°-PeCB (PCB 105) 0.00003
23'44°55’-HxCB (PCB 167) 0.00003
233/44°5-HxCB (PCB 156) 0.00003
233/44°5’-HxCB (PCB 157) 0.00003
233/44°55°-HpCB (PCB 189) 0.00003

TCDD. After 17 years, the TCDD levels in plasma remained as high as the median
2,3,7,8-TCDD and total dioxin levels of 73.3 and 95.0 pg/g -TEQ lipid, respectively,
for those who lived near the most contaminated site [10].

Among the general population, two review papers, Marques and Domingo [11]
and Arisawa [12] summarised the blood PCDD/PCDF levels in the general popula-
tion on several continents. In the populations living in the surroundings of a
hazardous waste incineration plant in Constanti, Tarragona County, Spain, the



Effects of Persistent Organic Pollutants (POPs) in the Ecosystem and Human. . . 129
Table 2 Exposure levels of dioxin among different populations

Chemicals and
Country Years | levels Remarks Reference

High exposure cases

Kyusyu, Japan

DLCs: 215.4 pg/g-
TEQ lipid in blood

Yusho rice-bran oil contamination

[2]

Taiwan 1978- | PCDD/PCDFs Yucheng rice-bran oil [2]
1979 | 6,550 pg/g-TEQ contamination
lipid in blood
Vietnam 1970 | Total PCDDs/ Agent Orange during Vietnam [8]
PCDFs 1832 pg/lg | war
lipid in breast milk
1991- | Total PCDDs/ Central region (n = 183) [8]
1992 | PCDFs 1,145 pgl/g
lipid (50 pg/TEQ
lipid)
2010 | Total PCDDs/ Phu cat (hotspot) (n = 97) [9]
PCDFs: 25 pglg
lipid in blood
Seveso, Italy 1993 2,3,7,8-TCDD: Population affected chemical [10]
73.3 pg/g-TEQ fat | manufacturing plant accident at
Total dioxin very high contaminated site
95.0 pg/g-TEQ fat
General populations
Constanti, 1998 | Mean levels of Nonoccupationally exposed sub- | [11]
Spain PCDD/PCDF jects living in the vicinity of a new
27 pg/e-TEQ fat hazardous waste incinerator
HWI) (n = 22)
2018 | Mean levels of Nonoccupationally exposed sub- | [11]
PCDD/PCDF jects lived for at least the last
6.79 pg/g-TEQ fat | 10 years in locations of Tarragona
County near the HWI (n = 40)
Germany 1991 | PCDD/PCDF: The subjects were suspected to [13]
42.7 pg/g-TEQ have been exposed to assumed
lipid in blood PCDDV/F sources in connection
1996 | PCDD/PCDEF: with fire accidents or exposure to
20.74 pg/g TEQ contaminated materials like dust,
lipid in blood soil, or degradation products of
combustion processes (n = 95)
Belgium 1998 | 17 PCDD/PCDF: About 700 anonymous blood [14]
22.9 pg/g-TEQ fat | donors
in blood
2000 | PCDD/PCDF: General population of donors [14]
23.1 pg/g-TEQ fat | (n = 232)
in blood
Japan 2002 | PCDD/PCDF: Living widely in 75 different res- | [15]
26.7 pg/g-TEQ idential areas of 25 prefectures of
lipid in blood all over Japan (n = 259)

(continued)
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Table 2 (continued)
Chemicals and
Country Years | levels Remarks Reference
2006 | PCDD/PCDF: Living widely in 75 different res- | [15]
21.0 pg/g TEQ lipid | idential areas of 25 prefectures of
in blood all over Japan Ff (n = 291)
2011 | PCDD/PCDF: Survey on the exposure to dioxins | [16]
14.0 pg/g-TEQ and other chemical compounds in
lipid humans (SEDOCCH) surveys
(n = 86)
2016 | PCDD/PCDF: SEDOCCH surveys (n = 80) [16]
9.0 pg/g-TEQ lipid
Taiwan 2001- | 17 PCDD/PCDFs: Five urban areas (Taipei, Hsinchu, |[17]
2006 | 11.5 pg/g-TEQ fat | Taichung, Tainan, and
in serum Kaohsiung) and one rural area
(n = 251)
The USA 1980- | PCDD/PCDFs: National Health and aging trends | [18]
1981 |55 pg/g TEQ lipid | stud NHATS (n = 57)
in blood
1990- | PCDD/PCDFs: The National Health and Nutrition | [19]
2000 | 15.4 pg/g-TEQ Examination Survey (NHANES)
lipid in blood (n=1,271)
2001- | PCDD/PCDFs: NHANES (n = 1,244) [19]
2002 | 18.05 pg/g-TEQ
lipid in blood
2003- | PCDD/PCDFs: NHANES (n = 1,290) [19]
2004 | 13.90 pg/g-TEQ
lipid in blood
Tswana 2005 | PCDD/PCDF: Rural (Ganyesa) and urban [21]
South Africa 4.0 pg/g-TEQ lipid | (Potchefstroom) regions in the
in blood north west province, pooled blood
(n = 693)
Agbogbloshie, |2011 | PCDD/PCDF: e-waste dumpsite exposed [22]
Ghana 12.1 pg/g-TEQ (n=21)
lipid in blood
2011 PCDD/PCDF: Non-exposed (n = 21) [22]

4.52 pg/g-TEQ
lipid in blood

mean levels of PCDD/PCDF reduced gradually from 27 pg/g-TEQ fat in 1998 to
6.79 pg/g-TEQ fat in 2018 [11]. In Germany, Wittsiepe et al. reported a significant
decrease of PCDD/PCDF in blood from 42.67 pg/g-TEQ lipid in 1991 to 20.74 pg/g
TEQ lipid in 1996 in the general population [13]. In Belgium, Debacker et al.
measured total PCDD/PCDF levels in blood donated to Red Cross and reported
approximately similar levels of 22.9 pg/g-TEQ fat in 1998 and 23.1 pg/g-TEQ fat in
2000 [14]. Among the general population in Japan, a significant decrease of PCDD/
PCDF in blood was also observed, from 26.7 pg/g-TEQ lipid in 2002 to 21.0 pg/g
TEQ lipid in 2006 [15]. Another cross-sectional study of The Ministry of the
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Environment of Japan from 2011 to 2016 also observed a decreasing trend from the
median 14.0 pg/g-TEQ lipid in 2011 to 9.0 pg/g-TEQ lipid in 2016 [16]. In the
general population of urban and rural areas in Taiwan, blood samples were collected
from 251 participants in 2001-2006, with median concentration of 11.5 pg/g
WHO-TEQ fat for 17 PCDD/PCDFs [17]. In the USA, concentrations of PCDD/
PCDFs in blood are available from the National Human Adipose Tissue Survey
(NHATS) and National Health and Nutrition Examination Survey (NHANES). In
NHATS 1980-1981, the median level was 55 pg/g WHO-TEQ lipid [18], whereas
the levels decreased in 1990-2000, 2001-2002, and 2003-2004, to 15.4 pg/g TEQ
lipid, 18.05 pg/g TEQ lipid, and 13.90 pg/g TEQ lipid, respectively [19]. In Africa,
Ssebugere recently summarised the human and environmental exposure levels
[20]. In a South African population health study in 2005, the median PCDD/
PCDF level from pooled blood samples was 4.0 pg/g-TEQ lipid [21]. In Africa,
approximately 90% households in rural areas burn biomass such as wood, coal,
household waste, and agricultural residues, which could lead to a potential exposure
to dioxins [21]. Another study was conducted in an electric and electronic equipment
waste recycling site in the northern part of Ghana in 2011 [22]. Compared to
unexposed individuals, the median PCDD/PCDF levels in the exposed individuals
at the Electronic waste (e-waste) dumpsite were significantly higher, 4.52 pg/g-TEQ
lipid vs 12.1 pg/g-TEQ lipid, respectively. Overall, Consonni examined the levels of
PCDD/PCDFs and dioxin-like PCBs across 26 countries through 187 studies with
29,687 participants from the general population from 1989 to 2010 and concluded
that European countries showed higher levels of dioxins than Asian, North Amer-
ican, and Oceanian countries. A clear decrease in PCDDs and PCDF levels has been
documented over two decades [23].

Although studies examining the levels of DDT and its metabolite DDE in the
blood of the general population were limited, the WHO and UNEP examined DDT
and DDE in pooled samples of human breast milk [6]. The early stage of life is the
most sensitive to chemical exposure. The third, fourth, and fifth surveys were
conducted in 2000-2003, 2005-2007, and 2008-2010, respectively, and the number
of pooled breast milk samples from donors were 102, 16, and 28, respectively, from
a total of 47 countries. The levels of the total DDT metabolites, o,p -DDT, p,p -
DDT, o,p -DDE, p,p’-DDE, o,p’-DDD, and p,p’-DDD, were higher among Asian
populations, notably the highest in Tajikistan (8,502 ng/g lipid), followed by that in
India and Hong Kong. The majority of countries showing relatively high levels of
DDT are located in tropical areas and are associated with malaria problems [6]. How-
ever, the examined DDT levels in breast milk in all such countries were under or near
the calculated safe levels of the provisional total daily intake (10 pg/kg/day) defined
by WHO [6]. Thus, the results do not limit breastfeeding because of its considerable
benefits to the infant.
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2.2 Health Effects

Several industrial cohorts of workers with phenoxy herbicide and chlorphenol
exposure have been reported. Other studies have reported a high-dose exposure
from the Seveso disasters, to US military personnel in Vietnam, Yusho, and to
Yucheng patients, who were exposed to 10-1,000 times higher dioxins than the
general population [24, 25]. Based on sufficient evidence from these human high-
dose studies and animal experiments, dioxins have been found to be carcinogenic
and the International Agency for Research on Cancer (IARC) classified TCDD as a
Group 1 carcinogen to humans [26]. In addition, the mechanism of action for TCDD-
induced cancer in humans applies to other dioxins and DLCs; thus, dioxin-like PCBs
with a PCB TEF of 77, 81, 105, 114, 118, 123, 126, 156, 167, 169, and 189 were also
classified in Group 1 in 2016 [26]. Simultaneously, it should be noted that the strong
evidence of carcinogenesis is based on studies with participants with two to three
times higher order of exposure than the general population [24]. Besides cancer,
short-term but high-level exposure to dioxins may cause dermatological effects such
as acneiform eruptions, chloracne, and pigmentation [24]. According to the results of
epidemiological and animal studies, the reproductive, developmental, and
neurodevelopmental toxicities, immunotoxicity, alteration of male-to-female ratio,
and effects on thyroid hormones, liver, and tooth development are under
consideration [26].

The health effects of DDT at accidentally high doses may include excitability,
tremors, and seizures [27]. The IARC classified DDT in Group 2A, which includes
substances probably carcinogenic to humans. The effects of exposure to DDT, DDE,
and DDD in children are not well known. Animal studies suggest that exposure to
DDT and DDE can mimic the action of hormones and may affect the reproductive
and nervous systems [27]. Recent studies indicate that perinatal exposure to low
doses of organochlorine pesticide may alter sex steroid hormones, birth weight, and
neurodevelopment [2].

Foetuses and neonates may be particularly sensitive to exposure to dioxins,
PCBs, and chlorinated pesticides. Especially, the life-long health effects of prenatal
exposure to chemicals require investigation [28].

2.3 Findings from a Birth Cohort: Hokkaido Study
2.3.1 Overview of the Hokkaido Study

The Hokkaido Study on Environment and Children’s Health (Hokkaido Study) is an
on-going birth cohort study established in 2001 and one of the oldest birth cohort
studies in Asia. The Hokkaido Study comprises two cohorts: the Sapporo cohort
where 514 pregnant women were recruited at mid-term from one gynaecology
hospital in Sapporo during 2001-2004 (Fig. 4) and the Hokkaido cohort that
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Fig. 4 Profile of The Hokkaido Study on Environment and Children’s Health. Upper left: Loca-
tions of the participating obstetrician and gynaecology clinics and hospitals. Upper right: Recruit-
ment information for the two cohorts. Lower tier: Cohort study flow

recruited 20,926 pregnant women in their first trimester in cooperation with
37 gynaecology hospitals and clinics all over Hokkaido Prefecture during
2002-2012. The primary aims of the study in both cohorts included (1) examining
the adverse effects of relatively low perinatal environmental chemical exposure on
birth outcomes, including birth defects and growth retardation; (2) following the
development of allergies, infectious diseases, and neurobehavioral developmental
disorders and performing a longitudinal observation of child development; (3) iden-
tifying high-risk groups with genetic susceptibilities to environmental chemical
exposures; and (4) identifying the additive effects of lifestyle including tobacco
smoking and folic acid intake encountered in the daily environment [29-32].

In the Sapporo cohort, maternal blood samples and cord blood during second to
third trimester were collected for environmental chemical and biomarker measure-
ments. The levels of 29 congeners of dioxins and dioxin-like PCBs (DL-PCBs)
(seven PCDDs, 10 PCDFs, four non-ortho, and eight mono-ortho PCBs), 58 conge-
ners of other PCBs, and five congeners of hydroxylated PCBs (OH-PCBs) were
measured using high-resolution gas chromatography/high-resolution mass spec-
trometry (HRGC/HRMS) at the Fukuoka Institute of Health and Environmental
Sciences. The TEQ levels were calculated by multiplying the levels of individual
congeners with the TEF values defined by the WHO in 2005 [33]. The levels of
29 OCPs [5 chlordanes (cis-chlordane, trans-chlordane, cis-nonachlor, trans-
nonachlor, and oxychlordane), six DDTs (o,p-DDT, p,p’-DDT, o,p-DDE, p,p’-
DDE, o,p-DDD, and p,p’-DDD), three drins (aldrin, dieldrin, and endrin), three
heptachlors (heptachlors, cis-heptachlor epoxide (HCE), and trans-HCE), HCB,
four hexachlorocyclohexane (HCH) isomers (a-HCH, p-HCH, y-HCH, and 6-
HCH), Mirex, and six toxaphenes (Parlar-26, Parlar-41, Parlar-40, Parlar-44,
Parlar-50, and Parlar-62)] were analysed with gas chromatography/negative-ion
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chemical-ionisation mass spectrometry (GC/NCIMS) and gas chromatography/high-
resolution mass spectrometry (GC/HRMS) at IDEA Consultants, Inc. For health-
related outcomes, information on gestational age at birth, infant sex, and birth size
was obtained from medical records. Data on asthma and allergies were collected
from the parents using the International Study of Asthma and Allergies in Childhood
(ISAAC) criteria [34], along with the history of doctor-diagnosed infectious disease
information through follow-up questionnaires at 18 months, and 3.5 and 7 years.
Child neurodevelopment was examined face-to face according to the Bayley Scales
of Infant Development second edition (BSID-II) at 6-7 and 18 months of age.
Maternal and child thyroid hormone data were obtained from a mass screening test
at the Sapporo City Institute of Public Health. Steroid and reproductive hormone
levels were measured using cord blood samples with LC/MS and immunoassay.
Single nucleotide polymorphisms (SNPs) were performed using allelic discrimina-
tion assays with fluorogenic probes and 5" nuclease (TagMan) (Applied Biosystems,
Foster, CA, USA) for maternal genotyping. For epigenetics, offspring patterns of
insulin-like growth factor 2 (IGF2), H19, and long interspersed element 1 (LINE1)
DNA methylation in cord blood were also examined by pyrosequencing.

2.3.2 Exposure Levels in Pregnant Women

The exposure levels of dioxins, PCBs, and chlorinated pesticides in the Sapporo
cohort are shown in Table 3. Dioxins and PCBs in maternal blood levels were
comparable or relatively lower than those in European countries and the USA
[35]. Factors associated with higher levels of dioxins and PCBs in the Sapporo
cohort were higher maternal age, nulliparas, non-smoking, higher educational levels,
higher household income, higher frequency of fish intake, beef intake, alcohol
consumption during pregnancy, and non-breastfeeding [36, 37]. Dioxins and PCBs
are highly lipophilic and have a half-life ranging from a few years to decades; thus, it
is common to find positive correlations between age and blood levels. Fish intake is a
major source of exposure to dioxins and PCBs in Japan [2, 36]. Interestingly,
maternal smoking significantly reduced the dioxin levels. This can be explained by
the activation of AhR by tobacco smoke, which induces an eventual reduction in
dioxins and PCBs [36].

Simultaneously, dioxins are metabolised by cytochrome 450 family 1 (CYP1)
and AhR. Examining the genetic polymorphisms in dioxin-metabolising genes, as
shown in Fig. 5, we found that maternal dioxin levels varied between genotype
holders [38]. Specifically, the concentrations of 2,3',4,4',5-PenCB,
2,3,3',4,4’-PenCB, 2,3',4,4',5,5°-HexCB were significantly higher among mothers
with a dominant AA+GA genotype compared to GG in AhR (G > A, Arg554Lys),
and the concentration of 2,3,4,7,8-PeCDF was higher among mothers with a reces-
sive TC + TT genotype compared to CC in CYP1A1 (T > C, MesI) [38]. The results
suggest that certain genotype modify the internal dioxin levels in blood, so that
pregnant women are genetically susceptible to dioxin, which may further affect the
next generation.
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Table 3 Exposure levels of POPs in pregnant woman’s blood of Sapporo cohort
‘ Sample size (n) ‘ 25% tile | Median | 75% tile | Maximum
Dioxins (pg/g lipid)
Total PCDDs 364 365.5 460.9 609.0 1602.4
Total PCDFs 364 14.4 18.0 22.6 529
Non-ortho PCBs 364 534 76.0 99.5 281.7
Mono-ortho PCBs 364 7747.1 114717 | 15641.8 |49632.0
Total dioxins 364 8149.7 11968.1 |16432.2 |50477.5
Dioxins (pg/g-TEQ lipid)
Total PCDDs 364 5.1 6.9 9.2 29.3
Total PCDFs 364 1.8 2.4 3.1 7.8
Non-ortho PCBs 364 2.8 4.2 5.9 232
Mono-ortho PCBs 364 0.2 0.3 0.5 1.5
Total dioxins 364 10.1 13.9 18.4 43.4
Total 70 PCBs (ng/g lipid) | 426 107.4 148.1 232.8 | 41460.4
Chlorinated pesticides (pg/g-wet)
Oxychlordane 379 39.7 56.0 90.7 250.9
Cis-nonachlor 379 10.0 14.4 23.8 38.1
Trans-Nonachlor 379 71.5 107.6 176.5 513.5
p.p’-DDD 379 1.5 23 4.5 9.0
o,p’-DDE 379 1.3 1.8 34 6.2
p.p’-DDE 379 651.0 1011.5 1931.5 4575.7
o,p’-DDT 379 3.5 4.9 9.1 17.2
p.p’-DDT 379 232 34.0 59.2 121.5
Dieldrin 379 16.4 22.6 36.1 71.5
Cis-heptachlor epoxide 379 26.4 373 63.4 200.5
Hexachlorobenzene 379 101.7 130.1 180.3 245.5
B-Hexachlorocyclohexane | 379 154.5 244.8 494.6 1667.1
Mirex 379 6.0 8.3 144 35.0
Parlar-26 379 44 6.7 12.4 20.8
Parlar-50 379 6.5 9.7 18.1 29.3

Among the 29 OCPs tested in maternal blood, 21 were detected [39]. Notably,
even after 20 to 30 years of being banned, most of them were still detected, including
Mirex, Parlar-26, and Parlar-50, which have never been used in Japan. Maternal age
and pre-pregnancy body mass index were positively associated with concentrations,

whereas past conceptions reduced the levels of certain compounds [39].

2.3.3 Associations Between Health Outcomes

As seen in Table 3, maternal blood levels of dioxins and PCBs during pregnancy in
the Sapporo cohort were relatively low. However, these levels were associated with
health outcomes, as shown in Table 4. These results suggest that prenatal exposure to
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Fig. 5 Variation in maternal dioxin levels and genotypes of genetic polymorphisms. The general-
ised linear models were adapted and adjusted for maternal age, height, weight before pregnancy,
caffeine intake during pregnancy, alcohol consumption during pregnancy, parity, smoking status
during pregnancy, educational level, annual household income, inshore fish intake during preg-
nancy, deep-sea fish intake during pregnancy, and blood sampling period. Upper tier: CYP1Al
(T > C, Mspl, dbSNP ID: rs4646903) genotypes: (a) total PCDD levels, (b) total PCDF levels.
Lower tier: AHR (G > A, Arg554Lys, dbSNP ID: rs2066853) genotypes: (¢) total non-ortho PCB
levels, (d) total mono-ortho PCB levels

dioxin reduces the birth weight, especially in boys [40]. Total PCDD TEQ, PCDF
TEQ, PCDD/PCDF TEQ, and total TEQ reduced the birth weight, along with each
congener, for example, a 10-fold increase in 2,3,4,7,8-PeCDF reduced the birth
weight by 24.6 g (95% confidence interval (CI): —387, —61.5) [40]. However, no
association was found with PCBs [41]. Concentrations of PCBs are positively
associated with free thyroxine, especially in boys [42]. Dioxins are also positively
and inversely associated with a variety of steroid and reproductive hormones at birth,
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Table 4 Dioxins and PCBs exposure and health outcomes
Exposures | Outcomes ‘ Findings ‘ Reference
Birth size
PCDD/ Birth weight Significant inverse association between dioxin | [40]
PCDFs levels and birth weight, remarkably among
boys. Individual congener assessment found
2,3,4,7,8-PeCDF had a significant negative
influence (per log10 unit: f# = —24.5 g, 95%
CI —387.4 to —61.5)
PCBs Birth weight No association [41]
Hormones at birth
PCB Thyroid hormones Log10 Xdioxin (TEQ) was associated with [42]
increased FT4 (§ = 0.224 ng/dL, 95% CI
0.016 to 0.433) overall, and the association
was more significant among boys
(# = 0.299 ng/dL, 95% CI 0.011 to 0.587)
Dioxins Reproductive Among males, dioxins were related to [43]
hormones decreased testosterone/estradiol ratios, sex
hormone-binding globulin, and inhibin B
whereas increased adrenal androgen/gluco-
corticoid ratios and follicle stimulating hor-
mone and dehydroepiandrosterone (DHEA)
levels. In females, increase in mono-ortho
PCBs was related to increased cortisol, corti-
sone, and DHEA levels and adrenal androgen/
glucocorticoid ratios
Neurodevelopment
PCDD/ BSID-II at 6 months | Several dioxin isomers showed adverse effects | [44]
PCDFs on mental motor development in 6-month-old
male infants
PCDD/ BSID-II at 18 months | No association was observed between any of | [45]
PCDFs, the dioxin isomers and neurodevelopment in
PCBs males. In contrast, the levels of six dioxin
isomers were significantly positively associ-
ated with mental development, and this unex-
pected finding might be attributable to residual
confounding factors
Dioxins K-ABC at 3.5 years K-ABC (intelligence) scores were not associ- | [46]
ated with prenatal exposure to dioxins
Immune functions
Total IgE at birth Total dioxin-like compounds were associated | [47]
DL-PCBs with decreased cord IgE in males (f = —1.01;
95% CIL: —1.79, —0.23)
Dioxins Otitis media Among all infants: Polychlorinated dibenzo- | [37]
furan was associated with increased risk
among male infants (OR 2.5,95% CI 1.1-5.9)
Among boys: 2,3,4,7,8-pentachlorodibenzo-
furan was associated with increased risk of
otitis media (OR 5.3, 95% CI 1.5-19)

(continued)
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Table 4 (continued)

Exposures | Outcomes Findings Reference
Dioxins Wheeze eczema otitis | Total DLCs were associated with increased [47]
media at 3.5 and risk of wheeze in children up to aged 7 years
7 years (OR: 7.81;95% CI: 1.4-43)
Genetic susceptibility
Dioxin GSTM1 (non-null/ Per 10-fold increase of certain dioxin conge- | [48]
(total null) ners TEQ reduced —214 to —346 g reduction
TEQ) of infant birth weight among mother with
GSTM1 null type
Epigenetics
PCBs DNA methylations at | Ten-fold increase of deca CBs increase 0.017 | [49]
IGF-2, H19, and (95% confidence interval [CI]: 0.003-0.031)
LINE1 H19 methylation levels (%) among all infants.

We observed a dose-dependent association of
the decaCB levels in maternal blood with the
H19 methylation levels among female infants
(P value for trend = 0.040)

Ten-fold increase of heptaCBs increase 0.005
(95% CI: 0.000-0.010) LINE-1 methylation
levels (%) likewise a dose-dependent associa-
tion of heptaCB levels was observed with
LINE-1 methylation levels among female
infants (P value for trend = 0.015)

increasing the specific ratios of testosterone/estradiol and adrenal androgen/gluco-
corticoid [43]. Higher levels of dioxin remarkably delayed neurodevelopment at
6 months, with total PCDD, total PCDD/PCDFs, and PCDD isomer 1,2,3,4,6,7,8-
HpCDD affecting mental developmental index and the four maternal PCDD iso-
mers, 1,2,3,7,8,9-HxCDD, 1,2,3,4,6,7,8-HpCDD, 2,3,7,8-TCDF, 1,2,3,7,8-PeCDF,
and 1,2,3,6,7,8-HxCDF significantly associated with lower psychomotor develop-
mental index [44]. However, these associations were not found at 18 months and
3.5 years of age. Moreover, higher levels of dioxin showed even positive associa-
tions with development [45, 46]. This unexpected finding might be attributed to
residual confounding factors or benefits of fish intake, which increases the dioxin
exposure levels as well. Among the tests for immune functions, dioxin levels were
inversely associated with IgE in cord blood among male infants [47]. An increase in
dioxin levels increased the history of otitis media incidence up to 18 months of age
with an odds ratio (OR) of 2.5 [95% confidence interval (CI): 1.1, 5.9] after a 10-fold
increase in PCDF, and an OR of 5.3 (95% CI: 1.5, 19) among all infants and
2,3,4,7,8-PeCDF among boys [37]. A 10-fold increase in total DLCs was associated
with an increased risk of wheezing in children up to 7 years of age (OR = 7.81;
95% CI: 1.4, 43) [47]. The effects of dioxin exposure in utero were more pronounced
in boys.

We also examined the genetic susceptibility to dioxins. Among mothers with
specific gene polymorphisms, the GSTM1 null type, per 10-fold increase in certain
dioxin congeners TEQ reduced the infant birth weight by 214 to 346 g [48]. Finally,
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Table 5 Associations between organochlorine pesticides and health outcomes

Outcomes Findings ‘ Reference
Hormone levels at birth

Thyroid For maternal free T4, inverse associations were found with [50]
hormones levels of 0,p’-DDE, o,p’-DDT, and dieldrin, and the weighted

quantile sum analysis showed that 0,p’-DDT (48.6%), cis-HCE
(22.8%), dieldrin (15.4%) were the primary contributors to the
significant mixture exposure effect of OCPs on maternal FT4.
For infants free T4, positive association with cis-nonachlor and
mirex was found. The most contributory compounds in the
multiple exposure effect were trans-nonachlor (27.1%) and
cis-nonachlor (13.8%)

Reproductive Among boys in categorical quartile models, testosterone and [51]
hormones DHEA were inversely and positively associated with OCPs,
respectively. Estradiol-testosterone and adrenal androgen-
glucocorticoid ratios tended to increase with increasing OCP
concentrations in the higher quartile, while the testosterone-
androstenedione ratio tended to decrease. Sex hormone-binding
globulin and prolactin showed an inverse association with
OCPs. Among girls, the linear regression model showed that
only p,p’-DDT was inversely associated with the level of
DHEA and the adrenal androgen-glucocorticoid ratio, but was
positively associated with cortisone levels

Neurodevelopment
BSID-II at 6 and | Children born to mothers with cis-HCE in the highest quartile | [53]
18 months had mental developmental index scores —9.8 (95% confidence

interval: —16.4, —3.1) lower than children born to mothers with
concentrations of cis-heptachlor epoxide in the fourth quartile
(P for trend <0.01)

we examined the epigenetic mechanisms of DNA methylation. Associations
between the DNA methylation of IGF-2, H19, and LINE1 genes in infants and
PCB levels in maternal blood were examined [49]. These results suggest that
exposure to PCBs in utero may increase H19 and LINE1 methylation levels in
cord blood, particularly in girls.

The findings of organochlorine pesticide use and health outcomes are shown in
Table 5. Organochlorine pesticide levels were inversely associated with maternal
free T4 but positively associated with infantile free T4. Examining the mixed
exposure, o,p’-DDT (48.6%), cis-heptachlor epoxide (22.8%), and dieldrin
(15.4%) were primary contributors in mothers, whereas trans-nonachlor (27.1%)
and cis-nonachlor (13.8%) in infants [50]. Similar to dioxins, OCPs also alter child
steroids and reproductive hormones at birth [51]. Linear regression models after sex
stratification showed that chlordanes, cis-HCE HCB Mirex, and toxaphenes in
maternal blood were inversely associated with testosterone, cortisol, cortisone, sex
hormone-binding globulin, prolactin, androstenedione-dehydroepiandrosterone
(DHEA), and testosterone-androstenediones ratios in boys. Furthermore, these
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OCPs were positively correlated with DHEA, follicle stimulating hormone (FSH),
and adrenal androgen-glucocorticoid and FSH-inhibin B ratios in boys. In gitls, the
linear regression model showed that only p,p-DDT was inversely associated with the
DHEA levels and the adrenal androgen-glucocorticoid ratio, but positively associ-
ated with cortisone levels. Studies in the USA and Russia reported a delay in the
onset of puberty with higher prenatal exposure to OCPs; therefore, further follow-up
of the children is warranted [52]. Regarding child development, children born to
mothers with cis-HCE in the highest quartile had significant lower Mental Devel-
opment Index (MDI) scores —9.8 (95% CI: —16.4, —3.1) than those born to mothers
with concentrations in the fourth quartile (P for trend <0.01) at 18 months of age
[53]. However, caution should be exercised, as this is the only compound with
statistical significance among the 15 compounds.

3 Conclusions and Recommendations for Future Research

The use of POPs has already been banned under the Stockholm Convention. There is
clear evidence that the concentrations of PCBs, dioxins, and OCPs have been
decreasing. However, these chemicals are still detected in the environment, wild
animals, and the human body because of their long half-lives. Beyond the health of
an individual, it is crucial to protect the land, air, and water globally. Development of
technology to accelerate the degradation of these chemicals and remediation of the
environment is urgent.

The Hokkaido Study suggest that an exposure to even relatively low levels of
these chemicals in utero may alter child hormone levels at birth and induce lower
birth size, delay in neurodevelopment, alterations in immune functions, and increase
in infectious diseases and allergies. Longer follow-up is required to examine the
residual effects at a later age. In addition, the levels of these chemicals in blood are
generally highly correlated. Thus, the examination of mixed chemicals using sophis-
ticated statistical methods is required.

The United Nations has a set of 17 sustainable development goals to achieve a
healthier and more sustainable future for all [54]. Chemical and waste management
are related to achieving each of these goals, especially #3 (good health and well-
being), #14 (life below water), and #15 (life on land). The accumulation of scientific
knowledge and reinforcement of actions on scientific evidence are important for
future generations.
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Abstract Electrokinetic (EK) remediation is an in situ soil treatment technology
that applies electric fields such as electromigration and electroosmotic flow (EOF).
This technology is advantageous for environmental remediation applications in two
ways. First, electromigration and EOF are limited between electrodes, such that the
treatment area is easy to control. Second, EOF occurs independent of soil properties,
may be applied to low-permeability soils, and is capable of moving soluble sub-
stances. Insoluble forms, such as substances that strongly interact with soil compo-
nents and precipitated forms such as oxides or hydroxides, are difficult to remove.
Various strategies have been investigated to achieve remediation. Inorganic or
organic acids, chelating reagents, and surfactants have been found to enhance the
removal efficiency of pollutants from soil. In addition, various technologies, such as
membrane separation, decomposition, phytoremediation, and adsorption, have been
combined to improve the removal efficiency.

This chapter introduces the principles of EK remediation, the necessary experi-
mental conditions, and the design of applications for effective environmental
remediation.

Keywords Accumulation, Clay mineral, Electrokinetic remediation,
Electromigration, Electroosmotic flow (EOF), Humic substances, In situ soil
remediation, Phytoremediation, Solubilization

1 Introduction

Electrokinetic (EK) remediation is a soil remediation technology that uses an electric
field. The principles and applications of EK remediation were published in Envi-
ronmental Science and Technology (American Chemical Society Publications) in
1993 [1, 2]; around this year, several fundamental papers relating to EK remediation
were published [3—6]. Since then, the number of publications on EK remediation has
increased. The first International Symposium on Electrokinetic Remediation
(EREM) was held in Albi (France) in 1997 and has since been held annually around
the world [7].
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EK remediation covers a wide range of target pollutants including organic sub-
stances such as organochlorine compounds, polyaromatic hydrocarbons (PAHs),
oils, and pesticides, to inorganic substances such as heavy metals, radionuclides,
salts, and anionic species. Organic pollutants are transformed into low-risk sub-
stances by chemical oxidation or reduction reactions, heating, and biodegradation.
To apply these techniques as in situ soil remediation, various reagents and microor-
ganisms can be introduced into the soil via the EK process. Unlike organic pollut-
ants, inorganic pollutants cannot be decomposed and need to be removed from
contaminated areas. Inorganic pollutants often exist in poorly soluble forms, such
as oxides and fractions interacting with soil components. As such, studies have
investigated the use of complex reagents or acids to create low-pH conditions to
solubilize heavy metals [8—10].

In general, pollutants are removed from the soil and transferred into the electro-
lyte where the electrodes are inserted. An alternative method is the accumulation of
pollutants in a specific area to reduce the volume of waste that requires treatment
following the EK process. This EK process is applicable to soil, sludge, sediment,
ash, and concrete [11-13].

This chapter introduces the principles of EK remediation, the necessary experi-
mental conditions, and several applications. Finally, the potential of EK process as a
decontamination method for radioactive waste generated by the Fukushima Daiichi
Nuclear Power Plant accident in Japan is considered.

2 Principles

EK remediation can remove pollutants from soil via electromigration and electroos-
motic flow (EOF). Figure 1 presents a conceptual diagram of EK remediation.
Electromigration is the movement of electrically charged substances towards the
polar opposite of its electric charge: a cationic substance moves toward the cathode

Fig. 1 Conceptual diagram

of electrokinetic Ii Power supply —|
remediation Anode Cathode
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Table 1 The ionic mobility of major ions at 25°C

Cation Mobility/10™ 8 m* V' s~ Anion Mobility/10™ 8 m? V' s~
H* 36.98 OH~ 20.9
Cs* 8.16 Fe(CN)e*~ 11.7
NH* 7.78 CrO,2~ 8.98
K* 7.76 S0,%~ 8.45
Pb** 7.50 CN™ 8.24
Fe** 7.29 clr- 8.06
cr 7.08 C,042” 7.84
AP 6.44 NO,~ 7.58
Ca** 6.28 NO;~ 7.54
Sr# 6.28 C¢Hs0,°~ 7.41
Cu? 5.98 CO5*~ 7.32
cd* 5.70 ClO,~ 7.11
Hg** 5.66 SCN~ 7.02
Fe?* 5.65 F~ 5.85
Mn? 5.65 CH;COO~ 432
Mg** 5.60 HC,0,~ 425
Zn* 5.58 H,AsO,~ 3.59
Na* 5.29 H,PO,~ 3.49

The values are the molar ionic conductivity divided by the Faraday constant [15].

side and an anionic substance moves toward the anode side. The electromigrative
velocity (u,,,) is given by Eq. 1 [14]:

Uey =vizint FVE (1)

For ionic species i, v; is the ionic mobility (m2 v! sfl), z the ionic valence, n the
soil porosity, 7 the tortuosity of the soil, F the Faraday constant (C mol '), and VE
the potential gradient (V m™~"). Notably, 7 and 7 are dimensionless and depend on the
soil properties; typically, the range of n is 0.1-0.7 and that of 7 is 0.01-0.84 [1]. The
ionic mobility (v;) is a specific value for each substance, and the electromigrative
velocity (u,,,,) increases with the potential gradient. Table 1 details the ionic mobility
(v;) of the major ions.

EOF is the water transportation in soil that occurs with the application of an
electric potential. This phenomenon has already been observed and has been used as
a dewatering technique for soil [16]. The velocity of the EOF (u,,) is expressed by
the Helmholtz—Smoluchowski equation (Eq. 2):

tey = EVE 2)
u

where ¢ is the permittivity of water (C V™' m™'), { the zeta potential of the soil
particle (V), and u the viscosity of water (Pa s). The velocity of the EOF is
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Fig. 2 Illustration of soil pH change during the electrokinetic process. Note: left and right sides are
the anode and cathode; red and blue zones indicate acid and basic regions, respectively

approximately 10 cm day ' under a potential gradient of 100 V. m ™" at 20°C [5]. The
velocity of the EOF and electromigration increases with the potential gradient, on the
other hand, soil acidification and alkalization occur near the electrode by electroly-
sis. Typically, soil particles have a negative charge and the EOF direction is toward
the cathode side. The zeta potential of the soil particles is neutralized or positively
charged under acidic conditions. When soil particles have a positive charge, the EOF
direction is from the cathode to the anode side, which means that the velocity and
direction of the EOF are dependent on the soil environment.
Electrolysis significantly affects the soil pH (Eqgs. 3 and 4).

2H,0 —4e” — Oy T + 4H™ (anode) (3)
2H;0 +2¢~ — H, T 4+ 20H™ (cathode) (4)

Hydrogen ions (H*) are generated at the anode and introduced into the soil by
electromigration, which creates an acidic region near the anode. Likewise, hydroxide
ions (OH ") also form a basic region near the cathode. As H" and OH ~ have a higher
ionic mobility than other ionic species (Table 1), the soil pH slope forms quickly
under low buffering ability. The authors attempted to visually demonstrate the pH
change in the soil using a methyl yellow and thymolphthalein, as shown in Fig. 2. In
the figure, the left side is the anode and the right side is the cathode; the initial soil is
light pink, and over time red and blue zones appear in the vicinity of each electrode.
The red and blue zones are indicative of acidic and basic regions, respectively.
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Figure 2 shows that H" and OH ™ generated by electrolysis are introduced into the
soil, and the acidic and basic interface is formed slightly closer to the cathode side
because the ionic mobility of H is higher than that of OH . This acidification
promotes the solubilization of heavy metals in the soil, enhancing their removal
efficiency by EK remediation. Conversely, low pH conditions make it difficult to
reuse the soil for agricultural use, for which soil neutralization is often required after
remediation. The EOF velocity is also dependent on the zeta potential of the soil
particles (Eq. 2); however, in most cases the zeta potential is neutralized in the acidic
region, and the EOF velocity decreases. As such, the effective use of EOF for
pollutant removal requires that the soil pH is maintained around neutral.

3 Design of Experimental Conditions

Certain aspects of the experiment should be carefully designed to investigate EK
remediation. This section introduces the experimental conditions used in several
previous studies.

3.1 Egquipment Scale and Material

Many researchers have designed rectangular or cylindrical equipment. In many
cases, polyvinyl chloride (PVC) or acrylic resin, characterized by high electrical
resistance and ease of processing and molding, has been used as the main construc-
tion material; the equipment for EK remediation consists of one migration chamber
and two electrode chambers (Fig. 3). The electrode chamber has an opening for the
addition of the electrolyte and the insertion of instruments that measure pH and
electrical conductivity (EC). The pH control system is combined with EK equipment
to create a constant soil pH environment during the experiment. The interface of the
soil and electrolyte is separated using filter paper or nylon cloth to prevent the elution
of soil from the migration chamber to the electrode chamber. In a lab-scale exper-
iment, 100 g to a few kilograms of soil is used to evaluate the effectiveness of the EK
process, while a scale of approximately 40—4,000 m® is used for field-scale exper-
iments [2, 17].

3.2 Electrical Conditions

The electrode materials of EK remediation require acidic and basic resistance. As
platinum or iridium oxide-coated titanium is inert under acidic conditions, these
materials have been used in lab-scale experiments as electrodes. Mesh-like elec-
trodes made of these materials have been used to prevent interference with the EOF.
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Fig. 3 Schematic of the equipment used in electrokinetic remediation

The size and number of electrodes are dependent on the extent of the treatment area;
typically, field-scale experiments require a large size or many electrodes. As these
inert materials are expensive, stainless-steel or graphite carbon is used as the
electrodes in field-scale experiments. The injection of iron (Fe) ions because of the
corrosion of the iron electrode from electrolysis may be used to decompose organic
pollutants by a chemical reaction (described in Sect. 4.4.2).

The range of the potential gradient is commonly 0.1-5 V cm™'; this gradient is
closely related to the distance between the anode and cathode in field-scale exper-
iments. The duration of the treatment increases with the distance between the anode
and cathode; therefore, this distance should be set appropriately [18]. In field-scale
experiments, the distance between the anode and cathode is set between 1 and 2 m
[19, 20]. For example, an electric potential of 100 V is required for a 1 V cm™'
potential gradient at an electrode distance of 1 m. A potential gradient of
0.1-5 V cm ™' has often been used as it considers the transmission capacity, safety,
and environmental impact depending on the country. On the other hand, Athmer and
Ho stated that a potential gradient of 1 V cm ™' is not practical as the soil temperature
exceeds 100°C after a week [21]. A higher potential gradient can reduce the
remediation period owing to the higher electromigration and EOF velocity (Eqgs. 1
and 2). Therefore, the potential gradient and operating time should be balanced. The
estimated electric resistance of humans is ~5 MQ; however, when the skin surface is
wet, the resistance decreases. For safety reasons, people should stay away from the
treatment area during processing. Additionally, the enclosures should be made of
wood or nonconductive materials, as a metal fence may be subject to corrosion.
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Various arrays of electrodes have been reported to accumulate pollutants in
specific areas and achieve effective soil acidification. The positioning of the anode
at the bottom of the soil and the cathode on the ground surface enables the
accumulation of cationic pollutants near the ground surface. A triangular or hexag-
onal arrangement of the anode can effectively acidify the soil. This acidification
prompts the accumulation of heavy metals around the cathode in the center, where
the alkalization area is minimized [18, 22, 23]. Various studies have investigated
different electrolytes for enhanced pollutant removal efficiency, the details of which
are introduced in Sect. 4.

3.3 Energy Resource

Renewable energy has been evaluated as a potential energy resource for EK reme-
diation. Solar panels can only generate electricity during the day light hours.
Typically, EK remediation operates over weeks or months, in which the intermit-
tency of the applied voltage does not significantly affect the removal efficiency.
Yuan et al. found no significant difference between the removal efficiency of
cadmium (Cd) using a conventional power supply and solar energy. They also
found that running costs using solar energy were reduced by approximately 60%
compared to conventional power supply [24]. When the electric potential is contin-
uously supplied, the soil pH changes rapidly, and polarization occurs in the soil. This
polarization lowers the electromigration velocity and extends the remediation
period. On the other hand, the application of pulsed electric fields using solar panels
can minimize this soil polarization and contribute to reducing the operating time and
running cost [25]. Although the diffusion of pollutants without a potential gradient
after sunset is a concern, most studies have found it to be negligible [26]. Solar
energy has been applied to remove fluorine (F) from contaminated soil and manga-
nese (Mn) and nitrogen in ammonium form (NH3) from residuals following hydro-
metallurgy [27, 28]. Wind power has also been examined as a potential energy
resource for the removal of herbicides from soil. In terms of the potential gradient,
there seems to be no significant difference between conventional power supply and
wind power energy [29]. However, in these renewable energy sources, the effects of
weather conditions are not negligible. Microbial fuel cells (MFCs) are independent
of weather conditions and may be applied without large facilities, such as solar
panels and wind power generation. MFCs use electrons produced when microor-
ganisms oxidize organic matter; several studies have used MFC as a power supply
for the EK process to remove pesticides or heavy metals from soil [30, 31]. The
current density obtained by the MFC is relatively lower than that used in the
conventional EK process; thus, a longer remediation period is required. Moreover,
as microbial activity decreases at low temperatures, the application of MFCs in cold
regions is limited. However, MFCs have the advantage of not requiring an external
power supply and frequent maintenance.
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Renewable energy has a relatively low environmental impact compared to fossil-
fuel-derived energy. As such, renewable energy demonstrates good potential as a
power supply for EK remediation, although it would be necessary to become more
widespread.

3.4 Soil Properties

Soil is a complex material comprising metal oxides, organic matter, and microor-
ganisms. Its use at the beginning of the experiment is not always a good approach as
there is a possibility of unexpected reactions occurring in the soil. In lab-scale
experiments, clay minerals have often been used as model soil to evaluate EK
remediation. Specifically, kaolinite or pyrophyllite has been used in various studies
because these minerals have a low adsorption capacity, low buffering capacity for
pH, and low swelling, which make these soils suitable for observing the migration
behavior of pollutants, complex formation reactions, and the decomposition process.
However, the interactions between substances such as cesium (Cs) vary depending
on the type of clay mineral. As such, the removal behavior of Cs is significantly
affected by the type of clay (described in Sect. 6). Once the migration and reaction
are evident in the model soil, several horticultural or actual soils containing pollut-
ants can be evaluated.

3.5 [Impacts on the Environment

Sections 3.1, 3.2, 3.3, and 3.4 introduce the concept of the experimental conditions
for EK remediation. In addition to the removal efficiency, the impact of the EK
process on the environment must also be considered as sustainable remediation
technology.

The first is the effect of the EK process on soil components. Section 2 discusses
that acidic and basic regions are generated by the EK process without any buffer
solution. Soil particles consist of silicate, aluminum, and iron oxides; these elements
(particularly aluminum) are eluted in an acidic environment [32]. As a high concen-
tration of Al is toxic to plants [33], the elution of these elements needs to be
continuously monitored.

The second is the loss of nutrients as a result of the EK process. As
electromigration and EOF do not possess selectivity for each substance in the soil,
all ionic or dissolved substances will move alongside the pollutants; this phenome-
non introduces the potential to remove nutrients. One study also reported the
injection of nitrogen compounds as nutrients introduced into the soil by the EK
process [34]. The EK process is also effective for creating suitable soil conditions for
agricultural use after remediation.



156 Y. Akemoto et al.

The third is the effect of the EK process on soil microorganisms. These microbes
play important roles in the decomposition of plant remains, nitrogen fixation, and
material circulation. Ethylenediaminetetraacetic acid (EDTA) has been used to
enhance the removal efficiency of heavy metals; however, it reduces microbial cell
numbers and diversity [35]. The increased toxicity of pentachlorophenol (PCP) due
to soil acidification during the EK process also reduces the microbial cell numbers
[36]. Thus, several previous studies have reported that the addition of substances to
enhance pollutant removal efficiency or accumulation of pollutant has a significant
impact on microbial activity. Alternatively, negatively charged microorganisms
have been injected into the soil using electromigration and EOF to decompose
PAHs [37]. These studies indicate that the electric field does not directly have an
adverse effect on microbial activity [38]. Since environmental remediation is not
only removal of pollutant, the environmental impacts of EK remediation should be
determined and built upon to develop a sustainable means of soil remediation.

3.6 Cost Efficiency

Detailed studies on the cost of EK remediation are scarce. Athmer reported on cost
efficiency and indicated that the cost of EK remediation was estimated at $200 m .
The area and depth of the contaminated site, treatment time, and site preparation
(such as building removal) were major factors influencing cost, whereas the cost of
electricity was a minor factor in the suite of cost variables associated with EK
remediation [39]. With a narrow or shallow contaminated area, the cost of excavat-
ing a well to insert electrodes may be reduced. In general, buildings should be
removed to prevent the straying voltage. However, if the target field is flat land, such
as agricultural land, building removal is not required. Compared with these factors,
energy consumption is considered predictable; on average, the ratio of electricity to
total cost is 15% [39]. In the first field application, the total energy consumption was
65 kWh m > after 43 days of operation, but it was estimated to be 85 kWh m > to
reach the Dutch reference level [2]. Jeon et al. showed that the energy consumption
was 67.5 kWh m > after 35 days of operation [25], while Kim et al. reported a
consumption of 170 kWh m ™2 over 37 weeks [40]. The highest contributing factor to
the total cost is installation, which includes labor, equipment, and materials. These
cost estimations are also dependent on soil properties, remediation period, removal
efficiency, and target pollutants. When the cost of EK remediation is lower than
$90 t~!, it is estimated to be less than that of an excavation process [39], and as the
excavation process only transports pollutants to another location, it is not necessarily
considered a fundamental remediation. Many field applications are thus required to
obtain detailed cost estimates to establish EK remediation as an in situ remediation
process.
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4 Advanced EK Remediation

Clay and clayey soils have very low water permeability, and as such, conventional
pollutant removal technologies cannot achieve sufficient removal efficiency for these
soils. In particular, the use of acid and surfactant solutions as additives for soil
washing and flushing is ineffective, as they cannot infiltrate in clayey soil. Despite
the occurrence of useful reagents that can dissolve and decompose pollutants, it is
difficult to carry out these reactions in soil without transporting these reagents to the
desired locations. The EK process is the only method that can transport these
reagents and water-soluble pollutants in clayey soils via electromigration and EOF.

Therefore, the EK process enables the introduction of various chemical reactions
into the soil to remove and decompose pollutants. Complex formations between
metal ions and ligands such as EDTA, solubilization of hydrophobic compounds
with surfactants and cyclodextrin, and redox reactions may occur in soil during the
EK process. The Fenton reaction to decompose harmful organic substances and
dechlorination using zero-valent iron (Fe) may also be demonstrated in soil by the
EK process. The introduction of these reactions into the EK process enables expan-
sion of the targets in applications. Figure 4 illustrates the introduction of several
chemical reactions into the soil. Based on this idea, this section also introduces the
usefulness of some reactions in soil for EK remediation.

Anode Cathode

Solubilization with Complexing and redox
synthesized surfactant Reactions
or cyclodextrin
el e M2+ + EDTA* 2
e=N—-o M-EDTAZ-
AR WA
2+ -
HY e—) M=, N, L 4amem—s OH-
pollutant

Natural products Degradation reaction

Bio-surfactants Fenton reaction
Humic substances Zero valent iron (ZVI)

Fig. 4 Introduction of chemical reactions into the soil
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4.1 Solubilization

In the environment, heavy metals exist in insoluble forms such as oxides, sulfides,
bound to Fe-Mn oxides, and hydroxides [41—44]. To solubilize these heavy metals,
several types of acids have been injected into the soil directly or added into the
electrolyte, and the cation exchange membrane is located between the soil and
cathode to prevent the penetration of OH™ into the soil [45—48]. For example, the
removal efficiency of zinc (Zn) and nickel (Ni) from contaminated soil was shown to
improve 20-fold using nitric acid, which was added to the cathode electrolyte to
maintain a constant pH [49]. However, for inorganic acids such as nitric and
hydrochloric acids, the nitrate ions may cause secondary contamination, and the
chloride ions may produce toxic chlorine gas due to the electrode reaction at the
anode.

EDTA has been used to form complexes with many types of heavy metals and
solubilize these metals [8, 50-52]. EDTA forms negative complex ions with divalent
metal ions, as shown in Eq. 5.

M?* + EDTA*" — M-EDTA?~ (5)

This complex moves toward the anode side by electromigration [8]; as this is the
opposite of the EOF direction, the net velocity of the complex is reduced by that of
the EOF. Therefore, this is not always the best condition for the EK process. EDTA
is advantageous in that it can dissolve insoluble heavy metals; however, its low
biodegradability may cause secondary contamination. To this end, several alterna-
tive chelating reagents have been investigated. Niinae et al. reported that the removal
efficiency of lead (Pb) from soil using EDTA and [S,S]-ethylenediamine disuccinic
acid ([S,S]-EDDS) did not significantly differ for each chelating reagent [9]. Similar
to the Pb-EDTA complex, the Pb-EDDS complex, which has a negative charge,
moves toward the anode side. Several organic acids, such as acetic, citric, oxalic, and
lactic acids, have also been used as enhancement reagents because of their low
environmental impact [53-55]. Citric acid is most commonly used in the EK process
as it forms a complex with heavy metals and prevents precipitation as a hydroxide.
As this complex maintains heavy metals in soluble form over a wide pH range, it
contributes to a higher removal efficiency. Several surfactants, such as sodium
dodecyl sulfate (SDS) and Tween 80, have been used to increase the removal
efficiency of insoluble organic pollutants, such as organochlorine compounds and
PAHs [56-60]. Although these surfactants have an excellent ability to solubilize
these insoluble organic pollutants, there is potential for these surfactants to be
adsorbed on clay minerals [61]. Similar to nitrate ions, surfactants may remain in
the environment and cause secondary contamination. Cyclodextrin is a by-product
that forms during the decomposition of starch by microorganisms; it is highly
biodegradable and has a low affinity for soil. It has high potential for use as an
enhancement reagent during the EK process. Maturi and Reddy attempted the
simultaneous removal of Ni and phenanthrene from contaminated soil using
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cyclodextrin. Phenanthrene was solubilized by cyclodextrin and moved toward the
cathode side by EOF [62]. Biosurfactants are biosynthesized substances and metab-
olites of yeast and bacteria; they are amphipathic and have low toxicity and envi-
ronmental impact. Gonzini et al. reported the EK remediation of contaminated soil
with gasoil using rhamnolipid as an enhancement reagent produced from Pseudo-
monas aeruginosa. Rhamnolipid is a biosurfactant, and gasoil is solubilized with
rhamnolipids. Gonzini et al. found that 86.7% of the solubilized gasoil was removed
and transported to the cathode side by EOF after 15 days [63]. In addition,
biosurfactants are also effective in removing heavy metals [64] and show high
potential as enhancement reagents in EK remediation because of their low environ-
mental impact.

4.2 Humic Substances

Humic substances are natural products of the decomposition of plant remains
through microbial activity. These substances are amorphous and heterogeneous
mixtures of different types of compounds produced by microorganisms. However,
humic substances are widely distributed in the environment and play an important
role in material circulation. Humic substances have both hydrophilic groups, such as
hydroxyl and carboxyl groups, where the hydrophobic parts are aromatic rings and
alkyl chains in their structure. As such, these humic substances can enhance solubi-
lization of pollutants due to functions as surfactant, oxidation or reduction reactions,
and complex formation.

4.2.1 Removal of Cu-Oxine with Humic Acid

Some studies have reported removal methods in which the EK process uses solubi-
lization reactions of hydrophobic and oily compounds with surfactants in soil (Sect.
4.1). However, the use of synthesized surfactants may at times lead to secondary
pollution; if natural surfactants are used, this risk may be reduced. Humic acid
(HA) is one of the main organic constituents in soil, and it is characterized by a
surface-active property as its structure consists of hydrophobic and hydrophilic
parts. HA acts as a surfactant to solubilize the hydrophobic compounds in water.
We attempted to introduce HA in the EK process to remove the scarcely water-
soluble Cu-oxine complex from soil, which is a type of herbicide. First, we inves-
tigated the movement of HA in kaolin, a clay mineral used as a model clayey soil,
under an electric field. In a migrating chamber, a kaolin zone with a high HA
concentration was established in the center of the chamber and sandwiched with
pure kaolin, as shown in Fig. 5. A potential gradient of 2.2 V cm™' was applied
between the cathode and anode in the electrode chamber. As HA has a negative
charge in neutral and alkaline pH regions, it was expected to migrate to the anode
side by electromigration; however, we observed the movement of HA to the cathode,
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Fig. 6 Removal of Cu-oxine from soil with HA. Cu-oxine: 230 mg g~ !, HA: 58 mg g~ ', water
content: 31%, pH 7, applied potential: 2.2 V cm™'

as shown in Fig. 5. This may be due to the higher velocity of the EOF to the cathode
side than the electromigration of HA to the anode side in kaolin. Based on these
results, a kaolin layer containing a large amount of HA was established on the more
anodic side than the site in which kaolin was contaminated with Cu-oxine. Then, HA
was transported to the polluted site by the EOF, and Cu-oxine was solubilized with
HA and moved to the cathode side accompanied by HA. Figure 6 shows that the
presence of HA enhanced the removal efficiency of Cu-oxine three-fold compared to
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the removal efficiency in the absence of HA. It was clarified that the introduction of
natural surfactants such as HA into the EK process facilitates the establishment of an
environmentally friendly removal method using solubilization reactions in the
soil [65].

4.2.2 Reduction and Removal of Cr(VI)

Chromium (Cr) is one of the most frequently reported heavy metals in contaminated
soils. Cr(VI) is toxic to the human body, whereas Cr(IIl) has relatively low toxicity
[66]. Typically, Cr(VI) is reduced to Cr(IIl) via several reactions for environmental
protection. As soil organic matter (SOM), such as HA, is known to reduce Cr(VI) to
Cr(IIT), we attempted to reduce and remove Cr(VI) from soil using EK remediation
with HA and its precursors (tannic and gallic acids). The model contaminated soil
with Cr(VI) was prepared using kaolin and potassium dichromate, and Cr behavior
was observed under a potential gradient of 2 V cm™'. When the model soil did not
include HA, Cr existed as Cr2072_ and moved to the anode via electromigration.
When the model soil included HA or its precursors, the Cr concentration near the
anode decreased, and a high Cr concentration was detected in the cathode and EOF
reservoir. These results show that Cr(VI) was reduced to Cr(Ill) by HA and its
precursors; Cr was then removed as the cationic species by electromigration and
EOF [67].

The reduced Cr(Il) is considered to have been present as a Cr(III)-SOM complex,
which is stable and rarely re-oxidized or decomposed [68, 69]. We recovered Cr
(VI) in the anode electrolyte from the soil using EK remediation and passed this
electrolyte through a column filled with immobilized tannin resin, which was then
recirculated to the anode for reuse as an electrolyte (Fig. 7). After 14 h under a
potential gradient of 2 V cm ™", approximately 83% of Cr(VI) was removed from the
soil and accumulated in the immobilized tannin column [70].
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Accumulated

Power supply

Cathode

{ Cr(Vl) = Cr(lll)

o querann Cr(VI)

pH control Electromigration EOF
J
Cr(V1) A
(EN

Fig. 7 Conceptual EK process with an immobilized tannin column



162 Y. Akemoto et al.

4.2.3 Complex Formation

HA has the ability to complex with several heavy metals owing to its functional
groups [71-74]; we investigated the application of this ability to remove Pb from
contaminated soil using the EK process. The contaminated soil was prepared using
Pb(NOs),, and the Pb removal efficiency after 72 h of operation was 48.0% without
HA compared to 72.6% with HA. Although HA has a negative charge, it moves to
the cathode side by the EOF (Fig. 5). HA interacts with Pb and consequently
weakens the interaction between Pb and clay minerals, resulting in greater Pb
removal when HA is used [75]. As the HA behavior is dominated by the EOF, it
is preferable to locate HA in the anode chamber for its continuous supply. However,
when HA was added as an anode electrolyte, it remained in the anode chamber even
after 72 h of operation. The generation of EOF was limited to the surface of solid
media such as clay minerals, and EOF was not generated in the liquid media.
Therefore, HA should be added to the soil for enhancement of the removal
efficiency [76].

Humic substances are known to interact with various other compounds because
of their ability to activate and form complexes [77-79]. As these substances have a
low environmental impact and interact with various compounds regardless of their
inorganic or organic nature, they are expected to contribute to the development and
improvement of EK remediation.

4.3 Accumulation

EK remediation is also used to accumulate pollutants at specific sites in soils or
liquids. This accumulation simplifies the management of contaminated waste and
reduces the amount of waste that requires treatment following EK remediation.
Various methods, such as chemical reactions and membrane separation, have been
investigated.

4.3.1 pH Junction

In EK remediation, the electrolysis of water occurs at both electrodes, where the
anode and cathode are acidified and alkalized by the formed H* and OH™, respec-
tively. The generated H" and OH ™ invade the soil, and the acidification and
alkalization occur continuously. In using the EK process to remediate actual con-
taminated sites, the solution of each chamber should be neutralized to protect water
and soil from acidification or alkalization. However, soil acidification may improve
the removal efficiency of metal ions in soil by accelerating ion exchange with
protons. Without neutralizing treatment in both electrode chambers, the acidification
and alkalization of soil gradually spread from the anode and cathode, respectively
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(Fig. 2). Finally, the acid and base fronts in the soil meet within a narrow region,
where the soil pH changes sharply; this region is known as the pH junction.

Metal ions are released from soil by ion exchange with protons and are then
transported to the cathode side by electromigration and enter the pH junction; these
metal ions accumulate at this junction: metal hydroxide precipitates because of the
rapid increase in pH at this site. With the introduction of ligands such as EDTA from
the cathode chamber, the metal-EDTA complex on the cathode side of the pH
junction becomes negatively charged as there is an alkali region where the complex
may be stable. Then, the metal-EDTA complex is transported to the anode side of the
pH junction. Once the metal-EDTA complex enters the anode side, the metal
complex dissociates to form a free metal cation and EDTA as there is an acidic
region. Metal cations move to the cathode side (to the pH junction) by
electromigration and form the EDTA complex, which is then transported back to
the anode side. Eventually, the metal ion can only exist at the pH junction, resulting
in the accumulation of metal ions in the pH junction, as shown in Fig. 8. To
experimentally confirm this hypothesis, Cu-contaminated kaolin was placed in half
of the anode side of the migration chamber, and kaolin containing EDTA was placed
in the remaining half of the cathode side. After completion of the EK process, we
confirmed that Cu ions accumulated around the pH junction, as shown in Fig. 9.
Thus, we demonstrated the potential of a pH junction to remove and accumulate
heavy metal ions within a specific area via EK process [80].

4.3.2 Electrodialysis

The separation mechanism used for electrodialysis is also applied to soil remedia-
tion, which is known as electrodialytic soil remediation (EDR) [46]. EDR is
implemented in combination with an ion exchange membrane; the anion exchange
membrane (AEM) is located near the anode side, and the cation exchange membrane
(CEM) is located near the cathode side. Although H* produced by electrolysis
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Fig. 10 (a, b) Conceptual electrodialytic soil remediation (EDR). AEM anion exchange membrane,
CEM cation exchange membrane, BPM bipolar membrane

typically penetrates the soil, it cannot pass through the AEM; similarly, the pene-
tration of OH™ is prevented by the CEM. Therefore, soil acidification and
alkalization are minimized in the EDR (Fig. 10), and the electric current may be
used by focusing on pollutants because of the inhibited mobilization of H" and OH ™~
[82, 83]. Jakobsen et al. reported the accumulation of Cd in solution between AEM
and CEM by EDR. Cd in soil moved toward the cathode side via electromigration
and EOF and passed through the CEM on the soil side. As it could not pass through
the AEM on the cathode side, it accumulated in the solution between the AEM and
CEM (Fig. 10a) [84]. The bipolar membrane (BPM) consists of anion and cation
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exchange layers, which can dissociate water into H" and OH ™ in the intermediate
layer by the electric field. Liu et al. reported that BPM effectively removed Cu and
Ni from contaminated sludge, and Cr was simultaneously separated by electric
charge and removed (Fig. 10b) [85, 86].

4.3.3 Entrapment Zone

Groundwater contaminated by organic or inorganic pollutants, originating from
either soil leaching or anthropogenic activities, is a major environmental issue.
Groundwater remediation is the highest priority for many countries that use ground-
water for drinking purposes. While the pump-and-treat method is a traditional
technique for contaminated groundwater, the excavation and disposal of contami-
nated soil that alters the groundwater is no longer considered an adequate solution
[87]. The demand for soil and groundwater treatment techniques is increasing and
the development of new low-cost, efficient, and environment-friendly remediation
processes has become an important study in the last two decades.

The concept of using a treatment zone in combination with EK remediation for
pollutant removal from soil and groundwater was widely discussed at the fifth
EREM 2005 symposium [88]. EK remediation is an emerging technology that can
be used to remove contaminants in situ from heterogeneous fine-grained soils.
Pump-and-treat technology and permeable reactive barrier (PRB) are uneconomical
and impractical for application to fine-grained soils because of the low hydraulic
conductivity of these soils [18, 89, 90]. During in situ EK remediation, the contam-
inant flux migrates from the anode towards the cathode owing to the combined
effects of electromigration and electroosmosis, which are the main mechanisms at
play during heavy metal removal [91]. Employing the entrapment zone (EZ) for EK
remediation as a more effective removal technique involves the use of a PRB placed
across the flow path of a contaminated plume. As the plume flows through the EZ
under the EK, contaminants are entrapped, immobilized, and precipitated, without
requiring soil excavation or groundwater pumping.

Enhanced EK remediation using EZ reactive material has shown promising
results for heavy metal removal (e.g., Cr, Cu, As, Pb, and Ni) from soil, as it
prevents heavy metal leaching from groundwater [92-97]. The EZ can be either
installed vertically (one-dimensional, 1D) or horizontally (two-dimensional, 2D); it
follows the electrode configuration between the anode and cathode to reach the
contaminated plume at depth during the EK movement (Fig. 11).

Some reactive materials have been applied to remove heavy metals from the soil,
such as zero-valent iron (ZVI) [92], granular carbon [93], atomizing slag [98], red
mud [94], combined nanomagnetic Fe;O,, and chelating agents [96]. Low-cost or
free waste recycling and reutilization materials have also been evaluated as potential
EZs, such as dewatering drinking water sludge [95], tannery waste [99], and
recyclable food scrap ash [97]. These EZ materials are considered promising for
the cleanup of heavy metals in groundwater because of their practicality, reasonable
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Fig. 11 Schematic of the entrapment zone (EZ) electrokinetic remediation system. The EZ may be
installed (a) vertically or (b) horizontally, as per the electrode configuration in the EK remediation

cost, and effectiveness. Czurda and Haus highlighted the three major features of this
technology. First, a low direct current through the installed electrode in a contam-
inated plume causes the flow of water and soluble contaminants to move into or
through the EZ. Second, reactive materials in the EZ decompose the soluble con-
taminants or adsorb contaminants for immobilization or subsequent removal and
disposal. Third, a water management system, in which water accumulates at the
cathode by EOF, is recycled back to the anode for acid-base neutralization [100].



Electrokinetic Remediation 167
4.4 Decomposition and Transformation

As mentioned in Sect. 4.1, organic pollutants are often poorly soluble, and several
solubilization methods have been used to remove them. In contrast, several organic
pollutants may be decomposed and transformed into substances with a low environ-
mental impact using a chemical reaction. To enhance these reactions, several
reagents such as oxidants, catalysts, and metals have been introduced into the soil
via the EK process.

4.4.1 ZVI Reaction Zone

Many studies on remediation methods that decompose and adsorb pollutants in
groundwater and soil have reported using ZVI, which has strong reductive and
adsorption abilities [101]. PRB containing ZVI has been used as an in situ remedi-
ation method for actual polluted soils [102]. Pollutants such as organochlorine
compounds in soil are introduced into the PRB using a groundwater stream and
detoxified via dechlorination using ZVI. However, the PRB cannot be used in clayey
soils because of its low-permeability to groundwater.

During the EK process, the EOF transports organochlorine compounds in clayey
soils to the reaction zone of ZVI. We attempted to remove and treat trichloroethylene
(TCE) in kaolin using the ZVI reaction zone built up in the EK process. Kaolin
containing 10 ppm TCE was used as the model polluted soil, and kaolin containing
1,000 ppm ZVI was used as the reaction zone. TCE contaminated kaolin was set in
the anodic two-thirds of the migrating chamber and the ZVI-kaolin was set in the
remaining part of the chamber. A direct current (DC) voltage of 20 V (potential
gradient of 2 V cm ") was applied between the two electrodes in each electrode
chamber for 48 h. Figure 12 shows the distribution of TCE in kaolin after 48 h of EK
operation with and without the ZVI reaction zone. TCE was transported to the

Fig. 12 Removal of TCE 15
from contaminated soil by

electrokinetic EK only
(EK) remediation with an

iron reaction wall. Potential

gradient: 2 V cm™!, 10

operation time: 48 h [103]
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cathode side by the EOF, and the TCE concentration in the ZVI reaction zone was
almost zero. A sufficient amount of TCE was detected in the kaolin at the same
position in the absence of a ZVI zone; this may be because TCE was dechlorinated
by ZVI in the reaction zone and converted into other compounds [103].

The combination of a ZVI reaction zone and the EK process enabled the in situ
remediation of polluted soil with organochlorine compounds, despite the
low-permeability of the clayey soil [104]. The EK process can control the water
flow between electrodes and introduce pollutants into the reaction zone, as opposed
to using a groundwater stream.

The combination of ZVI with the EK process was applied to reduce Cr(VI) to Cr
(II). Citric acid and Fe(II) are known to reduce Cr(VI), and Fe(Ill) is a catalyst that
enhances the reduction by citric acid. In ZVI, Fe(Il) eluted from ZVI by citric acid,
and the end product, Fe(Ill) from ZVI, contributed to the removal of Cr(VI) from the
contaminated soil [105]. The reduction of nitrate ions to ammonium by ZVI has also
been reported, and the effective induction of nitrate ions into the ZVI zone via the
EK process has been investigated [106, 107]. The reaction wall from iron effectively
dechlorinated TCE in laboratory- and field-scale experiments; this process is known
as the Lasagna system [108, 109]. These results indicate that the iron reaction wall
effectively transformed and removed the organic and inorganic pollutants from soil
during the EK process.

4.4.2 Decomposition

The Fenton reaction is an effective means of achieving the decomposition of organic
pollutants; this reaction uses OH radicals generated from the reaction of H,O, with
iron [110].

Fe(II) + H,0, — Fe(Il) + OH" + OH™ (6)

Yang and Long created a PRB consisting of scrap iron powder and demonstrated
the decomposition of phenol via the penetration of H,O, using the EK process
[111]. Park et al. reported that H,O, penetrated the soil through the EK process and
reacted with iron in the soil to decompose phenanthrene at the site [112]. Fe ions
generated through the corrosion of the iron electrode were used in the Fenton
reaction to decompose diesel oil or petroleum in soil [113, 114]. H,O, is a promising
reagent with a low environmental impact as it is converted to water after the
oxidation reaction. Persulfates have also been used to decompose organochlorine
pollutants as they generate nontoxic by-products. At high temperatures, persulfates
decompose to reactive SO, radicals and then to SO427.

$,08%" — 2804~ — 250, (7)
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Chowdhury et al. indicated that persulfates, which move toward the anode side as
an anion, are effective in the decomposition and removal of tetrachloroethene (PCE)
in low-permeability soils [115].

5 Electro-Assisted Phytoremediation

Phytoremediation is an environment-friendly technology and a safe and cheap
method for removing contaminants. This process introduces plants into a contami-
nated environment and allows them to take up contaminants and store them in the
plant tissues, such as roots and leaves [116]. Phytoremediation has been used to
clean up heavy metals, pesticides, xenobiotics, organic compounds, toxic aromatic
pollutants, and acids mine drainage [117]. However, such technology does not
guarantee consistent effectiveness and it may not be suitable for all types of
contaminated sites. The restoration of a contaminated site by phytoremediation
requires a long treatment time in which the cleanup depth is determined by the
length of the plant roots. If the concentration of the toxic compound is very high,
plants alone cannot efficiently remediate the soil [118, 119]. Phytoremediation may
be applied to a low to moderate contaminant concentration, where the bioavailability
of contaminants in the soil is below the phytotoxicity of the threshold limit, which
enables plants to germinate and grow [120].

Electro-assisted phytoremediation (EAPR) technology was first introduced by
Hodko et al. [121] and Bedmer et al. [122] to overcome the limitations of
phytoremediation. Following this, studies have recently proposed improvements in
the plant uptake of heavy metals from soil [120, 123-127]. In an EAPR system, a
low intensity DC electric field is applied to the contaminated plume, which is located
deeper than the root zone while being in the vicinity of growing plants. The electric
field enhances the bioavailability of metal ions toward plant roots through the
EK phenomenon (i.e., electromigration, electrophoresis, and electroosmosis). This
enables subsequent extraction, generating stressful conditions for the plants
[91, 128]. Hyperaccumulator plants that translocate greater amounts of heavy metals
from the roots to the aerial parts of plants, such as shoots and leaves, are considered
the best candidates for EAPR technology [129]. This method also enables the use of
plants with relatively shorter roots, encouraging the use of a variety of plant species
during the phytoremediation process [130]. In addition, the EK process is also used
to deliver water and nutrients required for plant growth; for example, there may be
higher levels of nutrients available to the roots growing under the EAPR system
[121]. The sequential application of an electrical field in soil remediation is possible
for both technologies. Phytoremediation may be applied at the site after EK reme-
diation to remove the residual concentration of contaminants, which results in
cleaner soil. The use of phytoremediation following EK remediation may contribute
to the recovery of soil properties that have been altered or damaged by EK remedi-
ation, improving soil structure through the influence of the root system. However,
EAPR technology is more effective and efficient as a remedial strategy than the
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sequential use of these technologies. A number of variables have a significant effect
on the EAPR technique for contaminated soil remediation: the application of
alternating current (AC) or DC, voltage or current level, mode of voltage application
(continuous or periodical), evolution of soil pH, electrolyte solution (e.g., low
concentration of weak organic acid or electrolyte salt), and the possible addition of
facilitating agents to enhance the mobility and bioavailability of contaminants
[91, 119]. Table 2 summarizes the laboratory conditions used in prominent studies
on aquatic EAPR systems, which are introduced in the following sections.

5.1 |Influence of Electrode Configuration

The electrode configuration in the EAPR system can also be installed horizontally or
vertically, allowing the solution to exchange between the electrode and the subsur-
face environment. This is essential for the proper functioning of EK remediation. To
date, most bench-scale and large-scale EAPR systems conducted in contaminated
soil have horizontal 1D configurations [128, 139, 140]. The effect of the vertical 1D
electrode configuration on the efficiency of the EAPR system was investigated in a
DC electric field to favor the transport of Pb toward the root zone [141]. The vertical
application of the electric field extended the phytoremediation process beyond the
root zone. The combination of the effect of the vertical electric field and addition of a
chelating agent prevent the leaching of Pb into groundwater [142].

Limited numerical sensitivity analyses have been conducted on 2D or axisym-
metric electrode configurations on EAPR systems [121, 143, 144]. In this configu-
ration, the cathode is placed at the center, while anodes are placed around the
perimeter of the cathode to generate 2D nonlinear electric fields. These configura-
tions were also used to increase the acidic environment generated by the anode and
decrease the basic environment generated by the cathode [18]. In the 1D electrode
configuration, the electric current density (i.e., current per unit area) was independent
of the electrode location. However, in 2D configurations, the electric current density
and strength of the electric field increased linearly with the distance from anode to
the cathode [18]. Hodko et al. proposed 1D and 2D electrode configurations in the
EAPR system to increase the depth phytoremediation in Pb-contaminated soil
(Fig. 13). This prevents the leaching of mobilized metals into groundwater
[121]. In one of the proposed electrode configurations, the cathode was placed in
the middle and surrounded by anodes in the soil perimeter to be treated. However,
there is no detailed information regarding metal transport and redistribution in the
soil following treatment.

Putra et al. first investigated the effectiveness of the 2D electrode configuration in
the EAPR system for the removal of Pb from commercial topsoil spiked with
100 mg kg:f1 of Pb(NO3), [130]. Kentucky bluegrass (Poa pratensis) was cultivated
in a rectangular EAPR cell (290 (L) x 240 (W) x 60 (H) mm); graphite anodes were
installed vertically in the four corners of the cell. The combined mesh net-wire and
rod of the stainless-steel cathode were placed on the soil surface. The effectiveness
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Table 2 Summary of electro-assisted phytoremediation (EAPR) in aquatic laboratory studies

Plant
(scientific
name) Contaminant Application Voltage/intensity | Reference
Lettuce Spiked water with Hydroponic culture, a AC:1Vem™, [131]
(Lactuca 5 mg L™" of cadmium | nutrient solution contam- | 10 Hz or 50 Hz
sativa) (CdCl,) inated with
Cd. Continuous AC and
oxygen supply to the
solution; batch reactor;
60 days period
Duckweed | Spiked water with Hydroponic culture, DC: Set up with [132]
(Lemna 150 pg L™" of arse- | spiked surface water con- | different voltages
minor) nate taminated with As of 0.7V, 5V, and
(Na,HAsO,4-7H,0) Continuous DC with 14V
stainless steel as anode
and cathode; semi-
continuous system;
6 days period
Water let- | Spiked water with Hydroponic culture, a DC: Constant 2 V| [133]
tuce 100 mg L™" Pb solu- | nutrient solution contam-
(Pistia tion and Cu inated with Pb and Cu
stratiotes) | (CuSO4-5H,0) Continuous DC with the
Ti anode and designed
stainless steel of cathode-
pot net-wire; batch reac-
tor; 7 days period
Water hya- | Spiked water with Hydroponic culture, a DC: Constant 2 V| [134]
cinth 100 mg L™" Pb solu- | nutrient solution contam-
(Eichornia | tion and Cu inated with Pb and Cu
crassipes) | (CuSOy4-5H,0) Continuous DC with the
Ti anode and designed
stainless steel of cathode-
pot net-wire; batch reac-
tor; 7 days period
Water hya- | Wastewater from the | Plant growth in wastewa- | DC: Constant 5 V | [135]
cinth chemical laboratory | ter
(Eichornia Continuous DC with the
crassipes) Ti anode and designed
stainless steel of cathode-
pot net-wire. First 2 h
with a batch system and
then continued for 2 h
with a flow system
Water hya- | Leachate Plant growth in leachate | DC: Constant 2 V | [136]
cinth Continuous DC with the
(Eichornia Ti anode and designed
crassipes) stainless steel of cathode-

pot net-wire; batch reac-
tor; 11 days period

(continued)
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Plant
(scientific
name) Contaminant Application Voltage/intensity | Reference
Vetiver Spiked water with Hydroponic culture, a DC: Constant 2 V| [137]
grass 30mg L' Cu nutrient solution with Pb
(Vetiveria | (CuSO4-5H,0) and and Cu concentration
zizanioides) | 12 mg L' Fe Continuous DC with the
(FeS0O4-7H,0) Ti anode and designed

stainless steel of cathode-

pot net-wire; batch reac-

tor. Aeration supply to the

solution; 7 days period
Rough Batik (textile) Plant growth in wastewa- | DC: 20 V of [138]
horsetail wastewater ter electrocoagulation
(Equisetum Continuous DC with the |and 5 V of EAPR
hyemale) Ti anode and designed

stainless steel of cathode-

pot net-wire. Combined

electrocoagulation and

EAPR system with the

semi-continuous flow.

Electrocoagulation is 1 h

and then continued with

7 days of EAPR

of the 2D electrode configuration was evaluated in a rapid assessment (48 h) using an
agar medium. The results show that the concentration of Pb** increases from the
bottom of the tray at the anode toward the cathode through the V-shape in the agar
medium and accumulates in the middle of the cathode area (Fig. 14). A similar
behavior was observed when the electrode configuration was used on
Pb-contaminated soil over 15 days of the EAPR process. However, the migration
of Pb** in the contaminated soil was significantly slower than that in the agar
medium because of the strong bonding with organic matter and clay minerals in
the soil. These results indicate that the 2D electrode configuration can be used in
EAPR systems. In the soil experiment, P. pratensis grew better in experiments with
the electric current than with no current, based on the observed biomass production.
Furthermore, the electric field improved the upward movement of Pb ions entering
the rhizosphere, after which the metal was extracted from the soil by plant roots.
Recently Putra et al. evaluated the effectiveness of a 2D electrode configuration to
remove Pb and Cu from spiked contaminated water with 100 mg L !of Pb(NOs),
and CuSOy [133, 134]. Floating aquatic plants such as water hyacinth (Eichornia
crassipes), and water lettuce (Pistia stratiotes) were cultivated in 15 L of rectangular
EAPR cells (400 (L) x 250 (W) x 350 (H) mm), with half-strength Hoagland
solution. In this study, a designed stainless-steel mesh of an electrode-pot as the
cathode was installed on the surface below the water table to increase the ion
concentration around the plant roots, and the anode was a titanium (Ti) rod that
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Fig. 13 Possible electrode configurations on the EAPR system to prevent leaching of contaminants
to groundwater and to extend the depth of the phytoremediation beyond the roots. Direct-current of
electric field was induced by horizontal (a), reversed polarity (b), axi-symmetrical/radial (¢) and
vertical (d) electrodes configuration [119]

[+] Stainless steel mesh/rod [+]
High conc. o Graphite rod

Upper

L1 %

=
8
o
L2 i

2
5 L3 3

sz" / / sz*

Low conc. Béttom

Fig. 14 A V-shape of concentrated lead in agar medium after 48 h of electrical processing at a
constant current of 50 mA. Agar medium was prepared by dissolving 100 g agar in a 3.8 L solution
of 150 mg L! Pb(NO3), and 2.5 mmol L! KNOj as a background electrolyte (n = 3)
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Fig. 15 Schematic of the designed electrode-pot as the cathode used to evaluate the effectiveness
of a 2D configuration within an aqueous EAPR system

was installed vertically in the four corners of the reactor (Fig. 15). Periodically, the
solution was sampled from the EAPR cell at three levels (bottom, middle, and upper)
to evaluate the effectiveness of Pb and Cu ion migration over a 7 days period. The
results showed that the Pb®* and Cu”* concentrations significantly decreased from
the bottom point in the first 2 days. At this point, Pb>* concentrations decreased to as
low as 60-93%, whereas Cu was as low as 80-99% of the initial concentration,
depending on the plant species used in the experiment. These results indicate that the
2D electrode configuration with the installed electrode-pot as the cathode effectively
transported metal ions toward the surface near the plant roots. Additionally,
E. crassipes and P. stratiotes grew better with an electric current. This was reflected
by the higher total chlorophyll and chlorophyll a/b ratio, compared to plants in the
phytoremediation with no current.

5.2 Application of EAPR Systems on Contaminated Water

Phytoremediation has been investigated for its ability to remove heavy metals from
groundwater in contaminated mine sites [145]. The viability of arbuscular mycor-
rhizal fungi (AMF) with phytoremediation to promote the biodegradation of organic
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pollutants in groundwater was discussed by Fester [146]. A phytoremediation study
in Taiwan showed that herbaceous plants could store higher quantities of heavy
metals than woody plants. However, woody plants such as camphor trees
(Cinnamomum camphora) may be used for the long period of phytoextraction of
Cd from soil and groundwater, as these trees accumulate high quantities of Cd in
their leaves and branches [147]. As such, it was difficult to evaluate the remediation
of contaminants in a stream of groundwater at the laboratory scale. However, most
EAPR studies at this scale have been conducted in hydroponic cultures.

The application of the EAPR system to remove Cd from hydroponic contami-
nated water was reported by Bi et al. [131]. This study determined whether 1 V cm ™"
of AC electric field with two different frequencies (10 and 50 Hz) could improve Cd
adsorption in the roots of lettuce (Lactuca sativa), and the possible translocation of
Cd?* to the shoots of the plant. A 5 mg L~! Cd concentration (i.e., CdCl,) was used
in the hydroponic solution. The results showed that the AC electric field had a
positive effect on biomass production in a non-contaminated medium compared to
the control plants. However, the biomass of plants grown in Cd-contaminated
medium with an AC electric field was higher than that of plants grown without
electrical treatment. Metal ion uptake was also accelerated by the presence of an
electric field in the medium, which favored the translocation of Cd** to the aerial
parts of the plant. In addition, chlorophyll content was higher in plants grown in the
Cd-contaminated medium when treated with an electrical field compared with the
control. These results showed that these plants can cope with Cd toxicity in the
growth medium. Overall, the efficiency of phytoremediation was >90% and 44%
under the influence of the 50 Hz and 10 Hz AC electrical field, respectively. This
study also detected selective metal uptake by plants. The high adsorption of certain
metal ions induced a competition effect in plants, which may limit the capacity of the
plant to adsorb other metal ions [119]. In this study, Cu was a competing metal ion
and was present at a low concentration (0.025 mg L™'). In general, these results
confirm the viability of the EAPR system for the treatment of heavy metals in
contaminated groundwater.

The viability of the EAPR system to remediate As-contaminated water was
evaluated by Kubiak et al. [132]. For over a decade, As was recognized as one of
the most hazardous contaminants on Earth. In Bangladesh and West Bengal, ele-
vated As concentrations are often associated with high Fe and Mn levels. Although
human exposure to As may occur from a variety of sources, drinking water poses the
greatest threat [148, 149]. In this study, Lemna minor was grown in spiked surface
water without any precleaning with an As concentration of 150 pg L™'. The surface
water contained various other elements including Mn (2.9 mg L"), Cu
(0.05 mg L_l), Fe (1.39 mg L_l), barium (Ba) (0.13 mg L_l), and phosphorus
(P) (0.25 mg Lfl). The 1D electrode configuration of the stainless-steel electrodes in
the reactor was positioned horizontally. The cathode plate was positioned at the
bottom of the reactor, and the 1 cm anode mesh was positioned below the water table
such that the plant roots were next to the anode. Two experiments were conducted
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over 6 h: (1) an experiment with a consecutive increase in the applied voltage (i.e.,
0.7,2.1, and 5 V), and (2) an experiment with constant voltage (1.4 V). No enhanced
adsorption of As in plants was observed when the electric field was applied during
the phytoremediation. However, a high decrease in As concentration in the aqueous
medium test was observed when an electric current was applied. The preliminary
results showed that the applied DC voltage removed 90% of the As ions from the
spiked surface water. This study proposed several explanations for the competition
between P and As in plant adsorption. In addition, the spiked As concentration in the
water may have been too low for the insignificant uptake of As by plants to be
observed. There may also be plant species that are more suitable for As
phytoremediation.

An evaluation of the EAPR system for the removal of heavy metals (i.e., Pb, Cu,
Cd, and Fe) and uptake by E. crassipes from leachate was demonstrated in a
laboratory-scale experiment by Putra and Hastika [136]. A similar dimension of
the EAPR batch reactor was used in this study, as shown in Fig. 15. An EAPR
system was implemented over 11 days at a constant DC voltage of 2 V. The results
showed that the concentrations of Fe, Cu, Cd, and Pb in the leachate decreased
significantly from 78%, 22%, 32%, and 30% of the initial concentrations, respec-
tively. The presence of the DC electric field in the aqueous medium accelerated the
metal ion uptake by the plant and the high translocation of metal ions to the aerial
plant biomass. The total chlorophyll content and chlorophyll a/b ratio showed that
the application of the DC electrical field in hydroponic phytoremediation may assist
E. crassipes in coping with stress conditions. High concentrations of heavy metals
from leachate were accumulated in the plant.

Putra et al. reported a continuous model of the EAPR system for wastewater
treatment in a chemical laboratory [135]. This study aimed to decrease the biochem-
ical oxygen demand (BOD), chemical oxygen demand (COD), and heavy metal
concentrations (i.e., Pb and Cu) from wastewater. A configuration of four EAPR
cells was connected by a single circulation wastewater treatment, hereafter referred
to as the colony system (Fig. 16). The viability of E. crassipes in the colony system
was evaluated using EAPR treatment for a large volume of effluent (i.e., 40 L). The
results from these studies were used to predict the viability of these technologies for
the remediation of industrial effluents under actual conditions. Each EAPR cell was
constructed according to previously reported methods, as shown in Fig. 15. The
EAPR process was carried out in the batch system for the first 2 h and then continued
with the flow system for a further 2 h at a constant DC voltage of 5 V. The results
showed that the BOD and COD did not change within the first 2 h in the batch and
flow processes, indicating that the colony system of the EAPR cell was ineffective in
decreasing the organic components in the wastewater. However, the Pb and Cu
concentrations decreased by as much as 46% and 47%, respectively, from the initial
concentrations. The results indicated that the colony system of the EAPR cell may
only be used to decrease heavy metal concentrations in wastewater.
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Fig. 16 Flow circulation of wastewater treatment in the EAPR system. The effluent is circulated in
the colony unit of EAPRs cell prior to discharging into an open body of water

5.3 Combination with Other Technologies
Jor the Remediation of Contaminated Water

A semi-continuous process of the combined electrocoagulation and EAPR system
for the treatment of textile effluent successfully decreased the COD and heavy metal
(i.e., Pb and Cr) concentrations [138]. The colony system of the EAPR cells was
used to evaluate the viability of rough horsetail (Equisetum hyemale) as an accumu-
lator plant during the process. Many studies have shown that electrocoagulation is an
efficient method for removing COD from wastewater in petroleum refineries [150],
mineral processing [151], electroplating [152], textiles [153], and batik [154]. This
method boasts efficiencies between 83% and 99% and generates fewer sludge
products than other alternative methods [155]. In this study, electrocoagulation
was conducted for 1 h under a constant DC voltage of 20 V, whereas each EAPR
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cell in the colony system proceeded for 7 days at a constant DC voltage of 5 V. First,
the effluent was flown into 10 L of an electrocoagulation reactor (350 (L) x 200
(W) x 200 (H) mm). This was constructed using Al as the anode and stainless-steel
sheets as the cathode. Each cathode consisted of three sheets (300 (L) x 200
(W) mm; 3 mm thick). Electrocoagulation was performed to decrease the COD
concentration in wastewater. The clarified solution from the electrocoagulation
process continued to flow into the 17 L EAPR cells of the colony system to remove
any remaining heavy metals prior to discharge into an open body of water. The
results showed that after 1 h of electrocoagulation, the COD concentration decreased
by as much as 70%, and heavy metal concentrations decreased by as much as 25%
and 7% for Cr and Pb, respectively. At the end of the EAPR system, the COD
concentration continued to decrease to 80.9%, and the Cr and Pb concentrations
decreased by as much as 35% and 25%, respectively.

An electrical system in a designed cathode-pot electrode induced more rapid
adsorption of metal ions in the EAPR system, which progressively increased phy-
totoxicity such that the plants died earlier than during a normal phytoremediation
process [134, 135]. Therefore, the EAPR system is supplemented by pumping air
into the wastewater to increase healthy plant growth such that the plant can live
longer in a stressful environment (Fig. 17). The effectiveness of the aerated-EAPR
system in the removal of Cu and Fe from contaminated water was first reported by
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(cathode)

Cathode-pot

Titanium
(anode)

Air diffuser

Air pump

Fig. 17 Aerated-EAPR system on water remediation. The aeration could extend the plant growth
and overcome earlier phytotoxicity on the plant
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Putra et al. [137], who used the hydroponic growth of vetiver grass (Vetiveria
zizanioides). This plant may be hydroponically cultivated in a wastewater medium
to remove Cu up to 15 mg kg~ ' of plant biomass. The plant was found to survive
even when the soil was contaminated with Cu up to 50100 mg kg~ soil [156]. Fur-
thermore, plants were able to accumulate up to 17 and 3 times the mg Pb kg~ dry
weight in the roots and shoots, respectively, when exposed to a Pb concentration of
1,200 mg L™". This demonstrates that the plants had wider adaptability and could
grow in various extreme locations for heavy metal remediation [157].

A similar dimension to the previously reported EAPR batch reactor was applied
in an aerated-EAPR study, as shown in Fig. 15. An aerated-EAPR system with
vetiver grass was applied over a 7-d period by a constant DC voltage of 2 V and an
airflow rate of 10 L min~'. The plant was grown in 15 L of spiked water containing
30mg L' of Cuand 12 mg L ™" of Fe. The effectiveness of aerated-EAPR, aerated-
phytoremediation, and phytoremediation was compared by observing the
phytomorphological changes in plants, chlorophyll levels (i.e., total chlorophyll
and chlorophyll a/b ratio), and decreasing heavy metal concentrations in the con-
taminated water. Chlorophyll content and the chlorophyll a/b ratio are indicators of
photosynthetic activity and are also often used as indicators of stress in plants. These
parameters have been used to direct and assess the exposure of plants to environ-
mental contaminants [158, 159]. The results of the study showed that the Cu and Fe
concentrations decreased in contaminated water by as much as 87% and 99% for
aerated-EAPR, which was higher than that of aerated-phytoremediation (82% and
99%) and phytoremediation (15% and 56%), respectively. The profile of heavy
metal uptake by plants indicated that the electro-assisted and aeration systems
could enhance phytoremediation with different results. For example, the concentra-
tion of heavy metals in the roots according to the method used was as follows:
phytoremediation > aerated-phytoremediation > aerated-EAPR. In contrast, the
heavy metal concentration had a higher translocation from roots to shoots of plants
in the aerated-EAPR system. High chlorophyll content in plants under the aerated-
EAPR system indicated that aeration and electro-assistance did not disrupt the
circulation of nutrients in plant tissues.

EAPR is an innovative, green, and sustainable technology that combines the
merits of phytoremediation and EK remediation. Using a 2D electrode configuration
of the electrode-pot as the cathode in floating aquatic plants and hydroponic exper-
iments, this technology improved metal uptake and favored the translocation of
metals from roots to shoots. The colony system of EAPR cells in a continuous flow
process may therefore be used in the future to treat industrial effluents.
Electrocoagulation and the EAPR system may be applied to decrease organic and
heavy metal contamination in textile effluents (i.e., batik wastewater).

The application of aerated-EAPR systems for wastewater treatment sought to
increase the bioavailability of contaminants to avoid earlier plant toxicity, with the
aim of facilitating the healthy growth of plants in a longer remediation period.
Generally, our findings show that the decrease in contaminant concentrations from
aqueous media using the EAPR system was more rapid than phytoremediation in
the soil.
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6 Disaster Pollution

Suitable remediation technologies should be adopted based on the characteristics of
the contaminated environment. For example, pollution from natural disasters can
generate a vast contaminated area and involves various substances where treatment
occurs over a protracted period. This section describes the potential of EK remedi-
ation for the Great East Japan Earthquake of 2011.

6.1 Saline Soil

Plant growth becomes difficult in soils containing high concentrations of salt, and
salt damage has often been observed in irrigated agriculture in drylands and
reclaimed land and is also observed in greenhouses where water supply by rain is
limited. A tsunami caused by an earthquake transports a large amount of salt via
seawater to the land; consequently, the concentration of salt in the soil rapidly
increases. For the Great East Japan Earthquake, approximately 23,600 ha of agri-
cultural fields were salt damaged; the electrical conductivity (EC) exceeded 700 mS
m~ ! in the soils of the Twate Prefecture, Japan [160]. Sodium ions, the main cations
in seawater, change the aggregate structure of soil particles, creating finer soil
particles, which lowers soil porosity and reduces permeability [161, 162]. Generally,
the water infiltration method, in which pure water is introduced to soil and elutes salt
from soil, is applied for the desalination of saline soil. However, this method loses its
effectiveness in low-permeability soils such as clayey soil; it requires a large amount
of water and remediation occurs over an exceptionally long period. Therefore, we
investigated the potential of the EK remediation for desalinating saline soil. The
model saline soil was prepared using NaCl and two types of agricultural soil
(andosol; the organic content of soil A was 4.8% and soil B was 11.3%) in Aomori
Prefecture, Japan. Figure 18 shows that Na* moves toward the cathode side, with no
significant difference in Na® distribution in each soil [163]. In this experiment,
although distilled water was used as the electrolyte, the soil pH did not change
significantly owing to its pH buffering capacity. Lee et al. reported that over 90% of
nitrate ions were removed from contaminated soil in a greenhouse (initial concen-
tration of 27,985 mg kg~ ') by the EK process after 54 days of operation [164].

These results indicate that the EK process is an effective method for remediating
saline soils.

6.2 Radioactive Species

The Korea Atomic Energy Research Institute (KAERI) has been developing various
remediation technologies for contaminated areas and waste for some time, owing to
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the presence of radioactive species around the research reactor (TRIGA; Training,
Research, Isotope, General, Atomic) in Seoul, Republic of South Korea
[165, 166]. At these sites, uranium (U) exists as a hydroxide or is adsorbed onto
soil components. Kim et al. applied EK remediation to soils contaminated with U
and were able to reduce the concentration to below the clearance level (1 Bq g~ ")
after 34 days by using nitric acid to maintain a low pH in the cathode electrolyte. The
number of days required for remediation increased with the initial concentration of
radioactive species; with an initial concentration of 100 Bq g~ ', the clearance level
could be achieved in 49 days [167].

In Berkshire, United Kingdom, there is a site contaminated with plutonium
(Pu) at the Atomic Weapons Establishment Aldermaston site. Pu is also considered
to exist in a poorly soluble form of oxide or hydroxide in soil. Agnew et al. reported
that Pu formed a complex with citric acid, and Pu was removed as an anionic
complex using EK remediation. They also attempted pilot-scale experiments with
2.4 m® of soil, finding that the removal efficiency varied depending on the distance
from the electrode; for approximately 0.4 m® of soil the Pu concentration was below
1.7 Bq g~ ! after 60 days of operation [168].

These results indicate that EK remediation may be an excellent tool for the
treatment of soils contaminated by radioactive species.

6.3 Cesium Pollution

In March 2011, the Fukushima Daiichi Nuclear Power Plant accident occurred, and a
large amount of radionuclides was released into the environment. The volume of
contaminated soil was estimated to be approximately 21.4 Mm?® [169]; therefore,
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there is an urgent need for an effective remediation technology. In particular, '*’Cs
has a half-life of ~30 y, which represents a long-term impact on human activity and
ecosystems. This section introduces some research on EK remediation for the
removal of Cs, including stable isotope '**Cs.

Al-Shahrani and Roberts investigated the behavior of '**Cs in kaolin using EK
remediation. The removal efficiency of '**Cs from contaminated soil (450 mg Cs*
kg™") was 38% and 79% after 48 h and 10 days, respectively. However, the removal
efficiency of '**Cs from actual soil around the Sellafield nuclear facility (United
Kingdom) showed a decrease [170]. Oguri et al. reported that approximately half of
the '**Cs was removed from a model contaminated andosol (4,000 mg Cs* kg™
after 36 h of EK operation (potential gradient: 1.3 V .ecm™") [171]. A soil chamber
with a 20° slope was designed to apply the EK process for a mountain field.
Horticultural soil containing '*>Cs (50 mg kg~ ') was prepared and filled into the
equipment, and the EK process was applied with acetic acid (0.01 mol L™") as the
electrolyte. The removal efficiency of '>*Cs was 87% after 21 days of operation;
however, with soil particles that were less than 40 pm, its removal efficiency
decreased, and only 60% of '**Cs was removed [172]. Igawa et al. reported that
the removal efficiency of '**Cs from model soil (18 mg kg~") prepared using black
soil in Tochigi Prefecture, Japan, was only 0.25% after 49 h of operation [173]. Kim
et al. prepared a model contaminated soil using the soil around a research reactor
(514 mg Cs* kgfl), where several organic acids (EDTA, citric, oxalic, and acetic
acid) were evaluated as electrolytes. After 15 days of operation, acetic acid was the
most effective in removing '**Cs from soil, with a removal efficiency of 84.2%
[174]. Jung et al. applied the EK process to model contaminated soil at the Hanford
site (668 mg Cs* kg™ ') in the United States, which also suffers from radioactive
contamination, and obtained a 47% removal efficiency of '**Cs after 68 days of
operation [175]. These removal efficiencies vary in each study, and this variance
may be due to the soil type.

6.4 Interaction with Soil Components

Andosols are widely distributed in Japan and contains volcanic ash and humic
substances. Section 4.2 explains that humic substances have various functional
groups and interact with many cationic species. However, the interaction between
Cs™ and humic substances is relatively weak because Cs* is monovalent ion and
large ionic diameter [176]. On the other hand, Fukushima Prefecture is rich in clay
minerals such as biotite and vermiculite derived from Abukuma granite. These clay
minerals are known to have a strong interaction with Cs*; for example, the desorp-
tion efficiency of Cs* from biotite decreases with aging time [177]. These effects
maintain Cs™ on the ground surface and inhibit its deeper dispersion into the soil
[178, 179]. Takahashi et al. reported that humic substances interfered with the
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Fig. 19 Fractionation of Cs in the presence of differing humic acid (HA) content in horticultural
vermiculite

interaction between Cs* and clay minerals and induced the high mobility of radio-
active Cs* [180]. As Cs* is strongly affected by these soil components, we evaluated
these effects using model soil and HA.

The model soil was prepared using vermiculite for horticultural use and HA. It
was thoroughly mixed following the addition of '**Cs. The fractionation of Cs in
various HA model soil contents was evaluated using a modified sequential extraction
analysis [181]. Figure 19 shows that approximately 60% of Cs* in horticultural
vermiculite without HA is present as F5 (residual); this is the species that strongly
adsorb and fix Cs*. The ratio of FO (water extraction) and F1 (exchangeable) was
approximately 20%. The fractionation of Cs as F5 decreased with increasing HA
content. When horticultural vermiculite containing 10 wt% of HA was used, almost
half of the Cs was present as FO and F1, which was characterized by a weak
interaction. The fractionation of FO and F1 increased with HA content as Cs*
interacted with functional groups such as the carboxyl group of HA, which is easily
desorbed by ion exchange [182]. As HA was also transported by the EK process (see
Sect. 4.2), it was anticipated that Cs™ would be removed by HA. This estimate cannot
be quantitatively discussed in terms of organic matter content; however, based on the
findings of several previous studies, weakly bound Cs™ may have been removed.

The strong interaction between Cs* and clay minerals makes it difficult to
decontaminate Cs-polluted soils. We compared the removal efficiency of Cs™ from
pyrophyllite and horticultural vermiculite using EK process. Although pyrophyllite
and vermiculite are 2:1 type clay minerals, their basal spacing and electric charge are
different. The adsorption capacity of pyrophyllite and horticultural vermiculite for
Cs* were 1.2 and 18.8 mg g~ ', respectively. We prepared soils with differing
vermiculite content, in which the concentration of Cs* was adjusted to 0.1 mg g~ .
After the application of the EK process for 3 days, the removal efficiency of Cs*
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from pyrophyllite was 21%. This efficiency decreased with an increase in vermic-
ulite content, and most Cs was not removed from the 100% vermiculite. These
results indicate that the strength of the interaction with Cs* significantly differed for
each 2:1 type clay mineral [183]. The basal spacing of pyrophyllite was 0.93 nm, and
this value was comparable to the total thickness of one octahedral sheet and two
tetrahedral sheets, indicating that there was no space to receive Cs™ in the interlayer
of pyrophyllite. In addition, pyrophyllite is ideally uncharged, whereas vermiculite
has a negative charge due to its isomorphous substitution on the tetrahedral sheet. As
such, pyrophyllite cannot fix Cs* into its structure. In contrast, biotite and vermic-
ulite have a sufficiently large basal spacing to uptake Cs* in its interlayer, and the
adsorbed Cs™ is not easily desorbed [184]. These properties of clay minerals also
significantly affect the removal behavior of Cs™ by the EK process, and some new
approaches should be considered to design effective remediation.

6.5 Application for Contaminated Radioactive Waste

The EK process has been applied to various contaminated soils and waste materials.
Kim et al. indicated that the concentration of '*’Cs in ash from the incineration
facility in Fukushima Prefecture decreased from 3040 Bq g~ to below 2.0 Bq g~
after 10 days of operation [185]. Additionally, over 90% of Cs and cobalt (Co) from
the radioactive contaminated concrete particles below 0.5 cm (~2 Bq g~ ") was
removed over 25 days of the EK process [186]. These results indicate that the EK
process is effective in remediating radioactive wastes.

The groundwater around the Fukushima Daiichi Nuclear Power Plant was also
contaminated after the accident. We designed a lab-scale EK process to prevent
contaminated groundwater from dispersing into the environment (Fig. 20a). The
model flow channel was prepared using pyrophyllite and glass beads, and
uncontaminated pyrophyllite was filled between the flow channel and the electrode
chamber. CsCl solution (10 mg L™") was supplied to the “inlet,” and then eluted
from the “outlet.” When no potential gradient was applied, Cs™ was detected along
the flow channel and was present in the “outlet” solution (6.9 mg L_l) (Fig. 20b).
However, at a potential gradient of 1 V cm™ !, Cs*™ accumulated in the soil near the
cathode side by electromigration and EOF (Fig. 20c). The concentration of Cs* in the
“outlet” solution decreased by more than 85%, indicating that the EK process has the
potential to control the distribution of Cs* in groundwater [187]. In 2017, a frozen
soil wall was constructed around the Fukushima Daiichi Nuclear Power Plant, which
prevented groundwater penetration. Unfortunately, tritium and trace amounts of
37Cs (3—4 Bq kg™ ") have been observed [188], highlighting the need to continu-
ously monitor the behavior of radionuclides.
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Fig. 20 (a) Schematic of the EK process for the model groundwater scenario; (b) distribution of Cs
in soil without the potential gradient; and (c) with the potential gradient (1 V ecm™")

7 Conclusion

EK remediation has various advantages and shows potential as an environmental
remediation technology; the treatment range can be controlled between the elec-
trodes, and it may be applied to low-permeability soils. Substances with low
environmental impact have been developed and combined with EK remediation to
increase the effectiveness of its use in treating soils. Chapters “Magnetic Separation
of Pollutants for Environmental Remediation” and “Easily Collectable Floating-up
Adsorbents to Remove Pollutants” describe the development of adsorbents such that
they may be easily collected after adsorbing pollutants; these adsorbents may be
applied as remediation technology for aquatic environments [189—191]. A process in
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which novel adsorbents recover pollutants removed from the soil by EK remediation
may also be designed. Moreover, the EK process has been investigated for the
ferritization of heavy metals to make them insoluble, prolong the longevity of the
PRB, and dewater solids such as sludge and sediment [192-194]. As of 2020, there
are few effective technologies for the in situ remediation of contaminated soils with
heavy metals. Although the EK process presents some challenges, its advantages can
be utilized in various fields.
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Abstract Environmental contamination is increasing day by day due to different
natural and anthropogenic activities that lead to the soil, water, and food chain
contamination. This becomes a major challenge to decontaminate the natural envi-
ronment. Thus, ultimately the environmental pollutants are being taking tolls from
the living being of this planet. There are a lot of potential approaches to remove
pollutants from the environmental matrices including the phytoremediation. The
phytoremediation is a low-risk and environmentally friendly clean-up method where
plants are used to decontaminate the environment. In this chapter, efforts were given
to accumulate and synthesize the published research data on phytoremediation
technologies with their principles, mechanisms, and application to remove the
contaminants from the soil and water environment. Phytoremediation techniques
including phytoextraction, phytofiltration, rhizofiltration, phytostabilization,
phytodesalination, phytodegradation, phytovolatilization, and phytomining are
briefly discussed. Based on the recent literature, organic, inorganic, desalination,
and wastewater treatment through phytoremediation techniques were presented with
the achieved outcome. Fundamental considering factors such as enrichment factor,
bioaccumulation factor, bio-concentration factor, phytodesalination capacity were
also presented here. A comprehensive spectrum of potentially applicable
phytoremediators was listed in this chapter which might open up the opportunity
to advance further research in this particular remediation technique. Moreover, this
chapter also gives an overview of the advantages and limitations of the
phytoremediation techniques. In addition, post-harvest safe management of
phytoremediator plants was also discussed. This chapter might be a good source of
scientific evidence on phytoremediation that will be useful for the further advance-
ment of research in this particular field.

Keywords Environmental remediation, Metals, Organic pollutants,
Phytoextraction, Salinity

1 Introduction

“Phytoremediation” comes from two words: phyto and remedium. Phyto comes from
greek prefix meaning “plant” and remedium comes from Latin root meaning “to
correct” or “to remove an evil.” Phytoremediation simply refers to remediate or to
remove contaminants from soil or water using plant species. It can also be termed as
the use of plants with or without associating microbes to reduce the toxicity or the
concentration of contaminants from the environments [1].

Phytoremediation is defined as “the efficient use of plants to remove, detoxify or
immobilize environmental contaminants in a growth matrix (soil, water or sedi-
ments) through the natural biological, chemical or physical activities and processes
of the plants” [2].
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Environmental contamination is increasing with time due to different natural and
anthropogenic activities that leads to the soil, water, and food chain contamination
and ultimately poisoning to the living being of this planet (Fig. 1). Different
remediation technologies have been assigned to remove the contaminants from the
environment like physico-chemical approaches like precipitation, membrane filtra-
tion (reverse osmosis), adsorption, ion exchange, permeable reactive barrier, etc., [3]
and biological approaches like bioremediation and phytoremediation. But these
physico-chemical approaches need high technological knowledge, expensive and
create secondary pollutions. Microbes are used in bioremediation techniques which
are difficult to harvest from contaminated sites and only can be used for removal of
biodegradable pollutants.

On the other hand, phytoremediation has received much attention since 2000. It is
used for the removal of organic, inorganic, radionuclides, single or multiple con-
taminants removal from the in-situ and ex-situ environment. It has low operational
and maintenance cost. Phytoremediation has high public acceptance for esthetic and
ecological restoration. It has comparatively high enhancement perception compared
to other traditional physical and chemical remediation technologies. Different envi-
ronmental remediation technologies are shown in Fig. 2. About 50,000 publications
related to phytoremediation have been published in the last 20 years [4].

Phytoremediation is driven by solar and it is also a low-cost clean-up green
technology [5]. Phytoremediation technology can reduce the cost 5% less than the
alternative technology [6]. In phytoremediation technology it cost $60,000-$
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100,000, whereas other conventional methods cost $400,000 [6]. Plants generally
uptake the pollutants without affecting the soil and water environment and it ensures
the quality and utility of the medium. Green plants have some special characteristics.
They can uptake pollutants and neutralize toxicity by various mechanisms.

Phytoremediation is suitable for large-scale sites. In large field site other conven-
tional methods are not suitable whereas phytoremediation is cost effective and
practical [7]. From economic purpose, it can be said that the application of
phytoremediation is divided into three types. They are: (1) Phytostabilization as
risk contaminant; (2) Phytomining as Ni, Tl, and Au, etc., metal extraction [8];
(3) Phytoextraction as durable land management. Through phytoextraction process
soil quality gradually improves. It helps soil in subsequent crop cultivation with
higher market value [9]. Even, willow, jatropha, and poplar can be used as they are
fast-growing and high biomass productive plants for both phytoremediation and
energy production [10]. It is an alternative solution to chemicals and bulldozers and
it has become popular as “Green Clean” terminology [11]. It is a sustainable
technology with a good future perspective in the field of environmental pollution
remediation. Phytoremediation is environment friendly and it does not disturb the
natural environment.
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2 Principles of Phytoremediation

The principle of phytoremediation technique is that plant roots either break the
contaminant down in the soil or absorb the contaminant up, then store the contam-
inant in the stems and leaves of the plants. The root system provides an enormous
surface area that absorbs and accumulates the water and nutrients essential for
growth, as well as other non-essential contaminants. Plant roots also cause changes
at the soil-root interface as they release inorganic and organic compounds (root
exudates) in the rhizosphere. These root exudates affect the number and activity of
the microorganisms, the aggregation and stability of the soil particles around the
root, and the availability of the contaminants. Phytoremediation can be applied in the
field of agricultural field for removal of contaminant and land preparation for
cultivation, industrial and mining sites, commercial waste disposal sites to remove
the contaminants from these sites [12]. It can be effectively carried out for remedi-
ation of heavy metals, petroleum hydrocarbons, chlorinated solvents, pesticides,
radionuclides, explosives, and excess nutrients [13]. The classification of
phytoremediation is given below:

* Phytoextraction:

Phytoextraction is also familiar as phytoabsorption, phytoaccumulation or
phytosequestration. It can be defined as the use of pollutant-accumulating plants
by absorbing or storing in their harvestable parts, i.e. shoots, leaves to remove
metals or organic pollutants from soil or water. In phytoextraction, pollutants are
translocated and accumulated in these plants part [14—16] (Fig. 3).

Metals are often translocated to shoots by phytoextraction process. It is an
effective biochemical process [17, 18].

Induced Phytoextraction

Translocation of complex in
shoots

Uptake of metal chelate

complex by roots
Metal

Chelate

Metal

Chelates increasing metal
solubility

Fig. 3 The process of induced phytoextraction in the process of chelates
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Fig. 4 Plant-microbes symbiotic relation for phytoremediation of organic pollutants

* Phytodegradation:

Phytodegradation is defined as the use of plants to degrade organic pollutants
by plants with the help of enzymes such as oxygenase and dehalogenase. It does
not depend on microorganisms in the rhizosphere [9]. In this process plants
accumulate organic xenobiotics from the contaminated environments. Through
this metabolic process plants detoxify the environment. For this reason, green
plants are also termed as “Green Liver” for the biosphere. But it has some
limitation too. It cannot remove the metals as they are nonbiodegradable. It can
remove the organic pollutants only. Nowadays, genetically modified plants such
as transgenic poplars are used for phytoremediation. Scientists have also shown
their interest to study about synthetic insecticides and herbicides in this purpose.

* Rhizofiltration:

Rhizofiltration is termed as the breakdown of organic pollutants mainly metals
from water and soil by plants root and microorganisms in the rhizosphere
[19]. Rhizosphere refers to 1 mm around the root and is under the influence of
the plant [20]. Plant—microbes symbiotic relation for phytoremediation of organic
pollutants is shown in Fig. 4.
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Fig. 5 Phytoremediation of
soil environment
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Through this process plants can accumulate about 10-100 times higher in the
rhizosphere by the secretion of exudates containing carbohydrates, amino acids,
flavonoids. Rhizofiltration stimulates carbon and nitrogen source to the soil.
Thus, it creates a nutrient rich soil where microbial activities are stimulated. In
addition, plants also release certain enzymes capable of degrading organic con-
taminants in soils [21].

e Phytostabilization:

Phytostabilization is also known as phytoimmobilization. It is defined as the
use of plants to stabilize the contaminant in the soil or to reduce the bioavailable
pollutants from the environment [22]. Phytostabilization helps in reducing the
mobility of pollutants. Thus, it prevents pollutant to enter into the food chain or
migration in groundwater [23]. In rhizosphere, plants can immobilize heavy
metals in soils through sorption by roots, precipitation, complexation, or metal
valence reduction [24]. The toxicity varies upon the metal valences. Plants help in
converting hazardous metals to relatively less toxic condition by excreting redox
enzymes. It also helps in decreasing possible metal stress and damage such as Cr
(VI) to Cr (IIT); Cr (III) is less toxic and less mobile [25]. Phytostabilization also
helps in limiting the heavy metals in biota and in minimizing leaching into
underground water. Phytostabilization has some limitation too. It is not a perma-
nent solution as heavy metals remain in soil. It can limit the movement only.
However, it is a management strategy to stabilize the potential toxic contaminants
[9] (Fig. 5).

e Phytovolatilization:

Phytovolatilization refers to the use of plants to uptake pollutants by convers-
ing them to volatilize pollutant and subsequent release into the atmosphere. It is
used for mainly organic pollutants. It is also used for heavy metals like Hg and
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Fig. 6 Phytofiltration of
water environment

Root

Se. But, the limitation of the study is that the pollutants are removed partially
from soil to the atmosphere. It can be redeposited again in the atmosphere.
Phytovolatilization is termed as the most controversial of phytoremediation
technologies [26].

e Phytofiltration:

Phytofiltration refers to the use of plants to remove pollutants from water
environment such as surface water and waste water [19]. Phytofiltration may
work like rhizofiltration (use of plant roots) or blastofiltration (use of seedlings) or
caulofiltration (use of excised plant shoots; Latin caulis = shoot). In this process,
the contaminants are absorbed or adsorbed. Thus, the contaminants are limited
their movement to underground waters. The process is shown in Fig. 6.

* Phytodesalination:

The most emerging technique of phytoremediation is phytodesalination
[27]. Phytodesalination is defined as the use of halophytic plants to remove
salts and ions from salt-affected soils. By desalinizing soil, it helps in supporting
the normal growth of plants [28]. Studies shows that halophytic plants are
comparatively better adapted with saline environment naturally compared to
glycophytic plants [29]. According to the studies, two halophytes, Suaeda
maritima could remove 504 kg and Sesuvium portulacastrum could remove
474 kg of sodium chloride from 1 ha of saline soil in a period of 4 months.
Therefore, S. maritima and S. portulacastrum could be successfully used for not
only to accumulate NaCl from highly saline soils but also for crop production
after a few repeated cultivation and harvest [30]. Another study has reported
accumulation of about 1 t ha~" of Na* ions in the above-ground biomass of the
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Fig. 7 Integrated process of metal recovery or phytomining (modified from Sheoran et al. [8])

obligate halophyte S. portulacastrum cultivated on a salinized soil. The resultant
decrease in salinity and sodicity of the phytodesalinized soil significantly reduced
the negative effects on the growth of the test culture of the glycophytic crop,
Hordeum vulgare [26].

e Phytomining:

Phytomining has opened a new corner named “bio-ore.” Bio-ore is used to
recover or extract heavy metals from the remaining ash. Energy is also got from
phytomining. An advantage of phytomining is that the energy comes from the
combustion of biomass can be sold [31]. The commercial use of phytomining
often depends on the efficiency of phytoextraction and current market value of the
processed metals. However, it has been commercially used for Ni. It is found that
it is less expensive than the conventional extraction methods. Using Alyssum
murale and Alyssum corsicum, one can grow biomass containing 400 kg Ni ha™"
with production costs of $250-500 ha~"'. The process of phytomining is shown in
Fig. 7.

Here different phytoremediation techniques available are shown Fig. 8 and
summarized in Table 1.

3 Factors Considering for Effective Phytoremediation
Technique

3.1 Enrichment Factor (EF)

The EF is calculated to derive the degree of contamination and heavy metal
accumulation in environment and in plants growing on contaminated site with
respect to substrate (soil, water, etc.) and plants growing on uncontaminated soil
[33]. It can be calculated by
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EF = Conc.of metal in substrate or plant parts at contaminated site/

Conc.of metal in substrate or plant parts at uncontaminated site

3.2 Translocation Factor (TF)

The TF or mobilization ratio is calculated to determine the relative translocation of
metals from the substrate (soil, water) to the various plant components (root, stem,
and leaf) [34, 35]. It can be calculated by.

TF = Concentration of metal in plant tissue (root, stem, or leaf)/

Concentration of metal in corresponding water or root

3.3 Bio-Concentration Factors (BCF)

The BCF provides an index of the ability of the plant to accumulate the metal with
respect to the metal concentration in the substrate [36]. The result of BCF can be
calculated (L kg_l) as follows.
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Table 1 Different mechanisms of phytoremediation techniques and target contaminants (modified
from Ghosh and Singh [32])

Techniques

Definition

Mechanism

Contaminants

Phytoextraction

Use plants to absorb, translocate,
and store toxic contaminants from a
soil matrix into their root and shoot
tissue

Hyper accumulation
from soil

Inorganic

Phytofiltration or | Use of roots to uptake and store Hyperaccumulation | Inorganic or
Rhizofiltration contaminants from an aqueous from water organic
growth matrix
Phytostabilization | Plant-mediated immobilization or | Complexation Inorganic
binding of contaminants into the
soil matrix, thereby reducing their
bioavailability
Phytovolatilization | Use of a plant’s ability to uptake Volatilization by Inorganic or
contaminants from the growth leaves organic
matrix and subsequently transform
and volatilize contaminants into the
atmosphere
Phytodegradation | Use of plants to uptake, store, and | Degradation by Organic
degrade contaminants within its enzymatic reactions
tissue within plant
Phytomining Phytoaccumulation of mining ele- | Hyperaccumulation | Inorganic
ments as bio-ore of mining elements
as bio-ore
Rhizodegradation | Use of rhizospheric associations Degradation in the | Organic
between plants and symbiotic soil | rhizosphere by
microbes to degrade contaminants | microorganisms
Phytodesalination | Accumulation of salts in shoot parts | Hyper accumulation | Inorganic
and desalination of saline soil and | of salt from soil and
water water
Table 2 Definition of BCF BCF values Class
<1 Excluder
>1 Accumulator
>1,000 Hyperaccumulator

BCF = Concentration of metal in the plant parts (root, stem, or leaf) (mgkg™')/

Concentration of metal in the substrate water (mg L_l)

Depending on the BCF values, plants can be classified as follows [37] (Table 2).
The following concentration criteria for different metals and metalloids in dried
foliage with plants growing in their natural habitats: 100 mg kg ' for Cd, Se and TI;
300 mg kg7l for Co, Cu and Cr; 1,000 mg kgfl for Ni, Pb and As; 3,000 mg kg7l
for Zn; 10,000 mg kg~ ' for Mn. Generally, hyperaccumulators achieve 100-fold
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higher shoot metal concentration (without yield reduction) compared to crop plants
or common nonaccumulator plants.

3.4 Phytodesalination Capacity (PDC)

PDC from hydroponic experiment can be estimated by measuring pot surface area,
total biomass per pot, Na ion concentration in plants, and plant productivity (plant
dry weight per hectare), by using the following formula as described by Islam
et al. [38].

PDC = Productivity x Na ion concentration

Results of PDC are expressed as kg per hectare wetland or pond or any confined
water body or soil.

4 Applications

4.1 Phytoremediation of Organic Pollutants

Phytoremediation of organic pollutants has some limitations too. Plants cannot
degrade these volatile compounds fully within plant system and often organic
pollutants are found in heterogeneous streams mixed with other chemicals and
distributed in a highly non-uniform manner. Naturally, microorganisms can rapidly
degrade the lower concentration of organic pollutants in the environment. Zayed
et al. [37] reported that plant can uptake pentachlorophenol at concentration above
10 mg kg~ due to soil microorganism degraded them at lower concentration.
Organic xenobiotics with a log K, (octanol/water partition coefficient) <1 are
considered to be very water-soluble, and plant roots do not generally accumulate
them at a rate surpassing passive influx into the transpiration stream [39]. Contam-
inants with a log K, > 3.5 show high sorption to the roots, but slow or no
translocation to the stems and leaves. However, plants readily take up organic
xenobiotics with a log K, between 0.5 and 3.5, as well as weak electrolytes
(weak acids and bases or amphoteres as herbicides). These compounds seem to
enter the xylem faster than the soil, and rhizosphere micro flora can degrade them,
even if the soil is enriched with degrading bacteria [40]. Once taken up, plants
metabolize these contaminants, although some of them, or their metabolites, such as
trichloroethene, which is transformed into trichloro acetic acid, can be toxic. Alter-
natively, plants preferentially release volatile pollutants, such as benzene, toluene,
ethylbenzene and xylene compounds and trichloroethene and their metabolites, into
the environment by evaporation via the leaves, which calls into question the merits
of phytoremediation [41]. Some enhanced engineered phytoremediation
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technologies were used by some researchers to mitigate these toxic evaporated
organic pollutants. Ma et al. [42] examined that the endophytic bacteria equipped
with the appropriate degradation pathway increased in planta degradation of toluene.
After surface-sterilized lupine seeds were successfully inoculated with the recombi-
nant strain, the engineered endophytic bacteria strongly degraded toluene, resulting
in a marked decrease in its phytotoxicity, and a 50-70% reduction of its evapotrans-
piration through the leaves. Thus, it is difficult to remediate organic pollutants using
plant itself only, without cooperation of microorganisms.

4.2 Phytoremediation of Heavy Metals/Inorganic Pollutants

Phytoremediation technology is widely used as the removal of metals or inorganic
pollutants. Worldwide metal pollution has been recognized as serious environmental
pollution. Industrialization has also created disturbance in natural biogeochemical
cycle. Various extraction process and different industrial activity have released Cd,
As, Pb, Hg, Cr, Ni, Cu, Zn, and so on, into the environment [43]. Heavy metals are
non-degradable, and accumulate in food chain. Further, most of them are toxic and
carcinogenic for human. Nowadays, heavy metal recovery or treatment is of great
concern because of their recalcitrant and persistent characteristics
[44]. Phytoremediation technology is a successful technology for heavy metal
remediation. Here, plant acts like hyperaccumulator. One of the hyperaccumulators
is Thiaspi caerulescens accumulated up to 26,000 mg kg~' Zn, without showing
injury; and up to 22% of soil exchangeable Cd from contaminated site [45]. Another
one is Brassica juncea, commonly called as Indian mustard, has been found to be a
good ability to transport lead from the roots to the shoots. Some calculations indicate
that Brassica juncea is capable of removing 1,550 kg of lead per acre [46]. On a
worldwide basis, plant species having more than 1,000 mg kg~ ' metal removing
ability are known more than 320 plant species for Ni, 30 plant species for Co,
34 plant species for Cu, 20 plant species for Se, 14 plant species for Pb, and one plant
species for Cd. The species involved in hyper accumulation have been tabulated
[47]. Metal removing ability exceeding 10,000 mg kg ' has been recorded 11 plant
species for Zn and ten plant species for Mn [47]. Pteris vittata has been shown to
accumulate as much as 14,500 mg As kg~ ' fronds from soil without showing
toxicity symptoms [48]. Micranthemum umbrosum can absorb 1,220 mg As kg~
and 800 mg Cd kgf1 from a contaminated water environment [47, 49]. Nowadays,
scientists are trying to find more suitable plants or develop genetically engineered
plants for effective phytoremediation of inorganic pollutants from the environment.

Plant uptake inorganic pollutants like heavy metals from solution through their
roots and in submerged condition, whole plant body acted as an active site for
absorption [3]. After entry into roots, heavy metal ions or sodium ion (in case of
phytodesalination) can either be stored in the roots or translocated to the shoots
primarily through xylem vessels [6, 50] where they are mostly deposited in vacuoles
[38]. Heavy metal sequestration in the vacuole is one of the ways to remove excess
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metal ions from the cytosol, and may reduce their interactions with cellular meta-
bolic processes [8, 51]. The entire mechanism of phytoextraction/phytofiltration of
heavy metals has five basic aspects: mobilization of the heavy metals in soil and
water, uptake of the metal ions by plant roots, translocation of the accumulated
metals from roots to aerial tissues, sequestration of the metal ions in plant tissues,
and metal tolerance. Mechanisms governing heavy metal tolerance in plant cells are
cell wall binding, active transport of ions into the vacuole, chelation through the
induction of metal-binding peptides, and the formation of metal complexes
[52, 53]. The most important peptides/proteins involved in metal accumulation and
tolerance are phytochelatins (PCs) and metallothioneins (MTs). Plant PCs and MTs
are rich in cysteine sulfhydryl groups, which bind and sequester heavy metals in very
stable complexes [49, 54]. PCs are small glutathione (GSH)-derived, enzymatically
synthesized peptides, which bind metals and are principal part of the metal detox-
ification system in plants [55-58].

4.3 Improved Quality of Wastewater Through
Phytoremediation

Wastewater contains large amount of different pollutants that have serious environ-
mental and health hazard implications on humans, animals, plants, and microorgan-
isms in the environment and this usually leads to great environmental challenges
[59]. The reuse of treated wastewater in aquaculture/agriculture practices is encour-
aged to minimize demand on freshwater resources. Many researchers have applied
various macrophytes such as water hyacinth (Eichhornia crassipes), water lettuce
(Pistia stratiotes L.), water spinach (Ipomoea aquatica), duckweed (Lemna spp.),
vetiver grass (Chrysopogon zizanioides), common reed (Phragmites australis), etc.
and microalgae including Chlorella vulgaris for phytoremediation of different types
of waste water to achieve better quality water for agricultural and domestic purposes.
The most important factor in the implementation of phytoremediation of contami-
nated water is the selection of appropriate plant that has a high uptake of nutrients
and great capacity of pollutants removal and grows well in polluted water [60].

4.4 Use of Halophytes to Remediate Saline Soils

It was postulated that 6% (more than 800 million ha) of the world lands are affected
by salinity, which is mainly due to natural causes (salt accumulation over long
periods of time in arid and semi-arid regions) or to secondary salinity that affected
in 2008 already 2% (32 million ha) of the dryland-farmed areas and 20% (45 million
ha) of the irrigated lands in the world [61]. Soil phytodesalination is based on the
capacity of some halophytes to accumulate enormous sodium quantities in their



Phytoremediation: Background, Principle, and Application, Plant Species. . . 213

shoots [38]. Preconditions for an applicable candidate for soil desalination are at
least a high salt resistance, a high biomass production, a considerable shoot sodium
content, and a high degree of economic utilization (such as fodder, fuel, fiber,
essential oil, and oil seeds). Shoot-succulent halophytes meet these requirements
since they are able to accumulate enormous Na® quantities within their above-
ground organs. Such as, S. portulacastrum is a promising halophyte for
phytodesalination programs. S. portulacastrum is a cold-sensitive species. The
duration of phytodesalination process depends on soil salinity and sodicity. Zhao
and Abdelhafez [62, 63] demonstrated that some halophytes (such as Suaeda salsa,
Suaeda fruticosa, Arthrocnemum indicum, Halocnemum strobilaceum) can remove
enormous sodium quantities from soil and accumulate them in their shoots.
Ravindran et al. [64] evaluated also in six halophytes (Suaeda maritima Dum.,
Sesuvium portulacastrum L., Clerodendrum inerme Gaertn., Ipomoea pes-caprae
Sweet., Heliotropium curassavicum L., and Excoecaria agallocha L. (a tree) the
ability to reduce salinity in the upper 40 cm of soil. A similar evaluation based on
soil and halophyte analyses was performed in the three perennial species:
Tecticornia indica (or Arthrocnemum indicum), Suaeda fruticosa, and Sesuvium
portulacastrum. Islam et al. [38] conducted a hydroponic experiment growing
Ipomoea aquatica, Alternanthera philoxeroides, and Ludwigia adscendens at 0-7
dS m~! salinity level and found that I. aguatic has high phytodesalination capacity
(130 kg Na* ha™'). They also revealed that spongy mesophyll cells along with
sub-stomatal cells in leaf and xylem vessels along with vacuolar sequestration might
be responsible for Na accumulation in the stem of these halophytes.
Phytodesalination is an emerging technique used to cope with salinity/sodicity
problems in arid and semi-arid regions. However, its application requires an opti-
mization, including the choice of the convenient halophyte and the season of its
culture. However, plant desalination cannot be adapted to extremely high sodium
soil. Plants used for phytodesalination purposes can have several post-harvests uses
(fodder, biofuel production, oil extraction, essential oil extraction, medicinal use)
and can thus have two simultaneous beneficial utilizations.

5 Plants Species Suitable for Phytoremediation

Suitable plant species for phytoremediation are listed in Table 3.

6 Advantages of Phytoremediation

Phytoremediation has been identified as an emerging, low-cost, and eco-sustainable
solution for heavy metal pollution prevention and control. It is the most suitable
alternative technology to conventional physico-chemical remediation technologies,
which are highly expensive and technically more suited to small areas, create



214 M. S. Islam et al.
Table 3 Good candidates for phytoremediation
Contaminated
Plant areas Pollutants Reference
Pteris vittata Soil Arsenic [64, 65]
Epilobium dodonaei Vill Mining waste Arsenic [66]
Warnstorfia fluitans Water Arsenic [67]
Puccinellia frigida Soil Boron [68]
Ricinus communis Soil Cadmium [64, 65]
Iris sibirica Wetland Cadmium [48]
Ipomoea aquatica, Alternanthera Water Sodium [38]
philoxeroides,
Ludwigia adscendens
Micranthemum umbrosum Water Arsenic, Cadmium [49]
Sesuvium portulacastrum Soil Sodium [69]
Helianthus annuus Soil Chromium [70]
Rose plant Soil Chromium [71]
Phalaris arundinacea Water Chromium [72]
Pennisetum annuus Soil Cobalt [73]
Brachiaria decumbens Soil Copper [74]
Vossia cuspidata Water Copper [75, 76]
Pistia stratiotes Wetland Copper [75, 76]
Pisum sativum Soil Lead [77]
Hordeum vulgare Soil Lead [78]
Noccaea caerulescens Hydroponic Lead [79]
condition
Brassica napus Soil Zinc [80]
Epilobium dodonaei Vill Mining waste Zinc [66]
Pistia stratiotes Wetland Zinc [75, 76]
Cyperus alternifolius Wetland Zinc [64, 65]
Noccaea caerulescens Hydroponics Zinc [79]
Phytolacca americana Hydroponics Manganese [81]
medium
Jatropha curcas Soil Mercury [82]
Brassica juncea Soil Mercury [83]
Phragmites australis Sediments Mercury [84]
Limnocharis flava Water Mercury [82]
Salix matsudana Hydroponics Mercury [85]
medium
Brassica juncea Soil Nickel [86]
Typha domingensis Sediments Nickel [65]
Tagetes erecta Water Nickel [87]
Stanleya pinnata Soil Selenium [88]
Brassica sp. (wild type) Soil Selenium [88]
Lactuca sativa Water Selenium [89]
Allium schoenoprasum L. (Chive) Soil Ni, Co, Cd [90]

(continued)
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Table 3 (continued)
Contaminated
Plant areas Pollutants Reference
Brassica juncea L. (Indian mustard) | Soil and water Cd, Cu, Zn, Pb [91-95]
Brassica napus L. (canola) Soil Cd, Cu, Zn, Pb [93, 96,
97]

Cajanus Cajan (L.) Milsp. (pigeon | Soil As, Cd [98]

pea)

Cicer aeritinum L. (chickpea) Soil Cd, Pb, Cr, Cu [99-101]
Cucumis sativus L. (cucumber) Water Pb [92]
Eichhornia crassipes L. (water ‘Water As, Cr, Zn, Cs, Co [102-104]
hyacinth)

Jatropha curcas L. (purging nut, Soil Fe, Al, Cu, Mn, Cr, As | [20, 105,
physic nut) 106]
Lantana camara L. (lantana) Soil Zn, Hg, Pb [107]
Lens culinaris Medic. (lentil) Soil Pb [108]
Lepidium sativum L. (cress) Soil As, Cd, Fe, Pb, Hg [109, 110]
Lactuca sativa L. (lettuce) Soil Cu, Fe, Mn, Zn, Ni, Cd | [109-111]
Medicago sativa L. (alfalfa) Soil Pb, Co, As, Cd [112]
Oryza sativa L. (rice) Soil Cu, Cd [113]
Pistia stratiotes L. (water lettuce) Water Cr, Cd, As [114-116]
Pisum sativum L. (pea) Soil Pb, Cu, Zn, Fe, Cd, Ni | [98, 117-

120]
Rapanus sativus L. (radish) Soil As, Cr, As, Cd, Fe, Pb, |[109, 121]
Cu

Spinacia oleracea L. (spinach) Soil Cd, Cu, Fe, Ni, Pb, Zn, |[122-126]
Solanum nigrum L. (black) Soil Cr, Cd [127-129]
Sorghum bicolor L. (sorghum) Soil Cd, Cu, Zn, Fe [130]

Zea mays L. (corn) Soil Cd, Pb, Zn, Cu [126, 131]
Salix Populus Soil, water Heavy metals [132]
Brassica napus, B. juncea, B. nigra | Soil, water, Ni [133]

groundwater
Cannabis sativa Soil Radionuclides, heavy [134]
metals, Se

Helianthus Soil Radionuclides, Cd [135]
Typha sp. Soil Pb, Cd [136]
Brassica juncea Mine wastewater | Mn, Cu, Se [131]
Glyceria fluitans Heavy metals [137]
Lemna minor Mine tailings- Heavy metals [138]

wetland

secondary pollution and deteriorate soil fertility, and thus adversely affect
agroecosystem [139]. It is an eco-friendly, non-intrusive, and esthetically pleasing
remediation technology that removes metal pollutants from the contaminated sites
[140, 141]. Phytoremediation technology is applicable to a broad range of contam-
inants, including metals and radionuclides, as well as organic compounds like
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chlorinated solvents, polychloribiphenyls, polycyclic aromatic hydrocarbons, pesti-
cides/insecticides, explosives, and surfactants.

7 Post-Harvest Management of Plants
for Phytoremediation

Some possible ways to handle the plant used for phytoremediation, such as

. Carbonization and incineration,

. Hydrolysis and fermentation,

. Briquetting,

. Production of biogas, and

. Bio-recovery or disposed as hazardous waste.

S S R S

Figure 9 shows the possible way of post-harvest treatment of phytoremediator
plants:

8 Limitations of Phytoremediation

Phytoremediation is highly promising technique for remediation of soil and water.
But it has some limitation too. The limitation of phytoremediation is given below:

* Phytoremediation takes long time for clean-up.

» The efficiency of phytoremediation for most of the metal is usually inhibited by
their low biomass and slow growth rate.

e It is difficult to mobilize more tightly bound fraction of metal ion from soil.
Example: limitation of bioavailable contaminant in soil.

* Phytoremediation is applicable for low to moderate level metal contamination as
in highly polluted areas plant growth does not sustain.

» Ifitis not possible to take proper care and mismanagement, food chain may fall in
risk of contamination.

Accumulation of heavy
metal in harvestable

Harvest of metal Biomass
rich biomass combustion to

plant biomass reduce volume

! ,

Energy Production Safe disposal in
specialized dumps

Fig. 9 Post-harvest treatment of phytoremediator plants
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9 Conclusion

Phytoremediation is an alternative green remediation technology of conventional
energy based costly cleaning methods that can be applied in contaminated sites
without disturbing the natural environment and very less or no secondary pollution.
In some cases, especially soil and water environment become improved after
phytoremediation. From the above review, it is concluded that several naturally
grown plants have already been identified as hyperaccumulators for the reclamation
of specific toxic soil and water environment due to their high biomass, high
bio-concentration factors, and translocation factors from soil to root and root to
harvestable shoot with their mechanisms. There are some plants that are used for
phytoremediation of water environment, their whole-body act as active sites for
absorption of contaminants. Every technology has some advantages and disadvan-
tages. Phytoremediation technology is not exception of that. Though there are some
disadvantages like time consuming and post-harvest management but have more
advantages than traditional methods like esthetic, conserve natural environment, act
as CO, sinkers, O, producers, increases soil fertility and productivity, very less or no
secondary pollution, etc. Integrated approaches along with traditional and
phytoremediation can be enhancing the decontamination of the contaminated sites
within short time. Researchers should focus more to develop some transgenic
varieties for phytoremediation of contaminated sites.

Recommendations

Phytoremediation is a solar-driven natural technology that can be applied “in-situ”
and “ex-situ” to remediate contaminated soil and water sites. Phytoremediation also
possesses environmental and socioeconomic merits over other physical and chem-
ical clean-up methods. However, some recommendation is given below for future
works.

1. As phytoremediation is an interdisciplinary approach, researchers and scientists
from different background are encouraged to apply their knowledge in this field.

2. Hyperaccumulation of various types of contaminant in existing plant kingdom
should be explored to find more effective contaminant accumulators.

3. For phytoremediation in the field, extensive and reliable risk assessment studies
should be conducted before applying any transgenic plants.

4. Unbiased and honest cost benefit analysis studies should be conducted in the field
for the green technology named phytoremediation.

5. To understand the interaction among contaminant, soil, microbes, and plants,
more studies should be conducted.

6. To improve understanding about the fate of metal ions in plant tissues, metal
hyperaccumulation and tolerance of contaminant in plants, advancement in
spectroscopic and chromatographic techniques should be exploited.

7. International forum like IUPAC should be developed for arranging meetings,
seminars to discuss and promote phytoremediation technology. It can be helpful
for searching solutions and challenges faced by the technology.
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Abstract Water treatment based on electrochemical methods is a powerful means
of degrading both biologically and chemically resistant organic compounds. Most
organic pollutants can be removed or converted to chemicals of low toxicity using
one or more electrochemical processes, including electrochemical oxidation/reduc-
tion, electrocoagulation, electroflotation, electrodialysis, and advanced electrochem-
ical oxidation methods. Among the various electrochemical treatments used for
organic pollutants, electrochemical adsorption offers a unique water treatment
approach in that it utilizes the electrochemical oxidation reactions of target pollutants
to obtain clean water via electrochemical polymerization or the formation of highly
hydrophobic oxides. In the electrochemical adsorption method, the electrode
exhibits dual functions both as a catalyst to promote the electrochemical reaction
of the target pollutant and as an adsorbent to accumulate the products of the
electrochemical reaction. In this chapter, the electrochemical oxidation of bisphenol
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A and its derivatives and their treatment with carbon fibers are introduced. In
addition, the applications of electrochemical adsorption to other organic pollutants,
such as aniline, estrogens, p-nonylphenol, phenol, and chlorinated phenol, are
presented. Moreover, recent progress in electrochemical adsorption using various
electrode materials such as carbon nanotube-covered polyester yarn, PbO,, granular
carbon, stainless steel, carbon aerogel, and polyaniline is reviewed.

Keywords Adsorption, Decomposition, Electrocoagulation, Flotation,
Photoelectrochemical

1 Removal of Organic Pollutants from Water Using
Electrochemical Techniques

Electrochemical methods offer distinct advantages for the removal of organic pol-
lutants compared with biological, physical, and chemical procedures. Biological
methods are frequently inhibited by the coexistence of toxic substances and depend
on conditions, such as nutrients, temperature, and pH. Conversely, electrochemical
reactions are not influenced by conditions, such as toxicity, component of nutrients,
or water temperature. Meanwhile, physical processes such as adsorption by activated
carbon and separation by membranes may lead to limited mass transfer due to the
low concentration of pollutants. Since these processes only accumulate and remove
pollutants, they require further processes to recover or decompose the collected
pollutants. Electrochemical methods do not require the use of harmful reactive
chemicals, compared to chemical and hybrid methods. Water treatment based on
electrochemical methods proceeds as long as the electrical current or potential is
supplied to the electrode. Therefore, the removal of organic pollutants from water
has been demonstrated using various electrochemical methods, such as electrochem-
ical and photoelectrochemical decomposition, electrocoagulation, and flotation,
which are detailed in recent review articles [1-4].

The electrochemical treatment techniques of organic compounds aim at the
oxidative decomposition of organic pollutants, which have been established as
advanced oxidation technologies (AOTs) because of their effectiveness, versatility,
energy efficacy, ease of automation, and chemical stability. Platinum and dimen-
sionally stable anodes (DSAs) have been used for the oxidative decomposition of
various organic compounds. DSAs are also called mixed metal oxide electrodes,
which are prepared by the thermal deposition of a thin layer of a metal oxide (e.g.,
Sn0O,, PbO,, RuO,, and IrO,) on a base metal [5]. In particular, the removal of
various phenolic compounds has been extensively studied since the purification of
wastewater containing phenolic compounds is a longstanding problem owing to the
low biodegradation rate and high toxicity of phenol derivatives [6-9]. The target
organic compounds are decomposed directly by electrochemical oxidation owing to
the reactivity of radical species generated by the electrochemical oxidation of water
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or supporting electrolytes on the anode surface. Even chemically stable organic
compounds that are resistant to anodic oxidation are indirectly decomposed by
strong oxidants, such as hydroxyl radicals.

For example, 2,2'-bis(4’-hydroxyphenyl) propane (bisphenol A) is commonly
used as a target for electrochemical decomposition-based organic pollutant removal.
Because it serves as an endocrine-disrupting chemical (having estrogenic activity)
[10], it is used as a raw material in the production of polycarbonate and epoxy resins.
The electrochemical degradation of bisphenol A has been studied using Pt, Pt/Ti,
PbO,/Ti, SnO,/Ti, Sb—-SnO,/Ti, and boron-doped diamond anodes [11-16]. In our
previous study, the electrochemical decomposition of bisphenol A using Pt/Ti and
SnO,/Ti anodes was conducted [14]. Figure 1 shows the concentration of bisphenol
A during electrochemical decomposition. The complete degradation of 1.0 mM
bisphenol A was achieved using the SnO,/Ti anode in 1 h. The SnO,/Ti electrode
was more effective for the electrochemical decomposition of bisphenol A than the
Pt/Ti electrode. Figure 2 shows the changes in the total organic carbon (TOC) value
of a bisphenol A solution during electrochemical decomposition using Pt/Ti and
SnO,/Ti anodes. The removal of TOC reveals the mineralization of bisphenol A
during electrolysis. In both cases, the TOC value decreased with the increased
electrolysis time, indicating that bisphenol A was decomposed to CO, and
H,0. Although approximately 50% of the TOC in the bisphenol A solution was
removed in 20 h when the Pt/Ti electrode was used, the complete removal of TOC
was achieved within only 6 h using the SnO,/Ti anode. Therefore, while the
conversion of bisphenol A to intermediates was fast for both anodes, the decompo-
sition efficiency for the mineralization rate of intermediates was higher for the SnO,/
Ti anode than that for the Pt/Ti anode. Aromatic intermediates in the bisphenol A
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solution were identified by GC-MS after electrochemical decomposition for 2 h. In
the case of the Pt/Ti electrode, p-benzoquinone, hydroquinone, and 2,6-bis
(1,1-dimethylethyl)-4-methylphenol were observed. However, these intermediates
were barely detectable in the solution treated using the SnO,/Ti anode, suggesting
that aromatic intermediates rapidly oxidized to organic acids during electrolysis
using the SnO,/Ti anode. Aliphatic acids as intermediaries are formed by further
oxidation of aromatic derivatives. Changes in the concentration of some aliphatic
acids during the electrochemical decomposition of bisphenol A are shown in Fig. 3.
In the case of electrochemical decomposition using the Pt/Ti anode, maleic acid,
citric acid, and tartaric acid were determined. Citric acid and tartaric acid are stable
toward further treatment using the Pt/Ti anode, and they did not disappear even when
the period of electrochemical decomposition was extended to 35 h (Fig. 3a). On the
contrary, only tartaric acid was detected in the bisphenol A solution during electrol-
ysis using the SnO,/Ti electrode (Fig. 3b). The concentration of tartaric acid
produced by the electrochemical decomposition of bisphenol A peaked at 3 h and
then rapidly decreased, whereas the formation rate of tartaric acid was slow in the
case of the Pt/Ti electrode, and its decomposition was not observed within the time
scale of the experiment. These results indicate that bisphenol A rapidly oxidized to
organic acids and further oxidized to CO, and H,O, which was faster for the SnO,/Ti
anode compared to the Pt/Ti anode. Therefore, the SnO,/Ti anode was verified to be
an efficient catalytic electrode for the mineralization of bisphenol A. The electro-
chemical decomposition mechanism of bisphenol A is illustrated in Fig. 4. The
electrochemical decomposition of bisphenol A proceeds via two pathways: In the
first path, bisphenol A is decomposed to organic acids via the generation of aromatic
intermediates by direct oxidization at the electrode surface. In the second path,
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Fig. 3 Generation and destruction of aliphatic acids during the electrochemical decomposition of
bisphenol A by (a) Pt/Ti anode and (b) SnO,/Ti anode. The electrochemical treatment was
performed galvanostatically at 0.3 A in 0.1 M Na,SO, involving 1.0 mM bisphenol A. The
concentrations of bisphenol A (open circle), tartaric acid ( filled circle), citric acid ( filled square),
and maleic acid ( filled triangle) were determined by HPLC [14]
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Fig.4 Schematic diagram for the mineralization of bisphenol A by electrochemical decomposition

using SnO,/Ti anode. The generation (left) and decomposition (right) of intermediates are shown
during electrolysis. The mineralization rates of the intermediates depend on the electrode material

bisphenol A and its intermediates are indirectly oxidized to CO, and H,O by
hydroxyl radicals. The evolution of oxygen on the anode surface upon the oxidation
of water can be described by:

2H,0 — 20H + 2H" + 2~ (1)
20H — 2H" + 0, + 2e~ (2)
To mineralize bisphenol A, the mineralization efficiency of aliphatic acids as

intermediates is a key factor, which is strongly related to the performance of
hydroxyl radical production. The overpotential of the SnO,/Ti anode for oxygen
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evolution is high, which means the efficiency of oxygen production shown in Eq. (2)
is low. Therefore, the enhanced bisphenol A mineralization capability achieved
using the SnO,/Ti anode is due to the production of hydroxyl radicals.

Further, electrochemical adsorption methods, which involve the adsorption of
target organic pollutants onto the electrode and the removal of pollutants from water,
have been reported. Electrochemical adsorption utilizes electrochemical reactions,
especially electrochemical polymerization, to transform organic compounds into a
form that can be easily adsorbed on the electrode surface. This method aims to
adsorb and remove low-concentration contaminants by the electrochemical transfor-
mation of contaminants, contrary to the conventional strategies pursuing the
functionalization of adsorbents in the adsorption treatment of organic contaminants.
In this chapter, recent literature on this method is reviewed as follows.

2 Electrochemical Polymerization-Based Organic Pollutant
Removal

Electrochemical adsorption methods require electrodes that display dual functions:
to promote the electrochemical reaction with the target contaminant and to adsorb
the products of the electrochemical reaction. The electrochemical oxidation of
phenol and its derivatives causes the inactivation of graphite or noble metal elec-
trodes. This is due to the deposition of the electrochemically polymerized film,
which is formed when the phenoxy radical attacks unreacted substrates [17—
19]. This means that phenolic compounds can accumulate and form a polymer
film on the electrode surface, providing their removal from water. Therefore, we
first confirm whether this method can be applied to the removal of bisphenol A. In
this section, the treatment of bisphenol A and its derivatives by electrochemical
polymerization is described. The electrochemical reactions of bisphenol A and its
derivatives on glassy carbon electrodes are introduced, and the results obtained from
their electrochemical adsorption treatment using carbon fibers are explained. Fur-
thermore, the applications of electrochemical adsorption using carbon fibers for the
removal of other organic compounds such as aniline, estrogens, p-nonylphenol,
phenol, and chlorinated phenol are presented. Furthermore, the electrochemical
adsorption techniques using different electrode materials such as carbon nanotube-
covered polyester yarns, PbO,, granular carbon, stainless steel, carbon aerogel, and
polyaniline are reviewed.
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Na,SOy solution at various ’
pH values. The <
measurements were 3
performed using a glassy = 20
carbon electrode at a scan q:,
rate of 0.01 V/s [21] g
O 1.0
0.0
0.0 0.2 0.4 06 0.8 1.0
Potential vs. AG/AgCI (V)
(@) (b) © ;
?Hg (I:I} THQCH;_-_C—OH
AT S0 TGS Vg S LW o
CHs o] CHj

Fig. 6 Chemical structure of (a) bisphenol A, (b) bisphenol S, and (¢) diphenolic acid

2.1 Electrochemical Oxidation Behavior of Bisphenol A and
Its Derivatives

The linear sweep voltammograms are shown in Fig. 5 for the oxidation of bisphenol
A at various pH values using a glassy carbon electrode. The oxidation potential of
bisphenol A shifted to lower potentials with the increased pH. At pH 9.4, two
oxidation peaks were observed. Since the pKa of bisphenol A is 9.8 [20], these
two peaks correspond to the oxidation of neutral bisphenol A and its phenolate ion.
These linear sweep voltammograms indicate that the phenolate ion is more easily
oxidized than neutral bisphenol A.

The chemical structures of bisphenol A, bisphenol S, and diphenolic acid are
shown in Fig. 6. These compounds exhibit similar electrochemical behavior. The
progressive cyclic voltammograms showed irreversible electrochemical oxidation
(Fig. 7). In the first cycle, a well-defined peak current corresponding to the oxidation
of these compounds was observed. The oxidation potentials of bisphenol A,
bisphenol S, and diphenolic acid were 0.65, 0.97, and 0.7 V, respectively. The
oxidation peak currents for these compounds disappeared completely in subsequent
potential scanning, indicating that the formation of the electropolymerized film on
the electrode surface blocks further monomer access to the electrode after the
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oxidation by the first sweep of the potential. The electrochemical oxidation behavior
of bisphenol A has been detailed in our previous chapter [21, 22]. The direct
oxidation of phenolic compounds via one- and two-electron transfer generates the
phenoxy radical and quinone, respectively. This electrode reaction can be expressed

as follows [23]:

OH O 0 O OH 0

‘ -, -H ’ i -« H,0,-H* ™ .2¢, 20"
| - - - | - . - B -
J 0.85-0.90 V vs. SCF L o 090095V vs. SCE
(pH 5.0) (pH 5.0)
OH O

The electrochemical polymerization of bisphenol A, bisphenol S, and diphenolic
acid on the carbon electrode surface might result from the dimerization of the
phenoxy radical and/or free-radical multistep-growth polymerization with the mono-
mer or the oxidized monomer initiated by phenoxy radicals. The increment of
hydrophobicity due to dimerization may also be related to the enhanced adsorption
on the electrode surface.

2.2 Electrochemical Adsorption Using Carbon Fibers
Jor Removal of Bisphenol A and Its Derivatives

The progressive cyclic voltammograms shown in Fig. 7 indicate that the
electropolymerization of bisphenol A, bisphenol S, and diphenolic acid produces a
nonconducting thin film on the anode surface, which causes the passivation of the
electrode surface and prevents the growth of the film. To achieve water treatment
based on electrochemical adsorption, electrodes with a large surface area are desired.
Therefore, we selected carbon fibers as a suitable electrode material. The SEM image

a c
4.0 4.0 .
|
Z 30 3.0 '\
2 ‘ -
=20 2.0 r
o |
5 1.0 1.0 !
0.0 0.0
0.00.20.40.60.81.0 1.2 0.00.20.4 0.60.81.0 1.2 0.00.20.4 0.60.81.0 1.2

Potential vs. Ag/AgCI (V)

Fig. 7 Progressive cyclic voltammograms of 1.0 mM (a) bisphenol A, (b) bisphenol S, and (c)
diphenolic acid in 0.1 M Na,SO, solution (pH 5.8). The measurements were performed using a
glassy carbon electrode at scan rate 0.015 V/s. The scanning of the potential were repeated for

10 times between 0 and 1.3 V [22]
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Fig. 8 SEM image of the
carbon fiber electrode
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Fig. 9 Relationships between the removal ratio and the treatment time of (a) bisphenol A, (b)
bisphenol S, and (c) diphenolic acid at 0.75, 1.0, and 0.8 V, respectively, in 0.1 M Na,SO,
containing 1.0 x 107® M (filled circle), 1.0 x 107> M (filled triangle), 1.0 x 10~* M ( filled
square) bisphenol A, bisphenol S, and diphenolic acid (pH 5.8) and without applied potential in
1.0 x 10°°M bisphenol A (open circle), 1.0 x 107° M bisphenol S (open triangle), and
1.0 x 10™* M (open square) diphenolic acid [22]

of carbon fibers is shown in Fig. 8. This is a bundle of fibrous carbon with a diameter
of about 10 pm. In the removal experiments, carbon fibers with a surface area of
ca. 650 cm” were used as a working electrode. A coiled platinum wire as a counter
electrode was inserted in a Vycor glass tube isolated from the treated water. The
removal of bisphenol A, bisphenol S, and diphenolic acid from aqueous solution by
electrochemical adsorption was performed in the batch cell by stirring under a
constant potential of 0.75, 1.0, and 0.8 V (vs. the Ag/AgCl electrode), respectively.

Figure 9 shows the removal efficiency during treatment for several concentrations
of bisphenol A, bisphenol S, and diphenolic acid solutions using carbon fibers with
or without applying a potential. While the removal of these compounds was
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Fig. 10 Relationships between the removal efficiency and the treatment time of (a) bisphenol A,
(b) bisphenol S, and (c¢) diphenolic acid at 0.3 (open circle), 0.5 (open triangle), 0.6 (inverted open
triangle), 0.7 (open diamond), 0.8 ( filled square), 0.9 ( filled circle), 1.0 ( filled triangle), and 1.2 V
(filled diamond). The treatments were performed in 0.1 M Na,SO, (pH 5.8) containing
4.0 x 107° M bisphenol A, bisphenol S, and diphenolic acid [22]

negligible when no potential was applied, high removal efficiency was obtained with
the application of potential. At an initial concentration of 1.0 x 10~° M for all target
substances, complete removal by electrochemical oxidation was achieved in 10 min.
The higher the initial concentration required longer treatment time, and the removal
rate was limited to an initial concentration of 1.0 x 10~* M. This is because the
insulating film formed on the carbon fiber surface prevents further electrochemical
oxidation of the monomer on the carbon fiber electrode. The surface coverage of the
electropolymerized film formed by bisphenol A, bisphenol S, and diphenolic acid on
the carbon fiber was estimated to be ca. 1.9(40.95) x 1072, 4.6(£0.18) x 10~°, and
2.7(£0.72) x 10~° mol/cm?, respectively. As shown in Fig. 10, the removal
efficiency of this method strongly depends on the applied potential. Satisfactory
removal curves for bisphenol A, bisphenol S, and diphenolic acid were obtained by
applying a potential over 0.7, 1.0, and 0.8 V, respectively, which corresponds to the
peak potentials for the oxidation of these compounds. Therefore, high removal
efficiency for these compounds is not due to their hydrophobic adsorption on the
carbon fiber surface. The electropolymerized bisphenol A film formed on the CF
surface was characterized by FT-IR and UV/vis. Polymeric bisphenol A was char-
acterized after extraction from carbon fibers by chloroform. These results confirmed
that the electropolymerized bisphenol A film was mainly composed of aliphatic
hydrocarbons including carbonyl groups.

The influence of humic acid on the removal of bisphenol A using the electro-
chemical adsorption was investigated. Humic acid is an abundant natural product in
the environment. The content of humic acid in common surface water is 1-5 ppm,
and it may exceed 40 ppm in specific places, such as peat land [24]. Humic acid is a
macromolecule comprising hydrophobic and hydrophilic portions and contains
carboxyl, carbonyl, alcohol, and phenolic hydroxyl groups that can form complexes
with heavy metal ions and hydrophobic organic compounds. The removal of
bisphenol A (4.0 x 107 M) from aqueous solution containing 2, 5, and 10 ppm
humic acid was studied by applying a potential of 0.75 V. The results showed that
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the presence of humic acid hardly influences the removal of bisphenol A. In chem-
ical degradation methods, including photochemical and electrochemical techniques,
as well as adsorption methods using activated carbon, the presence of humic acid
acts competitively to remove the target substance. This method allows selective
removal of bisphenol A, i.e., an electropolymerizable organic compound, from
wastewater even in the presence of humic acid, unlike the treatment methods
based on decomposition and adsorption.

The application of electrochemical decomposition to a flow system with a packed
column-type electrode is usually difficult because of bubble generation during the
electrochemical reaction. For example, electrochemical oxidative decomposition
methods require the application of a high potential, which is concurrent with water
electrolysis. The generation of oxygen bubbles on the anode not only diminishes the
active area on the electrode surface but also prevent the flow of solution in the
system. Conversely, the electrochemical adsorption method does not involve the
electrolysis of water because the process is conducted at a low potential and current
density. Therefore, this method is suitable to be applied to a continuous treatment
process using a simple flow system with a packed-type column electrode. To achieve
the continuous treatment of bisphenol A in aqueous solution, the flow system with a
column-type carbon fiber electrode cell, as shown in Fig. 11, was demonstrated. In
this system, the carbon fiber equivalent to 1,300 cm? surface area packed in a Vycor

1

b v

g

Fig. 11 Schematic of the flow-type cell for electrochemical adsorption: (a) water inlet, (b) Vycor
glass tube (working electrode component), (c) reference electrode (Ag/AgCl), (d) counter electrode
(a spiral platinum wire), (e) working electrode (a bundle of carbon fibers), (f) electrical connection
(a platinum rod), and (g) water outlet [22]
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Fig. 12 (a) Continuous treatment of 5.0 x 10°°M bisphenol A in Na,SO, (pH 5.8) at a flow rate of
2 mL/min with an applied potential of 0.75 V ( filled circle) and without an applied potential ( filled
square). (b) Changes in the current density during the treatment of 5.0 x 10~° M bisphenol A [22]

glass tube (50 x 7 mm? i.d., 1 mm thickness) was used as a column-type working
electrode. The effective volume of the working electrode component was
ca. 0.6 cm>. The counter electrode compartment was filled with 0.1 M Na,SO,4
(pH 5.8), and a spiral platinum wire as a counter electrode and Ag/AgCl reference
electrode separately from the working electrode compartment at the outside of a
Vycor glass tube. The flow rate of the sample solution was controlled by a peristaltic
pump. The treated sample solutions passing through the flow cell were continuously
analyzed by HPLC. The results obtained for the continuous treatment of
5.0 x 107° M bisphenol A solution are shown in Fig. 12a. The removal ratio for
bisphenol A decreased to zero within 2 h by flowing 240 mL of bisphenol A solution
without applying a potential. At an applied potential of 0.75 V, the removal ratio for
bisphenol A was maintained at 100% up to 8 h by treating 960 mL of bisphenol A
solution. The removal efficiency for bisphenol A decreased gradually and
approached zero after ca. 24 h. The current density monitored during the treatment
decreased with the reduction of the removal efficiency for bisphenol A (Fig. 12b).
These results suggest that the removal of bisphenol A based on electrochemical
adsorption is followed by the passivation of the carbon fiber electrode, as shown by
the progressive cyclic voltammograms in Fig. 7. The effect of flow rate on the
removal efficiency was investigated using several concentrations of bisphenol A
solutions between 1 x 107> and 1 x 10~7 M (Fig. 13). For high concentrations of
bisphenol A, a slight decrease was observed in the removal efficiency with the
increased flow rate, but for the low concentrations of bisphenol A, the removal
efficiency did not decrease regardless of the change in the flow rate from 0.5 to
8.0 mL/min. The effect of the supporting electrolyte concentration on the removal of
bisphenol A was investigated at several flow rates (Fig. 14). Although the removal
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Fig. 13 Effect of flow rate
on the continuous treatment 1.00 - MH—g—0—N “‘-—-_Q‘"‘%-______‘
of bisphenol A. The removal \'
of bisphenol A at several p 4
concentrations was
performed in 0.1 M Na,SO, 0.95
(pH 5.8) at 0.75 V [22] °
._g
s ——1x10-7M
£090 |
g —@®—5x10-7M
« - &—1x10-6 M
0.85 - —g—5x10-6 M
—>—1x10-5M
0.80 ! 1 L 1
0 2 4 6 8

Flow rate (ml/min)

]
[
©
3 07 F
£
S i
T .6k |—@— 2 (ml/min)
L/ —l— 4 (ml/min)
05 | " —d— 8 (ml/min)
04 [T TR | A s aaaul A s s aaaul A aaasasl A s aaaaal
0 105 104 103 102 101

Concentration of electrolyte (M)

Fig. 14 Effect of supporting electrolyte concentration on the continuous treatment of bisphenol A
at several flow rates. The removal of 1.0 x 107° M bisphenol A in various concentrations of
Na,SO,4 was performed at 0.75 V [22]

efficiency for bisphenol A (1.0 x 107® M) decreased with the decrease in the
supporting electrolyte concentration, over 90% removal ratio was achieved at all
flow rates, even in the case of an electrolyte concentration at 10> M. Therefore, this
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method can be applied to bisphenol A removal directly from environmental water at
a low electrolyte concentration without using a supporting electrolyte.

2.3 Electrochemical Adsorption Using Carbon Fibers
Jor Removal of Other Organic Compounds

As mentioned above, the treatment method based on electrochemical adsorption was
initiated for the removal of bisphenol A as a target organic pollutant. This method
can be applied to other organic pollutants that polymerize or produce highly hydro-
phobic reaction products by electrochemical reaction at a low potential, and selective
removal is possible by adjusting the value of the applied potential and the adsorption
of reaction products on the electrode material. Our previous attempts to treat other
organic compounds such as aniline [25], estrogens, p-nonylphenol [26], phenol, and
chlorinated phenols [26] by electrochemical adsorption using carbon fiber electrodes
are summarized below.

2.3.1 Removal of Aniline

Aniline and its derivatives are widely distributed in aqueous environment and have
also been detected in drinking water because they are used as intermediates in the
manufacture of a variety of organic compounds, such as colorants, pesticides,
pharmaceutical agents, and synthetic resins. Aniline causes teratogenicity in aquatic
organisms [27]. In humans, aniline is carcinogenic and genotoxic. Therefore, its
effect on human health over a long period is alarming, even at low concentrations.

The electrochemical behavior of aniline was investigated by progressive cyclic
voltammetry in several conditions. As shown in Fig. 15a, the first scanning of the
potential cycle in 0.1 M aniline solution showed a well-defined peak current
corresponding to the electrochemical oxidation of aniline at approximately 1.0 V.
This peak decreased drastically in subsequent cycles, indicating that after aniline is
initially oxidized, the electrochemical product adhering to the electrode prevents
further access of the aniline monomer to the electrode surface. The redox peaks
(A/A’, B/B', and C/C’) generated from the second scanning of the potential cycle
increased with the number of cycles. This electrochemical behavior of aniline is
typical of the synthesis of polyaniline on an electrode surface. There are three forms
of polyaniline: lecoemeraldine, emeraldine, and pernigraniline. Redox peaks A and
C indicate the transformation of lecoemeraldine to emeraldine and emeraldine to
pernigraniline, respectively [28-30]. Peak B corresponds to the redox of p-
aminodiphenylamine, which is highly hydrophobic and can act as an active center
for further growth of polymeric chains on the electrode surface [28]. Figure 15b
shows the result obtained from a low concentration of aniline (5.0 x 1073 M). Other
conditions are the same as those shown in Fig. 15a. The peak current corresponding
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Fig. 15 Progressive cyclic
voltammograms of (a)

1 x 10~" M aniline in 1.0 M
H,S04, (b)5 x 107° M
aniline in 1.0 M H,SOy, (¢)
5 x 107> M aniline in 0.1 M
phosphate buffer (pH 6.0).
The measurements were
performed using a glassy
carbon electrode at a scan
rate of 0.05 V/s. The
scanning was repeated

10 times [25]
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to the oxidation of aniline was observed at approximately 1.0 V and decreased
during continuous potential scanning. A reversible redox peak aroused at 0.5 V and
increased after the first cycle of potential scanning. The potential of this peak pair is
similar with that of the peak B/B’ in Fig. 15a. In phosphate buffer solution at pH 6.0,
5.0 x 10> M aniline showed a similar electrochemical response, as shown in
Fig. 15c, indicating that aniline can be polymerized electrochemically at a low
concentration in a neutral medium. To verify the polymerization on the carbon
fiber electrode, the same measurement was performed using a string of fibrous
carbon. The voltammetric response confirmed the presence of a polymerized film
on the carbon fiber electrode surface. In the XPS spectra of this carbon fiber, a large
amount of nitrogen was observed, as shown in Fig. 16. In the case of using the
carbon fiber after soaking in aniline solution without applying a potential, little
amount of nitrogen was found in the carbon fiber itself and after the carbon fiber
was immersed in aniline solution without applying a potential. These results indicate
that electrochemical polymeric aniline can be immobilized firmly on the carbon fiber
surface.

The removal of aniline from aqueous solution based on electrochemical adsorp-
tion was studied using 5.0 x 10> M aniline solution (Fig. 17) and a bundle of
carbon fiber as an anode. The concentration of aniline did not change unless a
potential greater than 0.5 V was applied. A drastic decrement of aniline concentra-
tion was observed by applying a potential over 0.8 V, which corresponds to the
oxidation potential of aniline. Therefore, the changes in the concentration of aniline
are due to the electropolymerization, as shown in Fig. 15, rather than the hydropho-
bic adsorption of aniline monomer onto the carbon fiber surface. The maximum
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surface coverage of electropolymerized aniline on the carbon fiber was estimated to
be 1.5 x 10~® mol/cm?, indicating that 1 g of carbon fiber can remove 1.9 mg of
aniline. Unfortunately, aniline oxidation in neutral solution leads to the formation of
a thin film with low conductivity, preventing further electrochemical polymerization
of aniline. This limits the removal capacity of this method. However, this polymeric
aniline film can be removed by sonication in an organic solvent (DMSO) or applying
a high potential to generate oxygen or hydrogen.

It is well-known that p-benzoquinone is formed by aniline oxidation, especially
under acidic solution conditions. The generation of p-benzoquinone by applying
different potentials to the carbon fiber for 40 min in neutral medium including
5.0 x 107> M aniline is shown in Fig. 18. Approximately 5% of aniline was
transformed into p-benzoquinone by applying a potential of 1.2 V for 40 min
(Fig. 18). The generation of p-benzoquinone decreased with the decreased potential,
and it became zero at a potential lower than 0.8 V. This indicates that the generation
of p-benzoquinone can be suppressed by applying an appropriate potential. The
expected reaction pathways in electrochemical adsorption caused by aniline oxida-
tion are shown in Fig. 19. The initial stage in aniline polymerization is the oxidation
of aniline monomer to form dimeric species (i.e., aminodiphenylamine,
hydrazobenzene, and benzidine). While this treatment is in progress,
4-(phenylimino)-2,5-cyclohexadien-1-one (PC) and azobenzene are detected by
GC-MS. PC and azobenzene are generated from aminodiphenylamine (ADPA)
and hydrazobenzene, respectively. The oxidized forms of these dimers can generate
polyaniline in the presence of aniline [31], because the oxidation potential of these
dimers and oligomers of aniline are lower than that of aniline monomer [32]. The
dimers and oligomers oxidize and conjugate with aniline monomer and form
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Fig. 18 Generation of p-benzoquinone upon electrochemical adsorption at several potentials for
40 min. The initial concentration of aniline was 5.0 x 10~> M in 0.1 M phosphate buffer (pH 6.0).
p-benzoquinone was identified as a byproduct by HPLC analysis [25]

polyaniline. This polymerization behavior is known as “autocatalytic behavior”
[28, 30].

The continuous treatment of aniline was demonstrated using the same flow
system, as shown in Fig. 11. The treatments were performed at a 5-mL/min flow
rate with or without the application of a potential of 0.8 V in 0.1 M phosphate buffer
solution (pH 6.0) including aniline. In the case of an applied potential of 0.8 V, 90%
of aniline can be removed from 300 mL of 1.0 x 10~ M aniline in 1 h.

2.3.2 Removal of Estrogens

Estrogen-like chemicals exist in domestic wastewater at ng/L concentrations, and the
threatening effects of endocrine-disrupting chemicals on the reproductive functions
of wildlife have been reported. However, estrogen-like chemicals, such as 17-
B-estradiol, estrone, and synthetic estrogens, are not efficiently removed in a con-
ventional sewage treatment plant, which aims to reduce biological oxygen demand
(BOD), remove suspended solids, and disinfect. In this section, the removal of
estrogens from aqueous solution by electrochemical adsorption using carbon fiber
anode is introduced. This method utilizes the aromatic hydroxyl groups of estrogens
for the accumulation of products on the carbon fiber surface through electrochemical
oxidation reactions. The target substances to be treated were 17p-estradiol and
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Fig. 19 Reaction pathway for the electrochemical polymerization and side reaction of low con-
centrations of aniline in neutral pH. PBQ: (N-phenyl-1,4-benzoquinonediimine), ADPA:
(aminodiphenylamine), PC: (4-(phenylimino)-2,5-cyclohexadien-1-one) [25]
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Fig. 20 Chemical structures of 17p-estradiol, estrone, and ethynyl estradiol

estrone, which are natural estrogens possessed by humans, and ethynyl estradiol,
which is a synthetic estrogen. Estrone is also produced in a reversible reaction with
estradiol, although the ratio of its presence is higher than that of estradiol. Ethynyl
estradiol is used widely as a birth control pill in combination with progestin and as a
treatment for menstrual irregularities. Since 1999, the Pharmaceutical Affairs Law
has approved pills in Japan, some of which contain a daily dose of 30—40 pg ethynyl
estradiol. The chemical structures of the target substances are shown in Fig. 20.
The progressive cyclic voltammograms of 1 x 10~ M 17p-estradiol, estrone, and
ethynyl estradiol in 0.1 M phosphate buffer (pH 7.0) are shown in Fig. 21. All
estrogens measured in this work showed an irreversible oxidation reaction derived
from the hydroxyl group at 0.5 mV. As in the case of bisphenol A and its derivatives
shown in Fig. 7, a decrease in the oxidation peak due to the accumulation of the
target compound as a nonconductor on the electrode was observed after the repeated
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Fig. 21 Progressive cyclic voltammograms of 1 x 107*M (a) 17B-estradiol, (b) estrone, and (c)
ethynyl estradiol in 0.1 M phosphate buffer (pH 7.0). The measurements were performed using a
glassy carbon electrode at a scan rate of 0.01 V/s. The scanning was repeated five times between
Oand 1.0V
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Fig. 22 Relationship between the removal efficiency and the treatment time of (a) 17p-estradiol,
(b) estrone, and (c) ethynyl estradiol at 0.4 V (open diamond), 0.5 V ( filled triangle), 0.6 V (open
square), 0.8 V ( filled diamond), and 1.2 V (open triangle) and without a potential ( filled square).
The treatments were performed in 0.1 M phosphate buffer (pH 6.0) containing 1 x 107> M
17B-estradiol, estrone, and ethynyl estradiol

sweeping of the potential. Slopes of —58.2, —56.0, and —55.6 mV/pH-unit were
obtained from the linear sweep voltammograms of 1 x 10~* M 17p-estradiol,
estrone, and ethynyl estradiol at solution pH between 2.0 and 12.0, respectively.
Therefore, all the electrochemical oxidation reactions were two-electron reaction,
and the continued adsorption of hydrophobic electrochemical oxidation products on
the electrode surface prevented further monomer access to the electrolyte surface
from bulk solution. The same behavior as that of the glassy carbon electrode was
observed for all target substances when a single carbon fiber was used as the working
electrode. Therefore, these estrogens can be applied for organic pollutant removal by
electrochemical adsorption.

Figure 22 shows the concentration changes in 17f3-estradiol, estrone, and ethynyl
estradiol solutions with an initial concentration of 1 x 10~ M during the treatment
using carbon fiber by applying different potentials. As shown in this batch-type
experiment, when no potential was applied, the estrogens were hardly adsorbed on
the carbon fiber surface, whereas when a potential of 0.5 V or higher was applied, the
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concentration decreased significantly over time. By applying a potential of 0.6 V for
60 min, the concentration of estrogens was less than 1 x 10”7 M, which is the
detection limit of the HPLC system used in this investigation. As the potential
increased, the removal rate of the estrogens increased, and the concentration values
decreased to below 1 x 10~7 M in 30 min. However, HPLC-UV and LC-MS results
showed that byproducts were present in the solution when a potential over 1.0 were
applied. The regeneration of used carbon fiber was attempted by applying a potential
of —1.60 V to generate H2, and the processing efficiency was recovered to ~90% in
60 min.

2.3.3 Removal of p-Nonylphenol

Similar to bisphenol A, p-nonylphenol has also attracted attention due to its potential
risks as an endocrine disruptor and xenoestrogen. Alkylphenols, including p-
nonylphenols, are used as precursors for commercially important nonionic surfac-
tants, alkylphenol ethoxylates, and nonylphenol ethoxylates, which are used in the
manufacture of antioxidants, lubricant additives, detergents, emulsifiers,
solubilizers, paints, insecticides, personal care products, and plastics. p-Nonylphenol
and its metabolites are considered biorefractory [33, 34] and toxic to aquatic
organisms [35, 36].

The hydrophobic property of the alkyl chain in p-nonylphenol is suitable for the
application of the electrochemical adsorption method. The electrochemical response
of p-nonylphenol is typical of an irreversible electrode reaction, similar to other
phenolic compounds. The oxidation peak potential of p-nonylphenol on the first
cycle was observed as 0.3 V in 0.1 M Na,SO, (pH 13.0). This value is almost the
same as the oxidation potential of bisphenol A. The progressive cyclic
voltammograms indicate the resulting insulating polymer film on the glassy carbon
electrode surface. To evaluate the electropolymerized film formed by the oxidation
of p-nonylphenol on the electrode surface, the changes in the electrode response of
the ferrocyanide ion as a redox marker were measured. This technique can detect
slight changes in electrode activity reduced by the formation of the adherent film.
When the electropolymerized film was produced and adhered to the electrode
surface, the peak current of the ferrocyanide ion decreased, as shown in Fig. 23.
Figure 24 shows the dependence on the applied potential for the
electropolymerization of p-nonylphenol evaluated from the electrochemical
response of the ferrocyanide ion. After applying various potentials for 30 min in
phosphate buffer solution (pH 9.0) involving 1.0 x 10~> M p-nonylphenol, the
oxidation response of potassium ferrocyanide was measured by linear sweep
voltammetry. The current response of the ferrocyanide ion decreased with the
increase in the applied potential and reached a constant value. The decrease in the
peak current of the ferrocyanide ion was suppressed by applying at a high potential
over 0.8 V due to the evolution of oxygen on the electrode surface by the electro-
chemical oxidation of water. The optimal potential for the electrochemical adsorp-
tion of p-nonylphenol was 0.6-0.8 V. The decrease in the peak current of the
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Fig. 23 Cyclic
voltammograms of 2.5 mM
potassium ferrocyanide as a
redox marker for the
evaluation of the
electropolymerized film of
p-nonylphenol. The
measurements were
performed using a glassy
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a scan rate of 0.05 V/s, after
the application of a potential
of 0.7 V for 5 min in 0.1 M
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ferrocyanide ion was also observed in the case of 107’ M p-nonylphenol. Hence,
even at this concentration level, the electrochemical oxidation of p-nonylphenol
leads to the formation of an adherent film on the electrode.

The electrochemical removal of p-nonylphenol from an aqueous solution was
attempted using carbon fibers. Figure 25 shows the removal efficiency for p-
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Fig. 25 Relationship
between the removal
efficiency and the treatment
time of p-nonylphenol with
the application of a potential
at0.7 Vin 5.0 x 107 °M
(filled circle), 1.0 x 107> M
(filled triangle) and

1.0 x 107* M (filled
square) p-nonylphenol in
0.1 M Na,SO, (pH 5.8) and
without applying a potential
in5.0 x 107° M (open
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nonylphenol with or without applying a potential of 0.7 V. Without the application
of potential, p-nonylphenol could hardly be removed, whereas a high removal
efficiency was obtained with an applied potential of 0.7 V, and 100% removal was
achieved within 10 min at 5.0 x 10~° M initial concentration. The high removal
efficiency is due to the electrochemical adsorption upon polymerization on the
carbon fiber surface rather than hydrophobic adsorption on the carbon fiber. The
maximum surface coverage of electropolymerized p-nonylphenol on the carbon fiber
was estimated to be 5 x 107 mol/cm? The aromatic intermediates during
electropolymerization were not observed by the HPLC system used in this study.
Moreover, it was confirmed that the carbon fiber can be reused repeatedly owing to
electrode regeneration. Furthermore, the applicability of the removal method at low
electrolyte concentrations is highly desired. The removal ratio of p-nonylphenol
decreased to about one-sixth when the electrolyte concentration was reduced to
1/1,000. However, since natural water contains a certain concentration of ions, this
method could be applied to the removal of p-nonylphenol from natural water.

2.3.4 Removal of Phenol and Chlorinated Phenols

Removal of phenol and chlorinated phenols were also demonstrated using the same
experimental setup described elsewhere [26]. The removal base on the electrochem-
ical adsorption was attempted for phenol, o-chlorophenol, p-chlorophenol,
2.4-dichlorophenol, and 2,4,5-trichlorophenol. Phenol and chlorinated phenols can
be found in soils and surface waters. Chlorinated phenols are mainly used to produce
insecticides, antifungal agents, or pharmaceutical products. Most of them are carci-
nogenic, and their presence can be harmful for life. Figure 26 shows the relationship
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Fig. 26 Relationship
between the removal 100
efficiency of 5.0 x 107 M
phenol ( filled square), o-
chlorophenol ( filled circle),
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2,4-dichlorophenol
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time with the application of
a potential [26]
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between the removal efficiency of phenolic compounds (5 x 107® M) and the
treatment time. Potentials of 0.95, 0.85, and 0.9 V were applied for the
electropolymerization of phenol, o-chlorophenol, and other chlorophenols, respec-
tively. The complete removal was achieved in only 20 min with all the phenolic
compounds. Although trace amounts of hydroquinone/benzoquinone, catechol, and
isomerized chlorophenols were observed in HPLC-UV analysis during the
electropolymerization, their concentrations reached zero within 60 min [37]. More-
over, the removal of phenolic compounds was scarcely achieved unless a potential
was applied. The analysis of chlorine ions was conducted by ion exclusion chroma-
tography using a conductivity detector. However, chlorine ions could not be detected
in the treated sample including 2,4-dichlorophenol for 15 and 30 min. It appears that
chlorine is immobilized on the CF surface within the electropolymerized film.

2.4 Electrochemical Adsorption Using Different Electrode
Materials

Water treatment based on electrochemical polymerization has been reported using
several electrode materials, such as carbon nanotube-covered polyester yarns, PbO,,
carbon, stainless steel, carbon aerogel, and polyaniline. The target compound of
treatment is phenol, bisphenol, and estrogens.
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Fig. 27 (a) Photograph of the carbon nanotube-covered polyester yarns. (b) SEM image of the
carbon nanotube-covered polyester yarns (c¢) at high-magnification before removing the binder and
(d) after removing the binder [38]

2.4.1 Carbon Nanotube-Covered Polyester Yarn Electrode

The carbon nanotube-covered polyester yarn electrode was applied for bisphenol A
removal by polymerization and degradation [38]. The electrode was prepared using
dispersed multi-walled carbon nanotubes dyestuff, which did not contain binders
and stably covered the polyester yarn surface owing to the carbon nanotube network.
The carbon nanotube-covered polyester yarns (Fig. 27a) with an electric resistivity
of 1,700 Q/cm were produced by a dye-print approach with the dyestuff including
single dispersing multi-walled carbon nanotubes and a small amount of anionic
polyurethane binder. The SEM image shows that the carbon nanotubes were coated
on the polyester yarn surfaces and wrapped in the polymer (Fig. 27b, c). To produce
a desired electrode, which exposes carbon nanotubes to the solution, the procedure
must remove the binder and allow carbon nanotubes to remain on the surface of the
polyester yarns. A washing procedure with an organic solution meets these two
requirements, and ethanol as the washing liquid provides superior conductivity of
the carbon nanotube-covered polyester yarns. The electric conductivity of the carbon
nanotube-covered polyester yarns was improved to 87-120 Q/cm, and the specific
surface area was increased to 11.3 m?/g.

Figure 28 shows progressive cyclic voltammograms of bisphenol A on carbon
nanotube-covered polyester yarn electrode. The cyclic voltammograms exhibited
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Fig. 28 Progressive cyclic voltammograms for 0.1 mM bisphenol A in 0.1 M Na,SO,4 (pH 6.3)
using the carbon nanotube-covered polyester yarn electrode. The scan rate is 50 mV/s [38]
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Fig. 29 Schematic diagram of the electrochemical polymerization of bisphenol A [38]

irreversible behavior, and the anodic peak height showed a gradual decrease as the
scan number increased since no electrochemical active layer was formed on the
electrode surface. As described in previous reports, the phenolic compounds can be
electrochemically oxidized to produce phenoxyl radicals and then form dimers,
which can then be further oxidized to form new radicals that couple with other
radicals to produce polymers [39]. BPA is a special phenolic compound, which can
be oxidized to generate some types of diradicals (Fig. 29). These diradicals contin-
uously and randomly couple and easily form polymers.
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Fig. 30 Relationship between residual bisphenol A (in solution) and the treatment time at a series
of applied potentials in 0.1 mM bisphenol A solution containing 0.1 M Na,SO, (pH 6.3) using the
carbon nanotube-covered polyester yarn electrode [38]

A series of applied potentials were investigated to evaluate the optimal potential
for the efficient removal of bisphenol A (Fig. 30). The carbon nanotube-covered
polyester yarns showed adsorptive capacity even without an applied potential. At a
low anodic potential (0.5 V), no effect was observed on the removal of bisphenol A
compared to that with no applied potential. The best removal efficiency was
observed when the anodic potential was increased to 0.75 V. At higher values of
the applied potential such as 1.0 or 1.25 V, the removal efficiencies decreased, which
may have contributed to the occurrence of water degradation. Figure 31 shows the
amount of organic carbon except bisphenol A in the residual electrolyte. These
results reveal that the degradation as well as polymerization of bisphenol A occurred
on the carbon nanotube-covered polyester yarn electrode. The electrochemical
oxidative degradation of organic pollutants was performed on metal or metal oxide
electrodes. In this work, the polymerization and degradation of bisphenol A play
important roles by providing good removal efficiency at an applied potential of
0.75 V. The adsorption capacity of this electrode was 2.3 x 10~> mol/g without an
applied potential. The electrochemical removal efficiency was 8.1 x 10~ mol/g
under an applied potential of 0.75 V. The removal efficiency for the carbon
nanotube-covered polyester yarn electrode was higher than that of a commercially
available carbon fiber electrode. The close-packed adsorption between the curved
surface of carbon nanotubes and the butterfly-shaped bisphenol A [40] may have
contributed much to the high efficiency. Notably, a subsequent study found that this
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Fig. 31 Amount of organic carbon except bisphenol A in residual electrolyte calculated from the
residual bisphenol A based on HPLC analysis and total carbon by TOC measurement in bisphenol
A solution (initial concentration: 0.1 mM) containing 0.1 M Na,SO, (pH 6.3) after 2-h electro-
chemical treatment at various applied potentials [38]

electrode can be reutilized after the bisphenol A polymer layer was stripped by
applying a potential of 2 V in 0.1 M Na,SO,.

2.4.2 PbO, Electrode

The electrochemical removal of phenol from aqueous solution based on anodic
polymerization using a PbO, electrode has been proposed by Tahar and Savall
[39]. The polymer was formed in an alkaline solution by a process involving less
than two electrons per molecule of phenol, precipitated by decreasing the solution
pH, and finally filtered and disposed. The electrochemical polymerization of phenol
(Cop = 0.105 M) in alkaline solution (pH 13) at 86°C has been studied by
galvanostatic electrolysis using a range of anode materials characterized by different
O, overpotentials, such as IrO,, Pt, and f-PbO,. TOC and HPLC results have been
used to follow phenol oxidation and perform the SEM of the polymer deposited on
the electrode surface. The fractions of phenol converted in polymers were 25, 32,
and 39%m for Ti/IrO,, Pt, and Ta/p-PbO,, respectively, a series of materials in
which the O,-overvoltage increases. Results of bulk electrolysis conducted on
Ta/p-PbO, at high anodic current density (200 mA/cm?) have shown that 39% of
the starting phenol can be removed as polymers dispersed in the reactor under the
best operating conditions. Polymeric films formed in the alkaline solution did not
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fully deactivate the anodes. The use of a high anodic current density (in the potential
region of water decomposition) avoids anode fouling but simultaneously favors the
oxidation of the polymeric film and oxygen evolution, leading to current yield
around 20%.

2.4.3 Carbon Electrode

Zareie et al. [41] reported the removal of phenol from wastewater in the form of
non-passivating polymer suspended in the reactor can be achieved using a carbon
electrode and high anodic current density in the presence of NaCl. The most orderly
polymer formed at an initial phenol concentration of 912 mg/L, current density of
32.9 mA/cm?, and NaCl concentration of 120 g/L at 25°C (Fig. 32). Higher
operational parameters yielded disorderly formed polymer aggregates with
decreased surface density, as shown in STM images. Along with the polymer,
only toxic mono-, di-, and trichlorophenols were formed as intermediate compounds
during electrochemical conversion, which were polymerized and/or oxidized to final
products. FT-IR analysis and the enlarged STM image implied the repeating phenol
units in the polymer structure. The renewal of the oxidizing agent formed at the
electrode by agitation likely caused most of the phenol oxidation to occur in the bulk
solution without electrode fouling. This process requires the use of large amounts of
salt but offers the removal of phenol from wastewater in the form of a solid polymer.

Tahar and Savall reported the electrochemical polymerization of phenol on a
vitreous carbon electrode in alkaline and acidic aqueous solution at different tem-
peratures in the range of 25-85°C by cyclic voltammetry and chronoamperometry

Fig. 32 STM image (20 nm x 20 nm) of the polymer (current density: 32.9 mA/cm?; NaCl
concentration: 120 g/L; temperature: 25°C; initial phenol concentration: 912 mg/L [41]
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[42, 43]. The electrochemical oxidation of phenol in the alkaline solution led to the
complete deactivation of the electrode, irrespective of the temperature used, as a
result of the deposition of the adhesive and the insulating polymeric film. The
electrochemical activity of the electrode was progressively restored by repeated
potential scans in the range of water stability only when conducted at high temper-
atures. The electrode reactivation was explained by the increase in the polymeric
film permeability for both electrons (electron tunneling) and phenol molecules
(diffusion). Chronoamperometric measurements conducted in the potential region
of water stability have shown that electrode passivation was reduced or prevented at
high temperatures. For chronoamperometry performed at the onset of oxygen evo-
lution, the electrode remained active even at low temperatures because the discharge
of water involved the production of hydroxyl radicals that destructively oxidized the
polymeric film. The effect of temperature on electrode reactivation was determined
by current measurement at an electrolysis time of 300 s; an increase of the temper-
ature from 25 to 85°C amplified the current from 0.212 to 5.373 mA. In the acidic
aqueous solution, the repeated potential scans in the region of water stability did not
reactivate the electrode, irrespective of the temperature used. Chronoamperometric
curves recorded at different potentials in the region of water decomposition showed
that the electrochemical activity of the electrode was partially restored even when
performed at low temperature (25°C).

Sakakibara et al. reported the continuous treatments of trace endocrine-disrupting
chemicals, such as estrone, 17f-estradiol, ethinyl estradiol, bisphenol A, p-
nonylephenol, 4-t-octyl phenol, and pentachlorophenol using a multi-packed gran-
ular glassy carbon electrode reactor [44—46]. Figure 33 shows the interior of the
reactor and its configurations in continuous treatments of estrogens. The reactor
consists of two compartments filled up with glassy carbon (or Pt/Ti) granular anodes
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Fig. 33 Electrolytic reactor equipped with a multi-packed granular glassy carbon electrode for
continuous treatments of estrogens through the polymerization and regeneration of electrolytic cells
[46]
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and a Pt/Ti mesh cathode. The total liquid volume and surface area of anodes were
about 500 mL and 2,000 cm?, respectively. A portion of the liquid inside the anode
compartments was recycled to ensure completely mixed conditions. The cathode and
anode chambers were separated by a porous Teflon sheet and glass beads. Experi-
mental results showed that the target chemicals were effectively removed through
electropolymerization on the granular glassy carbon (and Pt/Ti) by the reactor over
150 days. The removal efficiencies were nearly the same in the presence and absence
of humic substances. The morphology of the passivated electrode was analyzed
using SEM and compared with that of the unused electrode. As shown in Fig. 34b,
the accumulation of a thick polymer layer (approx. 1 pm) over 95 days for 1 pg/L
ethinyl estradiol was obtained, while the new electrode displayed a smooth surface
(Fig. 34b). This proposed system can achieve the removal of trace estrogens and the
regeneration of electrolytic cells simultaneously for long-term wastewater treatment.
Figure 35 shows the result of the continuous treatment of ethinyl estradiol over the

Before After 95 days treatment

Fig. 34 SEM analysis of glassy carbon surfaces after continuous treatments of 1 pg/L ethinyl
estradiol [46]
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Fig. 35 Continuous treatment of ethinyl estradiol and electrode regeneration [46]
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Fig. 36 Proposed mechanism of the electrochemical polymerization of ethinyl estradiol and
electrode regeneration [46]

course of 135 days. Experimental results indicate an effective removal and recovery
of the electrode after regenerations. The removal of ethinyl estradiol was observed
through three stages. The first stage shows a stable removal of ethinyl estradiol. The
second stage shows an increase of effluent concentration approaching the influent,
and the third stage shows a steady state of passivation. The applied potential from 0.8
to 1.0 V indicated that the first stage denotes the removal of ethinyl estradiol through
the polymerization process. The passivation of the electrode in stage 2 could be
explained by the formation of the polymeric layer on the surface of the electrodes.
The polymer formed during continuous treatment was quickly decomposed, and
electrodes were regenerated completely by -OH radicals produced through the
reduction of ozone. Figure 36 illustrates a proposed mechanism of the electrochem-
ical polymerization of ethinyl estradiol occurring on the anode surface and the
regeneration of the passivated electrodes. Ethinyl estradiol in the bulk solution
approaches the electrode surface through a diffusion mechanism. On the anode,
one electron is transferred, and ethinyl estradiol is deprotonated to form a phenoxy
radical. Further chemical reactions are denoted to dimer and/or semiconducting
polymer formation. The regeneration of the passivated electrode was conducted
based on the oxidative capacity of -OH radicals, which can decompose almost all
organic chemicals. The decomposition of the polymer was conducted in the presence
of 1.8 and 3.0 mg/L dissolved ozone combined with polarization for 120 and 30 min,
respectively. During the regeneration process, the passivated electrodes function as
cathodes, which allow the reduction of the dissolved ozone into -OH radicals. After
regenerations, ethinyl estradiol was removed effectively, and the electrolytic reactor
has worked properly for a period of 50 days before the second regeneration. This
result indicates the feasibility of the simultaneous removal and regeneration of the
electrode for continuous treatment of estrogen. Calculated overall energy consump-
tions were less than 10 Wh/m>, demonstrating extremely low energy dependency of
the method.
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2.4.4 Stainless Steel Electrode

Zhang et al. reported the electrochemical polymerization treatment of phenol in
wastewater and the reclamation of phenol using stainless steel anodes [47]. The
electrochemical polymerization reaction was analyzed by cyclic voltammetry, and
the polyphenol product was analyzed by SEM and FT-IR. The effects of phenol
concentration and bath voltage were investigated using the solution with an original
COD value of approximately 500 mg/L. After the electrochemical polymerization
treatment, the concentration of phenol was 0.087 mM with a removal efficiency of
95.6%, and COD was 68 mg/L with a removal efficiency of 86.5%.

2.4.5 Carbon Aerogel Electrode

Carbon aerogels are highly porous, amorphous, nanostructured, sponge-like mate-
rials prepared by a sol-gel process. The treatments based on electrochemical poly-
merization using carbon aerogels as an anode have been reported for phenol,
2-chlorophenol, and bisphenol A [48, 49]. Grinberg et al. reported that the
electropolymerized films formed from phenol and derivatives strongly adhere to
carbon aerogel and are homogeneously distributed in the pores using cyclic potential
from O to 0.8 V [48]. Hou et al. reported the removal of bisphenol A using a carbon
aerogel electrode with a large specific surface area (445 m?%/g) and mesoporosity
[49]. For treating 0.1 mM bisphenol A in neutral pH solution (PBS, pH 7), the
removal capacity using potential cycling in the range of 0-0.8 V can be enhanced to
0.029 mmol/g. This value was much higher than that of adsorption without applying
a potential (0.010 mmol/g), suggesting that the enhanced removal of bisphenol A
from water can be successfully achieved using carbon aerogel electrodes by
electrooxidation via phenoxy radicals, associated with the deposition of the electro-
chemically polymerized poly(bisphenol A) film on the electrode surface. Addition-
ally, the generation of other toxic intermediates was restricted by applying relatively
low voltages below the potential of oxygen evaluation. Therefore, this study can
provide a possible route to treating bisphenol A solutions at low concentrations by
electrochemical polymerization with highly porous carbon electrode materials.

2.4.6 Polyaniline Electrode

The removal of phenols from the aqueous solutions using polyaniline electrodes has
been achieved by Zhai et al. [50]. The polyaniline coated on a glassy carbon
electrode was prepared in a solution containing 0.2 M aniline and 1.0 M HCI at
0.75 V. Phenol and 3-nitrophenol in an aqueous solution including 0.1 M NaCl at
pH 4.0 can be polymerized on the polyaniline electrode to form polyaniline/poly-
phenol and polyaniline/poly(3-nitrophenol) composites, respectively. NaCl helps in
avoiding the second pollutant discharge; and considering the fact that polyaniline
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Fig. 37 (a) Cyclic voltammograms of polyaniline electrode in 0.1 M NaCl at pH 4.0 (Curve 1) and
polyaniline/polyphenol and (b) polyaniline/poly(3-nitrophenol) in 0.1 M NaCl at pH 4.0 (Curves
2-4) synthesized by potential cycling (shown in Fig. 37) using 20, 40, and 60 cycles, respectively,
at a scan rate of 60 mV/s [50]

lost its redox activity at pH >4.0, the pH value of the NaCl solution was controlled at
pH 4.0 in this work. Polyaniline plays a vital role in lowering the passivation of the
electrode, which enabled the consecutive electrochemical polymerization of phenol
and 3-nitrophenol. The growth of the polyaniline/polyphenol and polyaniline/poly
(3-nitrophenol) films in the electrolytic process was proved by the increased area of
the cyclic voltammograms as the electrolysis proceeded. Curve 1 in Fig. 37 shows
the cyclic voltammogram of the polyaniline electrode. Curves 2—4 in Fig. 37a show
the cyclic voltammograms of polyaniline/polyphenol in 0.1 M NaCl solution at
pH 4.0, which were obtained from 20, 40, and 60 cycles using potential cycling in
5 mM phenol, respectively. The area of Curve 2 is larger than that of Curve
1, indicating that phenol was polymerized on the polyaniline electrode, and the
quantity of electricity of Curve 2 became larger than that of Curve 1. Figure 37a
shows that the oxidation peak potential shifts toward the positive potentials as the
potential cycle for the synthesis of polyphenol increases, which is mainly attributed
to the IR drop of the polyaniline/polyphenol film due to the low conductivity of
polyphenol. The increase in the area of cyclic voltammograms and the shift in the
oxidation peak potential toward the positive potential direction indicate the growth
of the polymer film. Figure 37b shows similar results obtained from polyaniline/poly
(3-nitrophenol). These results demonstrate that phenol and 3-nitrophenol in the
aqueous solution can be removed by electrochemical polymerization on the
polyaniline electrode.

The SEM images show that the polyaniline film consisted of interwoven
nanofibers with an average diameter of 55 nm with lengths varying from 240 to
310 nm. The phenolic polymers were formed on the polyaniline nanofibers and the
neighboring polyaniline nanofibers, indicating that the presence of polyaniline
nanofibers is advantageous to the formation of the phenolic polymers on polyaniline
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since the catalytic activity of polyaniline is mainly attributed to the free radicals in
polyaniline. The nanostructures of polyaniline provide a large specific surface area,
which increases the impact possibility between the free radicals in polyaniline and
reactants and phenolic compounds. As a result, the nanostructures of polyaniline
play a key role in enhancing the electrochemical catalytic polymerization rates of
phenolic monomers. The IR spectra of polyaniline/polyphenol and polyaniline/poly
(3-nitrophenol) composites differed from that of polyaniline, which is also supported
by the phenolic polymers polymerized on the polyaniline electrode.

3 Conclusions

Electrochemical adsorption is an efficient water treatment method for the removal of
organic pollutants from water. In this method, target organic compounds can
undergo an electrochemical reaction, and the obtained compounds can be accumu-
lated on the electrode surface. Unlike conventional adsorption approaches pursuing
the functionalization of the adsorbent, this method aims to remove target organic
contaminants by changing their adsorption properties through electrochemical oxi-
dation reactions, including electrochemical polymerization. Therefore, the electrode
functions as both an electrochemical catalyst and an adsorbent. Electrochemical
adsorption methods have been applied to the removal of bisphenol A and its
derivatives, aniline, estrogens, and other phenol derivatives using carbon fiber
electrodes possessing a large surface area and excellent electrical conductivity. In
this method, a target organic pollutant is accumulated on the carbon fiber anode
surface at a low potential using a low current density. Therefore, this method offers a
low-cost and environmentally friendly approach to removing organic pollutants
from water because it does not require the generation of hydroxyl radicals, unlike
electrochemical decomposition methods using DSAs for the mineralization of
organic pollutants. In addition, continuous treatments have been achieved for several
organic pollutants using the flow system with a column-type carbon fiber electrode.
Progress has been made in electrochemical adsorption for the removal of phenolic
compounds including phenol, bisphenol A, and estrogen using various electrode
materials, such as carbon nanotube-covered polyester yarns, PbO,, granular carbon,
stainless steel, carbon aerogel, and polyaniline. Methods for the regeneration of
electrodes, which act as adsorbents, have also been demonstrated by washing and
electrolysis. Moreover, a system for long-term wastewater treatment that can simul-
taneously remove organic pollutants and regenerate electrodes has been reported. By
tailoring the function of the electrode used as an adsorbent and catalyst in electro-
chemical adsorption, it is expected that the electrochemical method can be applied to
the treatment of other organic pollutants in the future.
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Abstract The most well-known bioremediation technology is the decomposition
and purification of recalcitrant petroleum-based hydrocarbon contaminants by spe-
cific microorganisms. Here, first of all, we will learn how they have evolved
ingenious enzyme systems. In order to overcome the rate-limiting step of the initial
decomposition reaction, the oxygen attracted to the iron-coordinated active center
attacks the stable carbon—carbon covalent bond and hydroxylates it brilliantly.
Following this step a series of energy consuming reaction continues in the first
half. However, since product compounds can be finally used as respiratory
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Alkane monooxygenase complex

AIKB/GIT
+ O, Alkane-1-ol
Alkane (Alcohol)
—_—

OH

Cell membrane

NAD Alkane monooxygenase: AlkB

NAD* Rubredoxin: AIkG

NADH/Rubredoxin reductase: AIkT

Fig. 1 Alkane monooxygenase complex is composed of three proteins, NADH/Rubredoxin
reductase (AlkT), Rubredoxin (AlkG), and Alkane monooxygenase (AlkB). AlkB is embedded
into cell membrane. Electron from NADH is transmitted to dinuclear Fe in AlkB through 2Fe-2S
cluster in AIKT and AIkG. Dioxygen molecule binds to 2Fe in AlkB followed by single oxygen
molecule attacking the terminal carbon of alkane

substrates, cells can acquire energy in the end. Secondly, it will be demonstrated that
formation of a microbial biofilm is a potential bioaugmentation technology that is
advantageous in survival competition with robust indigenous microorganisms at a
contaminated site. Finally, we will see how microorganisms have elegantly devel-
oped projectiles for effective dispersion and emulsification of water-immiscible
hydrocarbon compounds.

Keywords Bioaugmentation, Biofilms, Biosurfactants, Degradation, Hydrocarbon,
Oxygenases

1 Microbial Degradation of Stable Hydrocarbon Pollutants

The most significant aspect in microbial metabolisms is their marvelously wide
acceptability of substrate electron donors and acceptors in order to obtain chemical
energy from the environments. This feature makes microorganisms nature based
attractive players for environmental remediation technology in terms of degradation
of harmful recalcitrant compounds, including stable hydrocarbons. Microbial
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Fig. 2 Reaction mechanisms of three-component naphthalene dioxygenase (NahAa/Ab/AcAc)
FAD(H): Flavin adenine dinucleotide https://doi.org/10.1038/nchembio.71

degradation of hydrocarbons has been reported in the temperature range from —5 to
70°C [1-3]. Transformation of highly reduced and inert hydrocarbon compounds is
with no doubt a challenging and difficult biochemical reaction for a single enzyme.
However, several multi-component enzyme systems enable microorganisms to
utilize hydrocarbons as carbon and energy (electron) sources. Initial biological attack
to hydrocarbons is generally the oxygenation/hydroxylation that requires molecular
dioxygen as a co-substrate. Dioxygen, an excellent terminal electron acceptor, also
contributes to the ring cleavage reaction of homo- and hetero-cyclic aromatic
hydrocarbons. Although the dioxygen molecule is omnipresent and highly soluble
in water, activation and splitting this triplet ground-state molecule to wed with inert
hydrocarbons need special devices. In the world of enzymes, biocatalysts, non-heme
iron, heme iron, or flavin nucleotide are designated as a fantastic hidden dagger for
this purpose [4]. Donation of electron to these catalytic centers is supported by a
series of partner proteins in the multi-component enzyme system, including NADH
(Nicotinamide Adenine Dinucleotide) dehydrogenase to yield two electrons and an
electron carrier protein ferredoxin or rubredoxin connecting to dioxygenase or
monooxygenase components (Figs. 1 and 2).

A group of metalloenzyme families, carrying an iron coordinating active site
whichever heme or non-heme type, play crucial roles for the binding and activation
of dioxygen or monooxygen in various oxidative transformation of environmental
pollutants. These include hydroxylation of hydrocarbons and also cleavage of
aromatic ring structure. Dioxygen or monooxygen molecule binds to the iron active
sites of monooxygenase or dioxygenase component, AIkB or NahAcAd and gener-
ates competent iron-peroxo and iron-oxo intermediates to generate a substrate-based
radical. These reactive intermediate species allow the enzyme to insert oxygen
molecule to the substrate compounds. The product alcohol compounds are further
oxidized, for example, to aldehydes and fatty acids by dehydrogenase enzymes and
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finally degraded completely to CO, and H,O through metabolic pathways. The
catechol (diol) ring structure is split by catechol dioxygenase before transformation
to aldehydes or fatty acids.

Environmental pollution by halogenated hydrocarbons among polychlorinated
aromatic compounds such as polychlorinated biphenyls, PCB, and dibenzodioxins is
of highly concerned. These exert dermal toxicity, immunotoxicity, reproductive
deficits, teratogenicity, endocrine toxicity, and carcinogenicity/tumor promotion
[5]. However, a wide range of bacteria such as Arthrobacter, Bacillus, Corynebac-
terium, Luteibacter, Microbacterium, Pseudomonas, Rhodococcus, and Williamsia
sp. have been reported thankfully to be capable of utilizing toxic PCBs as carbon and
electron sources [6]. Initial oxidation by these bacteria is generally the reaction by
biphenyl dioxygenase which functions as a three-component enzyme system similar
to naphthalene dioxygenase enzyme as described below (Fig. 2).

On the other hand, another group of halogenated hydrocarbons are degraded by
not oxidation but reduction reaction, the so-called halorespiration which is one of the
unique anaerobic respirations of bacteria. This means that the target compounds are
not used as electron donors for microorganisms but as electron acceptors. These
reactions proceed under anoxic conditions in the presence of organic electron donor
compounds including methanol. Dehalococcoides ethenogens is the most popular
dehalogenating bacteria that consistently dominates at the contaminated sites by
tetrachloroethylene, PCE. D. ethenogens converts PCE to trichloroethylene,
dichloroethylene, and finally to ethene (ethylene) that is further degraded to CO,
and H,O by aerobic respiration by other symbiotic microorganisms. This reductive
dehalogenase also adopts [Fe-S] cluster, [4Fe-4S] at the catalytic site for transferring
electron. It has been also indicated that a cobalamin (B;;) molecule exists at
proximate position of [4Fe-4S] cluster and the coordinated Co atom of the cobalamin
directly binds to halogen atom suggesting its contribution to dehalogenation reaction
[7]. Here, we are surprised again wonderful tactic of enzyme evolution to complete
its difficult mission to detoxify non-natural and recalcitrant pollutants. It may also
worth to note that bacteria, prokaryotic microorganisms, never transform pollutants
kindly for saving biosphere environments including human health but they need to
do so for their living.

1.1 Alkane Monooxygenase/Hydroxylase

Alkane monooxygenase/hydroxylase is a three-component system comprising a
soluble mononuclear iron and FAD containing NADH/rubredoxin reductase
(AIKT), a [2Fe-2S] soluble rubredoxin (AlkG), and an integral-membrane diiron
oxygenase (AlkB) (Fig. 1). This type of multi-component enzyme system is widely
distributed in bacteria [8]. AIkB adopts the oxygen rebound mechanism in order to
hydroxylate alkanes but preferably from C5 to C16 alkanes. This mechanism
involves homolytic cleavage of the C—H bond by an electrophilic oxo-iron interme-
diate to generate a substrate-based radical. Diiron ligand site of AlkB is composed of
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eight histidine motifs. These histidine residues are also potential ligands for the
diiron atoms contained within alkane monooxygenase. This protein family has
hydrophobic six alpha helices that would be capable of spanning the membrane
bilayer. Unfortunately, active site structure of AlkB has not been solved yet,
however, spectroscopic and genetic evidence suggests a nitrogen-rich coordination
environment located near the inner surface of the cytoplasmic membrane with as
many as eight histidines coordinating two irons and a carboxylate residue bridging
these two metals. A particular amino acid residue located in the middle of trans-
membrane helix-2 of AlkB has been shown to be important to determine the alkyl
length of the substrate. When this amino acid has a bulky side chain like tryptophan,
the long-chain alkyl groups (C13<) are not acceptable in the substrate binding cleft.

1.2 Rieske Dioxygenase

Rieske dioxygenase catalyzes the primary cis-dihydroxylation of arene (monocyclic
and polycyclic aromatic hydrocarbon) substrates, which is the initial step of many
bacterial degradation pathways. Rieske protein was first reported by John Rieske
et al. [9], which has a characteristic [2Fe-2S] cluster with 2-His-2-Cys bidentate
ligand. Besides a mononuclear iron active site, Rieske dioxygenases carry a
dinuclear [2Fe-2S] cluster in which one iron (Fel) is coordinated by two histidines
while the other iron (Fe2) is coordinated by two cysteines. Fe2 remains in a ferric
state regardless of the reduction state of the cluster, while Fel is converted from a
ferric state to a ferrous state when reduced during the reaction. The reaction of the
three-component type Rieske dioxygenase requires two electrons from an NAD(P)H
and consecutively transferred to the terminal dioxygenase component through a
ferredoxin (monomer) and a reductase (monomer). In a single large subunit, the
Rieske-type cluster and the mononuclear iron center are too far apart to allow for
electron transfer at a distance ~43 A. However, the quaternary structure (trimer of
hetero-dimer or homo-trimer type with three-fold symmetry) allows for electron
transfer from a Rieske-type cluster to a mononuclear iron center from a neighboring
subunit, which is only 5 A apart (Fig. 2, [10]). A key role in this electron transfer has
been ascribed to an absolutely conserved aspartic acid residue Asp205 in NahAc that
bridges between the two metal sites. Structural studies also implicate a side-on
binding of a dioxygen to form catalytically active iron(Ill)-peroxide intermediate
which is subsequently converted to a high-valent iron(IV)-oxo or iron(V)-oxo-
hydroxo intermediate. After cis-dihydroxylation of the substrate, catalytic mononu-
clear iron will return to iron(Il) resting-state configuration [11, 12].
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2 Efficacy of Biofilm Formation by Naphthalene Degrading
Bacteria for Bioremediation

Among the strategies to clean up pollutants it is widely recognized that biological
treatments, the so-called bioremediation technologies, have the advantage over
chemical and physical treatments in terms of their compatibility with natural system
thus minimizing environmental impacts [13]. Active on-site bioremediation includes
technologies that activate indigenous microbial populations, biostimulation, or
introduce specific competent foreign bacteria to the contaminated site,
bioaugmentation. Although bioaugmentation is expected to be a quicker and more
effective technology than biostimulation, low fitness and poor colonization of the
introduced bacteria to the contaminated sites often make efficacy of bioaugmentation
poor [14, 15]. The activity and viability of the introduced bacteria often decreases at
the contaminated sites when compared with those observed under laboratory condi-
tions, probably due to diverse environmental stresses [16, 17]. These include
predation by protozoa, competition with other bacteria, unfavorable pH and temper-
ature conditions, and poor availability of nutrients and oxygen. Catabolite repression
by other organic compounds also decreases the expression level of the degradation
genes. However, bioaugmentation can become more effective if both microbial
ecology and population sizes are taken into account [15, 18, 19]. One of the options
for effective clean-up methods of contaminated sites is the use of carrier materials so
as to maintain sufficient activity of inoculants during prolonged periods. There are
several reports demonstrating that immobilized or encapsulated cells effectively
degrade pollutants at the contaminated sites [20, 21]. However, the cellular and
molecular mechanisms underlying these technologies are largely unknown.

Biofilms are a multicellular structure of microorganisms formed on surfaces that
exhibit sociality under control of quorum sensing signaling molecules [22]. Biofilms
are often encased in sticky extracellular polymeric substances such as
exopolysaccharides. Forming biofilms is considered a natural strategy of microor-
ganisms to construct and maintain a favorable niche in stressful environments
[17, 23]. We propose that application of biofilms to bioproduction and
bioaugmentation processes is a natural and rational choice [24]. Indeed, there are
several reports that demonstrate the efficacy of biofilm formation by useful bacteria
and their use in bioremediation and biotransformation technologies [25-28]. We
have demonstrated benefits of biofilm formation by hydrocarbon-degrading bacte-
rium for stable bioremediation. Shimada et al. compared degradation activities and
its persistence in contaminated soils inoculated with biofilms or planktonic cells of
naphthalene degrading bacterium Pseudomonas stutzeri T102 [29]. When compared
with artificially immobilized and encapsulated cells, the advantage of biofilms is that
the high density and tolerance of the constituent cell is naturally achieved. Moreover,
biofilms can be introduced to contaminated sites free of supports that might cause
additional environmental pollution. The secondary purpose of the study was to
examine the potential of model biofilms toward developing bioaugmentation
technology.
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Fig. 3 (a) Biofilm formation by hydrocarbon degrading bacteria. Biofilms were formed at the
indicated temperatures in 1.5 mL polypropyrene tubes containing 0.5 mL Y medium. Data points
are the averages of triplicate assays and error bars represent standard deviations. Symbols are as
follows: closed diamond, P. stutzeri T102 (30°"C); closed square, Gordonia sp. C3 (30°"C); closed
circle, Oleomonas sagaranensis HD1 (30°"C); open triangle, Rhodococcus sp. TMP2 (20°"C); open
diamond, Rhodococcus sp. T12 (20°°C); cross, Shewanella sp. SIB1 (20°°C); open circle,
Arthrobacter sp. CAB1 (30°"°C). The latter four strains did not produce biofilms in the culture
systems. (b) Crystal violet staining of P. stutzeri T102 biofilms in a 20 mL glass bottle; (¢) in an
1.5 mL polypropyrene test tube. (d, e) Scanning electron micrographs. All biofilms were formed at
30°"C for 48 h. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article)

Pseudomonas stutzeri are ubiquitous and useful environmental bacteria with their
high degradation abilities for harmful chemical compounds including biocides,
halogenated alcohols, and hydrocarbons [30]. Among the tested laboratory strains,
P. stutzeri T102, which was isolated from sludge of an oil reservoir tank in Okinawa
[31], formed the biofilms on the surface of various materials including
polypropyrene, polystyrene, polyethylene terephthalate, acrylic, and glass bottles.
P. stutzeri T102 is capable of degrading PAHs, such as naphthalene and
dibenzothiophene. When using a batch culture system for biofilm formation, the
amount of T102 biofilms continued increasing even after 120 h (Fig. 3a). Thus, we
chose T102 as a model bacterial strain for further experiments. Gross et al. (2007)
tested 69 bacterial strains for biofilm forming capacity and showed that many of the
best biofilm formers belonged to Pseudomonas [32]. Our experimental result is
consistent with their result. Since T102 is a facultative aerobic strain, it formed
ring-shape biofilms near the air-liquid interface on the inner surface of glass bottles
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(Fig. 3b). However, they formed rather uniform biofilms in small plastic tubes, such
as 1.5 mL polypropyrene tubes and 96 well polystyrene plates probably due to the
small depth of the liquid phase, better aeration condition, reduced hydrophobicity
and zeta potential of the tube materials (Fig. 3c). It may be worse to note that a major
outer membrane protein, OmpA exhibited opposite effects on the biofilm formation
in glass bottles and plastic tubes where surface hydrophobicity is different [33]. This
suggests that each environmental bacterium has different surface condition for its
optimal biofilm formation. Scanning electron microscopy demonstrated that the
macroscopically uniform biofilms of T102 are also not flat but highly structured
(Fig. 3d, e).

2.1 Naphthalene Degradation by T102 Biofilms
and Planktonic Cells

There are reports that biofilm-associated cells are more dormant and inactive than
planktonic cells [34-36]. This feature of biofilms partly explains their high resistance
to environmental stresses [37]. It was thus a concern that T102 biofilms might
exhibit less naphthalene degradation activity than planktonic cells. In order to
examine this possibility, the activities of T102 biofilm and planktonic cells were
compared in a pure liquid-culture system (Fig. 4). Biofilms of T102 were formed in
glass bottles. After cultivation at 30°C for 24 h without shaking, free planktonic cells
were carefully removed from the bottles and the biofilm formed inside walls

100
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Naphthalene remaining (%)
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Time (h)

Fig. 4 Comparison of naphthalene degradation activity of T102 biofilm and planktonic cell
cultures. Data points are the average of triplicate assays; error bars represent standard deviations.
Initial CFUs for biofilm and planktonic cell cultures were 21,470,000 and 23,360,000, respectively.
Symbols are as follows: no cells, triangle ( filled triangle); T102 biofilm cell culture, square ( filled
square); T102 planktonic cell culture, circle ( filled circle)
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(ca2 x 107 CFUs) was rinsed once with sterile water. The biofilms were soaked in a
mineral medium containing 20 ppm naphthalene and the bottles were tightly sealed
with butyl rubber stoppers and incubated at 30°C without shaking. Planktonic cells
were separately grown in a shaking flask. Mid-exponential phase cells were
harvested by centrifugation and washed and suspended with a small amount of
medium. BM-medium containing the planktonic cells at the same CFU value
(ca 2 x 107 CFUs) as the biofilm samples was prepared in glass bottles with
20 ppm naphthalene added. The bottles were sealed and kept at 30°C as described
previously. All the samples were prepared in triplicate for each sampling time and a
negative control included that contained no cells. Sample bottles were taken every
4 h until 16 h and then every 8 h until 48 h. Remaining amounts of naphthalene in the
samples were analyzed by gas chromatography.

Experimental results revealed that T102 biofilms did not degrade naphthalene
during the first 4 h but after that time they degraded naphthalene faster than
planktonic cells (Fig. 4). This interesting observation was reproducible in several
independent experiments. T102 biofilms degraded 14 ppm or 70% of initial naph-
thalene (20 ppm) in 12 h and exhibited a maximum degradation rate of 1.7 ppm h™'
between 4 and 12 h. On the other hand, T102 planktonic cells started to degrade
naphthalene immediately after incubation. The degradation rate was almost constant,
about 0.5 ppm h™! for 16 h, and it took 28 h for the degradation of 14 ppm of
naphthalene. About 1.6 ppm (8%) of the initial naphthalene was absorbed to the
butyl rubber septum of the bottle cap and remained un-degradable. This means that
naphthalene was almost completely eliminated from the culture of T102 biofilms
after 32 h. We hypothesized that initial delay for degradation by biofilms may be the
time that it takes the naphthalene to penetrate through the extracellular matrix of the
biofilm so that the genes responsible for degradation of naphthalene might be
induced.

2.2 Comparison of Expression Levels of nahA in T102 Biofilms
and Planktonic Cells

It is known that a set of genes nahAa, nahAb, nahAc, and nahAd form an operon and
encode a ferredoxin, ferredoxin oxidoreductase, and naphthalene dioxygenase large
and small subunits, respectively (Fig. 2; [4, 38]). All these genes are essential for the
aerobic degradation of naphthalene and related compounds. Thus, we analyzed the
expression level of nahAc, which encodes the large subunit of naphthalene
dioxygenase, in T102 biofilms and planktonic cells (Fig. 5). Total RNA was
extracted from T102 cells and cDNA was synthesized from DNase-treated RNA
as previously described [39]. RT-PCR amplification was performed using a primer
set targeting nahAc in T102. The PCR products were separated on 1.5% agarose gels
and stained by ethidium bromide. Contrary to our hypothesis, nahAc in T102
biofilms expressed nahAc at constant levels from the start of incubation through to



272 M. Morikawa

a T102 biofilms T102 planktonic cells
120 120
CFUs : 18,850,000 CFUs : 22,120,000
oo o0
£ <
£ S
© @
£ £
e S
[0} (0]
= c
K3 o
© [
< <
£ £
g 20 8
=z P4
0 v + + 0 + . + +
0 8 16 24 32 40 0 8 16 24 32 40
Time (h) Time (h)
b 0 12 16 24 40 0 12 16 24 40 (h)
nahAc
16S rRNA

Fig. 5 (a) Naphthalene degradation activity of T102 biofilm (left) and planktonic (right) cell
cultures, respectively. Initial CFUs were 18,850,000 (biofilm culture) and 22,120,000 (planktonic
cell culture). Data points are the average of triplicate assays; error bars represent standard devia-
tions. (b) RT-PCR analyses of nahAc and 16S rRNA gene expression in the T102 biofilms (left) and
planktonic cells (right), respectively

40 h (Fig. 5b). Constant gene expression was also confirmed for nahAa, nahAb, and
nahAd (results not shown). These results suggest that the initial lag and subsequent
high naphthalene degradation periods exhibited by T102 biofilms are not due to
changing gene expression levels of nahAabcd. The nahAabcd operon in Pseudomo-
nas putida has been reported to be inducible under regulation of nahR [40]. In this
experiment expression of nahA genes was observed at 0 h, before naphthalene was
added to the medium. This suggests that nahR does not exist or does not function to
regulate naphthalene degradation in P. stutzeri T102, which has been isolated from
the bottom sludge of a petroleum reservoir tank where naphthalene is always
abundant.

When we carefully observed the culture, we noticed that a part of T102 detached,
dispersed and grew planktonically in the culture bottle containing T102 biofilms
(Fig. 6a). Thus, we carefully separated these detached cells from biofilms, and
examined the expression level of nahAc. It was found that the expression level of
nahAc in the detached cells was clearly and significantly higher than that in biofilms
from 12 to 20 h (Fig. 6b). This result allowed us to conclude that degradation of
naphthalene was largely due to the activity of detached cells rather than biofilms.
The naphthalene degradation activities of T102 biofilms, detached, and planktonic
cells, were determined as 0.02, 1.1, and 0.3 pg CFUs™!' h7 !, respectively. The
degradation activity of the biofilms was much lower than planktonic cells probably
due to depletion of oxygen in biofilms where cells were densely packed and due to
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Fig. 6 (a) Naphthalene degradation activity (open square) and the amount of detached cells (closed
diamonds) in a T102 biofilm flask. Data points are the average of triplicate assays and error bars
represent standard deviations. (b) RT-PCR analyses of nahAc and 16S rRNA gene expression in the
detached cells. Only the cells sample at 0 h was taken from biofilms

poor naphthalene penetration through the matrix that encases biofilm-associated
cells.

2.3 Fitness of T102 Biofilms and Planktonic Cells
in Petroleum Contaminated Soils

The observation that T102 biofilms were capable of producing highly active
detached cells prompted us to test their performance in soils contaminated with
natural petroleum. Petroleum contaminated soils were taken from Ishikari petroleum
field (Hokkaido, Japan) and used for following experiments without sterilization.
For biofilm samples, T102 biofilms were formed in advance at 30°C for 24 h in a
screw cap polypropyrene tubes containing 0.4 mL medium. The liquid culture
containing planktonic cells was removed from the tubes leaving biofilms inside
wall. Contaminated soils, 0.5 g, and the same amount of filtered cell free spent
medium from planktonic cell cultures were added to each tube. Then, two different
conditions were set for biofilm samples, one was the “intact biofilm samples” with
no treatment, the other was “dispersed biofilm samples” which were vortexed for 2 s
to detach and disperse the biofilm pieces into the soils. For planktonic cell samples,
0.5 g of the soils in 2 mL tubes were supplemented with mid-log phase planktonic
cell cultures containing similar colony forming units, CFUs, to above biofilm
samples. A soil sample with no inoculation of T102 cells was also prepared as a
negative control. The soil samples inoculated with “intact biofilms,” “dispersed
biofilms,” “planktonic cells,” or no inoculation were incubated at 30°C using the
naphthalene vapor exposure method [41]. Naphthalene vapor was continuously
supplied by placing a small quantity of naphthalene crystals in a sample tube that
was loosely capped and placed on wet paper to avoid desiccation. The Petri dishes
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Fig. 7 (a) Comparison of the fitness of T102 cells inoculated differently in contaminated soils.
Relative density of 16S rRNA-PCR products band of T102 in each DGGE gel is plotted in the
graph. Symbols are as follows: T102 dispersed biofilms (triangle, filled triangle); T102 intact
biofilms (square, filled square); T102 planktonic cells (circle, filled circle) DGGE gel data for the
bacterial community analyses from O to 10 weeks. (b) native community without T102 inoculation;
(c) Inoculation of T102 planktonic cells; (d) Inoculation of T102 intact biofilm; (e) Inoculation of
T102 dispersed biofilm. The arrows indicate position of the 16S rRNA-PCR band of T102.
Asterisks * indicate the position of indigenous naphthalene degrader
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containing sample tubes and naphthalene crystals were sealed with parafilm, which
is permeable to oxygen.

To estimate the fitness of P. stutzeri T102 in the soils, we used the community
DNA fingerprinting method denaturant gradient gel electrophoresis (DGGE) to
assess variation in bacterial community composition among samples (Fig. 7).
Although this method is semi-quantitative due to different efficiency of DNA
extraction and PCR depending on the bacterial strains, it is useful to analyze
population changes of single strains over the time. Moreover, distribution of the
DNA bands in DGGE gels provides a rough overview of the bacterial community
dynamics upon introduction of T102 biofilm and planktonic cells to the soils. Total
DNA was prepared from the culture and PCR amplified 16S rRNA gene fragments
were separated on an 8% polyacrylamide gel with a denaturing gradient of urea and
formamide ranging from 20 to 50%. The density of DNA bands corresponding to
P. stutzeri T102 16S rRNA genes was estimated using imaging software (Fig. 7a).

We observed that the “dispersed biofilm” sample maintained a rather dense T102
DNA bands for 10 weeks and kept over 40% of its original density level for 8 weeks
(Fig. 7e). The density of T102 DNA bands of “planktonic cells” and “intact
biofilms” samples decreased more rapidly than that of “dispersed biofilms,” and
they almost disappeared (ca 2% remained) after 10 weeks (Fig. 7c, d). The decrease
in the amount of T102 DNA bands was more significant within the first 3 weeks than
later for all experimental conditions. The amount of T102 DNA in the “intact
biofilms” sample continuously decreased over the period. This may be because the
nutrients and oxygen were more rapidly depleted around the sessile “intact biofilms”
than “planktonic cells” and “dispersed biofilms.” The duration for which each
sample kept over 20% of the initial density of T102 DNA was 10, 5, and 2 weeks
for “dispersed biofilms,” “intact biofilms,” and “planktonic cells” inoculates, respec-
tively (Fig. 7a). These results indicate that “dispersed biofilms” are more tolerant and
stable than “intact biofilms” and “planktonic cells” in the petroleum contaminated
soils. A band of increasing intensity, indicated by an asterisk, in all samples may be
an indigenous naphthalene degrader since it also appeared in the sample without
T102 inoculation (Fig. 7a).

The above experimental results are consistent with previous knowledge that
biofilm-associated cells are generally more tolerant to environmental stresses than
their planktonic counterparts. The environmental robustness of biofilm-associated
cells could be attributed to both specific gene expression and physicochemical
toughness provided to the densely packed cells by extracellular matrices [42—
44]. Next, we examined the naphthalene degradation activities of contaminated
soils containing either T102 biofilm or planktonic cells.
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Fig. 8 Naphthalene degradation activity of soils with T102 planktonic cells (shaded bar), dispersed
T102 biofilms (closed bar), and no T102 cells (open bar). Data points are the average of triplicate
assays and error bars represent standard deviations

2.4 Naphthalene Degradation Activity of Soils Containing
T102 Biofilms and Planktonic Cells

As shown above, the liquid-culture system inoculated with T102 biofilms exhibited
naphthalene degradation activity comparable to or even higher than with T102
planktonic cells (Fig. 4). PCR-DGGE analysis suggested that populations of T102
remained higher in soils inoculated with “dispersed biofilms” rather than the “plank-
tonic cells” during incubation for 10 weeks in contaminated soils. Thus, we expected
that the soil sample containing “dispersed biofilms” should exhibit higher degrada-
tion activities than “planktonic cells” over the period. But it was difficult to measure
naphthalene degradation directly in the contaminated soil samples because the soils
contained large amounts of various hydrocarbons and the signal/noise ratio in GC
analysis was quite low. We decided to measure naphthalene degradation activity of
each soil sample in BM-medium containing an additional 100 ppm naphthalene
(Fig. 8). The entire soil sample, 0.5 g, in the 1.5 mL polypropyrene tube was
transferred into a 50 mL screw capped glass bottle containing 20 mL of
BM-medium and 100 ppm naphthalene in methanol solution. Bottles were tightly
closed and incubated at 30°C for 36 h. Extraction of remaining naphthalene and
GC/FID analysis were performed as previously described. It was demonstrated that
“dispersed biofilms” and “planktonic cells” initially degraded 48 and 52 ppm naph-
thalene in 36 h, respectively. Their degradation activities gradually decreased as the
incubation time increased. When their activities were compared after 9 weeks of
incubation, “dispersed biofilms” still degraded 19 ppm naphthalene while
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“planktonic cells” and no inoculation samples degraded only <0.1 ppm. Petroleum
contaminated soils that were taken from Ishikari oil field contained various hydro-
carbon compounds such as straight-, branched- and cyclo-alkanes, and PAHs
including naphthalene. Thus, it was not surprising that the soils contained significant
amounts of naphthalene degrading bacteria. The degradation of naphthalene with no
inoculation could be attributed to these indigenous bacteria. Densitometry of the
T102 bands of “dispersed biofilms” and “planktonic cells” in DGGE gel revealed
that 35 and 9% of the initial band intensities remained after 9 weeks, respectively.
These results suggest that the specific naphthalene degradation activity of “dispersed
biofilms” including detached cells was much higher than “planktonic cells” in the
petroleum contaminated soils after 9 weeks.

2.5 Summary

Biofilms confer microbial cells with high resistance to environmental stresses and
facilitate their survival in complex microenvironments that help generate diverse
cellular heterogeneity and activities. Naphthalene degradation rate of P. stutzeri
T102 biofilms was initially low but later became higher than that of T102 planktonic
cells. The rapid degradation activity of biofilm cultures could be attributed to
producing detached cells. It was shown that “biofilms act as aircraft carriers that
launch super-active fighter cells” which may contribute to the continued degrada-
tion of harmful environmental contaminants. T102 cells were also shown to be more
durable and active in the petroleum contaminated soils when they are introduced as
“dispersed biofilms” rather than as “planktonic cell” suspensions. These experimen-
tal results suggest that inoculation of contaminated sites with pollutant degrading
biofilms may enhance bioaugmentation as a durable and effective bioremediation
technology.

3 Biosurfactants

Biosurfactants (biological surfactants), namely BS, are a group of surfactants pro-
duced by living organisms. Surfactants are generally considered as chemical prod-
ucts such as detergents and emulsifiers that are abundantly used in various industries.
Surfactants are also useful compounds for environmental remediation by accelerat-
ing microbial degradation. People may think of them as harmful substances that are
far from living organisms, but this is not the case. For example, phospholipids, a
major component of cell membranes in all living organisms, are biomolecules with
amphiphilicity can also function as surfactants. Furthermore, glycolipids such as
cerebroside and ganglioside, which are abundant in the brain, are not exception. In
other words, biological complex lipids mostly can function as BS in the broad sense.
Thus, surfactants are molecular species that are closely related to living organisms.
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A group of microorganisms are known to produce and secrete complex lipids
with strong surfactant activity outside the cells, which are generally called
biosurfactants, BS [45]. The physiological significance of BS to the producing
bacteria is still unclear, but it is natural that for microorganisms growing in hydro-
phobic environments such as oil fields, the ability to emulsify hydrocarbon com-
pounds for efficient uptake as carbon and energy sources is advantageous for
survival. In fact, microorganisms with BS production activity are widely distributed
in oil fields, including Bacillus, Pseudomonas, and Rhodococcus [46, 47]. It is a
rational idea to activate the domestic or introduce foreign BS-producing bacteria to
the site of oil contaminated soils and oceans [48-53]. In the case of Serratia, a plant
pathogen, BS are secreted to improve the affinity with the wax-covered leaf surface
useful for invasion [54]. On the other hand, some BS have antimicrobial activity,
which may also be of great benefit not only to the producing bacteria but also to the
host plants [55]. In addition, BS have been shown to be important in the formation of
three-dimensional structures of microorganisms (so-called biofilms) formed by
microorganisms attached to solid surfaces and interfaces, and it can be said that
BS are one of the tools that microorganisms have devised to secure their ecological
niche while resisting various environmental stresses [56, 57]. The development and
effective use of such special natural products is expected to contribute to the
realization of a sustainable society with low environmental impact [58].

3.1 Isolation of BS-Producing Bacteria

Isolation of BS-producing bacteria can be performed by using the accumulation of
an emulsified layer or the decrease in surface tension of the culture solution as an
index. Emulsified layer is observed when culturing bacteria with water-insoluble
hydrophobic substance such as a hydrocarbon compound as a carbon source. There
is also a simpler method which is called as a plate test. It is convenient to use a blood
agar medium on the market, and hemolytic spots due to BS activity are formed
around the colonies of the producing bacteria [59]. The authors accidentally found
that an agar plate medium prepared by spreading a small amount of crude oil to form
thin membrane on the top, prepared for the purpose of isolating hydrocarbon-
degrading bacteria, was very useful for selecting biosurfactant-producing bacteria.
That is, first, a sample containing microorganisms is spread on this medium to form
colonies, and second the surface of the plate medium is observed under the reflected
light of a fluorescent lamp and a circular zone in which the oil film is excluded can be
observed around the colonies of the biosurfactant-producing bacteria (Fig. 9, [60]).
At first, we thought that I had discovered a novel crude oil-degrading bacterium
which is capable of evaporating liquid hydrocarbons by directly cutting C—C bond to
yield hydrocarbon gasses such as methane or ethane, but later it was revealed that
this oil exclusion circle was due to BS activity. Since the size of this oil film
exclusion zone is directly proportional to the BS molecular activity and the amount
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Fig. 9 Easy BS halo assay for detecting BS production. There are three colonies of BS producing
bacteria surrounded by oil displacement zone, BS halo. BS halo can be visualized by different
reflection of the light. The size of BS halo directly correlates with the amount and activity of BS [59]

of BS production. Finally, excellent BS-producing bacteria can be obtained by
picking up colonies that form a large zone.

3.2 Production and Purification of BS

When the BS-producing bacteria are grown in liquid-culture using a hydrophobic
substrate such as a hydrocarbon compound or vegetable oil, significant amount of
emulsified layer is formed by the function of produced BS that cells and hydrocarbon
compounds cannot be easily removed by centrifugation. However, in the case of
sufficiently highly BS-producing yeasts, whose cell size is much bigger than bacte-
ria, the hydrophobic substrate is almost completely consumed. A bottom white cell
layer and biosurfactant containing brown layer are formed under the aqueous culture
solution after simply left stand for 1 day. On the other hand, Bacillus and some
Pseudomonas bacteria show relatively good biosurfactant productivity even without
hydrophobic substrates. That is, the BS can be recovered by acid precipitation or
calcium precipitation by adding hydrochloric acid or calcium chloride to the super-
natant obtained by precipitating and removing the bacterial cells from culture
solution by centrifugation. In addition, since BS form giant micelles in an aqueous
solution, they can be concentrated using an ultrafiltration membrane having an
excluded molecular weight of about 10 kDa, which is used for protein concentration
[59]. In addition, since BS are involved in biofilm formation by microorganisms,
good productivity is often seen in solid cultures using soybean meal or okara, and in
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this case, hexane or ethyl acetate can directly solubilize and extract BS instead of
from an aqueous solution [61]. This method enables us to concentrate BS compound
easily by evaporation of the organic solvent.

3.3 Types and Structures of BS

Biosurfactant molecules are also composed of hydrophobic and hydrophilic part
similarly to chemical surfactants. Since the hydrophobic part of BS is commonly
fatty acid esters, their classification can be mainly divided into (1) glycolipid type,
(2) lipopeptide type, (3) fatty acid type, and (4) polymeric type based on the structure
of the hydrophilic part, but the first two types are most used in industry.

3.3.1 Glycolipid-Type BS

Although there are various types of glycolipid BS depending on the sugar, only the
structures of popular rhamnolipids and sophorolipids are shown here.

Sophorolipid

o CH,0Ry
Rhamnolipid o CHy
O—CH

OH
CH,ORy  HO

(e} [e]
o ] ] o
HO O—CH-CH,—C—0—-CH—CH,—C—0H o
CHy ‘ ! (CH,)15C=0
(CHa)g (CHy)s Nor
CH, CH,

vt ‘ OH R, Ry: -H,-
RL2; R= -OH coct
Lactone form
RL6; R = -COOCH=CH-(CH,)sCH,
CHZOR1O CH

I
O—CH~ (CH,),sCOOH
OH
CH,0Ry HO
o)

OH
HO

OH Ry, Ryt -H,-
COCH,
Fatty acid form

Fig. 10 Structure of two major glycolipid type BS, Rhamnolipid and Sophorolipid
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Rhamnolipid

Rhamnolipid is a glycolipid-type biosurfactant produced mainly by bacteria of the
genus Pseudomonas, and was first reported as an antibacterial substance against
tuberculosis-causing Mycobacterium tuberculosis [62]. Since then, six types of
homologous compounds with different monosaccharides, disaccharides, or fatty
acid chain lengths (RL1-RL6) have been identified. Figure 10 shows the structures
of typical RL2 and RL6. Hisatsuka, K. et al. reported in 1971, when “petroleum
(utilizing) fermentation” was in its heyday, that hydrocarbon-degrading Pseudomo-
nas aeruginosa produced rhamnolipids, which was involved in its sound
growth [63].

Sophorolipid

In 1961, Gorin, P.A. et al. found sophorolipids in the fermented products of the yeast
Torulopsis magnoliae and Torulopsis bombicola (later Candida bombicola, now
Starmerella bombicola) [64]. As mentioned earlier, it has been found that the
productivity of the biosurfactant sometimes is greatly increased by feeding vegetable
oil as a carbon source along with glucose. This is probably due to the bacterium that
produces lipase, and the fatty acids, which are degradation products of vegetable oil,
are rapidly utilized for BS synthesis. This compound is characterized by the ether
linkage of hydroxy fatty acids to the sugar (sophorose) backbone and the intramo-
lecular condensation of the carboxyl terminus of the fatty acid with the hydroxyl
group of the sugar to form a lactone (Fig. 10). The acid and lactone forms are
produced in mixture in the culture medium, and the lactone can be converted to the
more water-soluble acid form by ring-opening under alkaline conditions if
necessary.
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 CH-(CH,),-CH
' L-Val* .
CHs o a Arthrofactin
n=7~9 L-Leu’ L-Asp®
D-Leu
D-Leu®
~
D-Leu* D-Ser®
OH \
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L-llet L-lle®

Fig. 11 Structure of two major lipopeptide type BS, Surfactin and Arthrofactin
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3.3.2 Lipopeptide-Type Biosurfactant

The best known lipopeptide-type biosurfactant is surfactin, which was reported as a
thrombolytic agent produced by Bacillus subtilis [65]. Its structure is also unique: a
peptide, consisting of seven amino acid residues including two D-form amino acid
residues, forms a lactone via amide and ester bonds with fatty acids (Fig. 11). Since
then, a series of cyclic lipopeptides with different structures have been reported from
bacteria of the genus Bacillus, including lichenysin, fengycin, plipastatin, iturin, and
bacillomycins [66]. Serratia spp. and Pseudomonas spp. have also been reported to
produce cyclic lipopeptides serawettin, arthrofactin, and syringomycin. Arthrofactin
is a cyclic lipopeptide consisting of 11 amino acids, including five D-form amino
acid residues, which was discovered by the authors in 1993 from a soil bacterium in
Shizuoka Prefecture [59]. Arthrofactin is one of the most effective BS with CMC
(critical micelle concentration) value ~0.01 mM and minimum surface tension
reduced to 24 mN/m.

These lipopeptides are synthesized without ribosomes by a huge non-ribosomal
peptide synthetase (NRPS), in which substrate amino acids are activated and linked
one by one. NRPS has a modular structure with an activation domain and a
condensation domain before and after the domain that binds the substrate amino
acid, thiolation domain. Interestingly, the gene structure of NRPS has a co-linearity
rule with that of the product peptide. Moreover, a novel cyclic lipopeptide can be
synthesized by replacing the gene module.

Surfactin

L-Glu' L-Leu?

D-Leu®

L-Val*

Native form:  -COO- -COO-
Amide form: ~ -COONH, -COONH,
Methyl form:  -COOCH, -COOCH;

Sulfonic acid form:  -COOSO5;~  -COOSO;~

Fig. 12 Chemical modification of surfactin. Methyl form was obtained by keeping surfactin
overnight in anhydrous methanol with conc. HCl. Amide form was obtained from surfactin by
keeping two hours at 22° C in methanol containing 5.5 M NH,4CI (pH 5.0) with 0.1 M 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (EDC). Sulfonic acid form was obtained by keeping in
aminomethane sulfonic acid (pH 8.0) and solubilized by the addition of appropriate amount of
acetonitrile and EDC up to 0.1 M
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Linear form Surfactin
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Fig. 13 Linearization of surfactin and arthrofactin. Linear forms were obtained by dissolving each
BS in NaOH/40% methanol and incubated at 37° C for 18 h

3.4 Structure-Activity Relationships of BS

BS, especially lipopeptide-type, have very diverse and complex structures. There is
yet a limited knowledge available to understand rationality of its structure. In order
to investigate the structural inevitability of arthrofactin and surfactin, we have
attempted several structural modifications [67]. The first question was both have
two acidic amino acids in common. The experimental results showed that either
amidation or methylation of the Asp and Glu residues which eliminates negative
charge of the molecule resulted in an increase in surfactant activity but also lost
water solubility (Fig. 12). On the other hand, sulfonation to make the molecule more
strongly acidic maintained the water solubility but drastically reduced the surface
activity. Furthermore, when the lactone was saponified and cleaved lactone ring to
form a linear structure, the activity was reduced to one-third in both cases (Fig. 13).
These results allow us to conclude that lactone formation can increase the
biosurfactant activity by three folds. When the activity was carefully measured by
HPLC fractionating the arthrofactin according to their fatty acid chain length,
relative biosurfactant activity (/A1) of the most major product was found to be
the highest (Fig. 14). Furthermore, the three-dimensional structure of arthrofactin in
DMSO solution was investigated using high-performance NMR. It was found that
arthrofactin formed a unique helmet-like structure, with hydrophobic amino acids,
Ile and Leu, oriented on the upper outer side and hydrophilic amino acids, Asp, Ser,
allo-Thr, on the lower inner side (Fig. 15). Higher surface activity of BS than
chemical surfactants can be probably attributed to this steric distribution of hydro-
philic and hydrophobic part in a biosurfactant molecule which enables to occupy
larger interfacial area. Our experimental results demonstrated that the complex BS
structure successfully harmonized high surfactant activity and water solubility in a
perfect manner. Here, we could see a wonderful aspect of rational natural selection
over million years.
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Fig. 14 Separation and relative activity of arthrofactin (AF) structural family. (a) Elution pattern of
AF family on reverse-phase HPLC with MS detector. (b) Chemical structure and relative oil
displacement activity of AF family. Relative activity was determined as follows: the oil displace-
ment circle area was divided by A210 units and each value was compared with the major AF (C10)
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Fig. 15 3D structure of arthrofactin in DMSO

3.5 Synthetic Mechanisms of Arthrofactin and Encoding
Gene Cluster

Gram-positive Bacillus and Gram-negative Pseudomonas strains produce a variety
of lipopeptides with remarkable surface and biological activities. In contrast to the
structural diversity of these lipopeptides, their biosynthetic mechanism is basically
conserved. They are synthesized nonribosomally by a mega-peptide synthetase unit,
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non-ribosomal peptide synthetase, NRPS which is composed of several cooperating
multifunctional modules, each capable of performing one cycle of peptide elonga-
tion. To become an active form, they are post-translationally modified by a
phosphopantetheinyl transferase. However, recent analysis of the lipopeptide syn-
thetases suggests that there are several variants of NRPS architecture.

Biosynthesis of arthrofactin is catalyzed by the arthrofactin synthetase (Arf),
which consists of three non-ribosomal peptide synthetase, NRPS protein subunits,
ArfA (234 kDa), ArfB (474 kDa), and ArfC (648 kDa), which contain two, four, and
five functional modules, respectively (Fig. 16, [57]). An additional C-domain was
identified in the first module of ArfA, suggesting that the first amino acid could be
initially acylated with a fatty acid. Site-directed mutagenesis changing the histidine
residue of conserved core motif (HHXXXDG) to alanine impairs arthrofactin
production (N. Roongsawang and M. Morikawa, unpublished data). This result
suggested that the first C-domain is essential for biosynthesis of lipopeptide. Indeed,
the f-hydroxydecanoyl thioester may be coupled to the activated leucine by the
action of this C-domain to yield f-hydroxydecanoyl-L-Leu as the initial intermedi-
ate. A phylogenetic tree showed that the first C-domain of Arf belongs to N-acyl
groups that use fatty acyl-CoA as their starter unit [68]. Although seven out of the
11 amino acid residues in arthrofactin are in the D-form, Arf contains no E-domains,
as found in syringomycin and syringopeptin. The A-domain of D-Leu' specifically
recognizes only L-Leu in vitro. Based on these observations, we initially hypothe-
sized that an external racemase may be responsible for incorporation of the D-amino
acids in arthrofactin. Different amino acid sequences downstream of a conserved
core motif [FFELGGHSLLA(V/M)] in the T-domains were expected to reflect the
recognition by external racemase. However, Balibar and coworkers demonstrated in
2005 that Arf contains unique dual C/E domains, which contribute to the conversion
of L-amino acids to the D-form [69]. This novel C/E domain is cryptically embedded
with the C-domain located downstream of the D-amino acid—incorporating modules.
Dual C/E domains can be recognized by an elongated His motif (HHI/LXXXXGD).
This feature was also identified in the Syr and Syp synthetases. Another unique
characteristic of Arf is the presence of C-terminal tandem Te-domains like
syringopeptin. By site-directed mutagenesis, the first Te-domain (ArfC-Tel) was
shown to be essential for the completion of macrocyclization and the release of the
final product. The second Te-domain (ArfC-Te2) was suggested to be involved in
the evolution of Arf to improve the macrocyclization efficiency. Moreover, we found
that the gene encoding putative ArfA/B/C exists in the genome sequence of Pseu-
domonas fluorescens Pf0-1 (YP_347943/YP_347944/YP_347945). Arf represents a
novel NRPS architecture that features tandem Te-domains and dual C/E domains.
Interestingly, another type of NRPS involved in biosynthesis of a siderophore,
pyoverdine, was also identified in arthrofactin-producing Pseudomonas sp. MIS38.
A gene encoding NRPS for the chromophore part of pyoverdine contains a conven-
tional E-domain [70]. This observation shows that different NRPS systems with dual
C/E domains and a conventional E-domain are both functional in Pseudomonas spp.

Our current knowledge is still not enough to understand the evolutionary history
of biosurfactants. On the other hand, modification of NRPS by genetic engineering
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of the encoding genes is a potential method to produce useful variants. Accumula-
tion of genetic information for lipopeptide synthetases should contribute to design
biosurfactants with higher surface activity and/or novel features [71]. Moreover,
understanding their biosynthetic pathways and genetic regulation mechanisms will
facilitate not only uncovering the evolution of NRPS mechanisms, but also the
development of cost-effective methods for large-scale production of useful
lipopeptides.

4 Conclusion

Bioremediation is one of the excellent functions that have been naturally acquired in
the evolution of microorganisms, whose history is more than one billion years.
Therefore, there is no doubt that it is an environmentally friendly technology.
However, it has a disadvantage of requiring time much longer than physicochemical
methods. When considering the return on investment on the scale of human time, it
has been not yet practically used in many occasions. In the future, in order to realize
a sustainable biosphere without being bound by human self-convenience in a short
span of view, research and development to further improve bioremediation while
understanding its characteristics is desired.
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Abstract Contamination of organic and inorganic substances in water, such as
heavy metal ions and dyes, is found in almost every country, including developed
and developing countries. The presence of these pollutants in the environment
frequently resulted in negative effects on the human body and also ecosystem. So
far, many technologies to remove pollutants, filtration, precipitation, ion exchange,
phytoremediation, adsorption, and so on have been developed. Among these,
adsorption is regarded as one of the most promising methods due to its high
adsorption capacity and easiness of operation, and then many kinds of adsorbent
materials have been researched. The most common adsorbent material used in many
places is activated carbon; however, this adsorbent is quite expensive. This chapter
introduces some environmentally friendly adsorbents, which are low-cost, safe, and
non-harmful adsorbents based on natural products and solid waste materials. Espe-
cially, natural materials like plants, solid waste, and agricultural waste investigated
in our laboratories are described here. Most of them have the large surface area and
some useful functional groups for adsorbing, and then they originally have the high
adsorption capacity for pollutants. The treatment of the adsorbents with chemicals
like citric acid and phosphoric acid improved their adsorption capacities for metal
ions. Some agricultural waste, such as konjac glucomannan, spent coffee grounds,
and biochar, have the ability to remove organic compounds and dyes from water.
Furthermore, it is introduced that the fermented bark amendment from the thinning
of cedar can suppress the uptake of cadmium ion in rice.

Keywords Biochar, Drinking water treatment sludge, Environmentally friendly
adsorbent, Fermented bark, Konjac glucomannan, Platanus leaf, Spent coffee ground

1 Introduction

Many water and wastewater treatment technologies have been developed in order to
solve the contamination of heavy metal, including membrane filter [1], bio-sorption
[2], neutralization [3], phytoremediation [4], ion exchange [5], precipitation [6], and
adsorption [7]. Adsorption is known as one of the most effective for water and
wastewater treatment, especially activated carbon is frequently employed. It is
considered as the most common long-term adsorbent and has been used for the
removal of many organic pollutants and also metal ions in water. Due to its large
surface area and the presence of certain functional groups that are significant for
metal binding, it has the high adsorption ability even for metal ions. However, its
comparatively high cost puts it at a disadvantage for other sorts of adsorbents, such
as biosorbents [8, 9]. Therefore, the development of low-cost and environmentally
friendly adsorbent has been required. The term “environmentally friendly” literally
means friendly for the earth and not harmful to the environment. Then environmen-
tally friendly adsorbent is the safe and not-harmful adsorbent, in a narrow sense
which is prepared from natural or waste materials and useful for removing pollutants
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Table 1 Classification of the environmentally friendly adsorbents
Adsorbent
Category materials Target Characteristic References
Natural Scallop shell Metal ions The large surface area [10]
material Freshwater snail Metal ions The main functional groups |[11]
shell responsible for chelation are
OH, C=0, C=C, and C-C
Plant Platanus leaf Cadmium Main element is cellulose [12]
with carboxylate group
Eucalyptus Metal ions The thick wall structure [9]
camaldulensis along with a well-developed
wider porosity
Jujube Metal ions The irregular and inflexed [13]
surface morphology
Auricularia Neutral red Has —OH/NH, —-COH, [14]
auricularia (NR) C=C, —CO, and benzene
ring skeletons
Mango peel waste | Metal ions The carboxyl and hydroxyl |[15]
functional groups
Solid waste | Paper sludge Cadmium The phosphate functional [16]
group
DWTP sludge Cadmium Main elements are Al and Si | [17]
Coal fly ash Metal ions The large surface area [8]
Agricultural | Konjac Organic Contains activate carbon [18]
waste glucomannan compounds
Spent coffee Metal ions and | The large surface area [19, 20]

ground dye

Biochar Tetracycline The porous surface [21]
Carbon material Methyl orange | Has a partial tubular or [22]
from the combus- | (MO) and rope-like structure

tion of forest methylene blue

branches (MB)

Bark Cadmium Consists of natural poly- [23]

uptake in rice

mers, such as lignin and
cellulose

from the environment. The environmentally friendly adsorbents are classified into
several kinds as shown in Table 1.

The environmentally friendly adsorbents classified in Table 1 have a high ability
in removing contaminants including heavy metal ions and organic substances from
water and soil. The presence of some functional groups, porous structure, and large
surface area of these adsorbents plays important role in removing the target contam-
inants. Considering the availability and cost performance of the environmentally
friendly adsorbent, the development of these adsorbent materials is very promising
for environmental remediation in the near future.
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2 Adsorbent Based on Solid Waste Materials

Recently, the development of adsorbent for the removal of metal ions based on solid
waste materials has been studied by many researchers because of its high ability in
removing some metal ions, low cost in preparation, and easiness in getting these
materials. Sludge from drinking water treatment plant and from paper industry and
some kinds of biomass such as leaves and seeds have their potency to be utilized as
environmentally friendly and low-cost adsorbent. The characteristic of each adsor-
bent material is so interesting to be examined to understand the adsorption mecha-
nism and its adsorption capacity for the removal of metal ions in water. In this
section, some adsorbents based on solid waste materials that we have developed are
introduced.

2.1 Paper Sludge for Removal of Cadmium Ion in Water

The amount of pulp and paper production is rising every year in many countries
around the world and the production process has still problems with the appearance
of solid waste. The top ten pulp producers are the USA, China, Canada, Brazil,
Sweden, Finland, Japan, Russia, Indonesia, and Chile. Approximately 40-50 kg of
sludge (dry) is generated by the processing of 1 ton of paper at a paper mill, of which
approximately 70% is primary sludge and 30% secondary sludge [24]. Japan’s paper
industry remains to produce a large paper sludge as solid waste material that is
disposed of in landfills. The amount of paper sludge disposed of by the Japanese
paper industry in landfills is about five million tons per year [25]. The treatment of
paper sludge in landfill or incineration is expensive and may create newly environ-
mental problems such as the elution of heavy metals and pollution with dioxins. The
use of paper sludge as a raw adsorbent material has many benefits, decreasing the
amount of solid waste and treatment costs and providing a low-cost adsorbent for the
removal of heavy metals. Paper sludge as an adsorbent medium has a high capacity
to remove metal ions from water [16].

The characteristics of the paper sludge are defined on the basis of SEM, surface
analyzer (BET), and FTIR data. The surface structure of the paper sludge before and
after treatment with phosphoric acid as a modifier for the surface is shown in Fig. 1.
It is quite difficult to find out the effect of activation with some chemicals on
adsorbent materials only by using SEM image because the images of these adsor-
bents are almost similar. However, from the image of both adsorbents we can state
that the adsorbent becomes more porous after the treatment using phosphoric acid.
The result of surface analyzer test based on BET strengthened the data of SEM. The
surface area of raw paper sludge was 50 m*/g and then increased into 83.5 m?/g after
treatment with phosphoric acid maybe because of the ability of this acid in releasing
dirty particles from the paper sludge.
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Fig. 1 SEM images of paper sludge before (a) and after treatment with H;PO, (b)
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Fig. 2 FTIR spectra of paper sludge (PS) before and after treatment with H;PO4

Paper sludge has some functional groups which are important to bind metal ions.
Based on the data of FTIR spectra as shown in Fig. 2, we can see that the activated
paper sludge has some new peaks between 930 and 1,213 cm ™' and they indicate the
presence of the functional groups generated by the activation process with phospho-
ric acid. These functional groups have an important role in binding some metal ion
such as cadmium in water. Therefore, the adsorption capacity increased significantly
after the modification with phosphoric acid.

Figure 3 clearly shows that the impregnation ratio during the activation process
influences the performance of the adsorbent for removing metal ion in water. The
impregnation ratio is the ratio between adsorbent material and the chemicals used for
the activation (weight/weight). The best impregnation ratio for the removal of
cadmium by using phosphoric acid is 0.5 (paper sludge: phosphoric acid = 50%:
50% of weight). The highest adsorption removal for 10 mg/L of cadmium ion by
using 200 mg of the activated adsorbent at pH 6.0 was 97.74%.
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Fig. 3 The effect of the treatment with H;PO4 on Cd removal by the paper sludge

2.2 Adsorbent Based on Drinking Water Treatment Plant
Sludge

Drinking water treatment plant sludge (DWTPS) is a by-product of the precipitation
process that uses coagulant, and it is produced in large quantities in most munici-
palities around the world on a daily basis. In the developed countries, this sludge is
mostly disposed as solid waste to the landfill, however, in some developing coun-
tries, it is discharged into the river because of the high processing cost at landfill. The
quality of the drinking water source, the type of coagulant, and the treatment plant
system all have an impact on the property of the DWTP sludge. If water sources for
drinking water would be contaminated, DWTPS could contain some contaminants in
it. However, ordinary clean water sources are preferred for drinking water produc-
tion, and then the levels of contaminants or hazardous substances in DWTP sludge
are low enough to use it as an adsorbent. As a result, using DWTP sludge as an
adsorbent material may be feasible.

Adsorption of metal ion on the adsorbent is influenced by some factors, and
among them pH of the solution is one of the most important factors [17, 26]. The
surface charge of the adsorbent is strongly influenced by the pH of the solution.
There are several ways how the initial pH of the solution can influence the adsorption
capacity: (1) the electrostatic repulsion and affinity between adsorbent and adsorbate
[8, 27, 28]; (2) the process of ion exchange between adsorbent and adsorbate
[15, 29]; and (3) the distribution of metal species, such as soluble or insoluble and
cationic or anionic [26, 30]. In extreme acidic conditions the surface of the adsorbent
has dominantly positive charges, and therefore the adsorbent has the low adsorption
capacity for metal ion with positive charge such as cadmium (Cd**), lead (Pb**), and
cupper (Cu”*) because of the electrostatic repulsion between the adsorbent and
adsorbate.

The results of the adsorption study using the DWTPS for removal of Cd** at
different pH are shown in Fig. 4. For all types of the adsorbents (powdery raw
sludge, powdery treated sludge, treated sludge encapsulated in alginate gel and
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Fig. 4 The influence of pH solution on the adsorption of Cd ion in water

treated sludge encapsulated in agarose adsorbents), the removal efficiency increased
as pH of the solution increased. Under pH 5, the adsorbent has positive charges,
therefore it has a low cadmium adsorption removal due to the electrostatic repulsion
between the adsorbent and cadmium ion. The favorable pH for cadmium removal
was 6—7. The adsorption removal of cadmium becomes constant around pH 8 and
cadmium ion in water will be precipitated at higher pH than pH 8.2 [17].

The adsorption potential of the adsorbent for metal ions can be evaluated using
the Langmuir isotherm model. The Langmuir isotherm model was used to achieve
the constant balance of the adsorption equilibrium by the following equation:

Ce 1 1
_° _C 4+ —-—
qe 9m ¢ KLqm

(1)
where C, is the equilibrium concentration (mg/L), ¢, is the amount of metal ion
adsorbed at the equilibrium (mg/g), ¢, and Ky are the Langmuir isotherm constants
related to the adsorption capability and adsorption energy, respectively. From the
above equation, a plot of C./q. versus Ce will be employed to calculate the values of
gm and K as the tangent of the estimated straight line and its vertical axis intercept.
Beside Langmuir isotherm model, the Freundlich isotherm model can also be
used to evaluate the isotherm process of adsorption. The equation of this model is:

q. = K; C'" (2)
Log (¢.) = log (Ki) + 1/n log (Ce) 3)
where ¢, is the amount of metal ion adsorbed at the equilibrium (mg/g), C, is the

equilibrium concentration (mg/L), and Ky and n are the constants. We can determine
the amount of Ky and n by plotting between log C, and log ge.
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Fig. 6 Freundlich adsorption isotherm for Cd removal

Figures 5 and 6 show the Langmuir and Freundlich isotherms of those adsorbents
based on sludge of drinking water treatment plant for the removal of cadmium ion in
water.

Most drinking water treatment plants in many countries use river water as their
raw water because of its high quality, the stable supply in quantity and continuity.
Compared to other water sources, river water is better in terms of the above criteria.
In order to use the river water as the raw water for the drinking water treatment plant
(by public water company) sustainably, the government needs to protect the river
from contamination. The turbidity of raw water is one of the key parameters to be
treated in the sedimentation tank. Most public water providers use some coagulants
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to minimize the turbidity to meet drinking water requirements. The condition of the
raw water and the type of coagulant affected the quality of the sludge from the
sedimentation tank. Humic substances (natural organic matters) and iron hydroxide
(from iron including in the coagulant) are commonly present in the DWTPS. Both
components play an important role in the adsorption of metal ions by using an
adsorbent obtained from a drinking water treatment facility.

The possible binding mechanism of cadmium ion with the DWTPS is suggested
by considering the functional groups in the structure of humic substances: (a) by
chelation between carboxyl and phenolic hydroxyl, (b) by chelation between two
carboxyl groups, and (c) by complexation with a carboxyl group.

0 O 2
1 C'; C._
v - M
M .0
P o} / 9
0]
3 b c

The presence of iron hydroxide as explained in the above paragraph also is
suggested to have an important role in adsorption of metal ions. The possible
mechanisms of adsorption by iron hydroxide are shown as follows.

RO™ +M>" — ROM™
RO~ + MOH" — ROMOH
ROH + M*" — ROM' + H"
ROH + MOH" — ROMOH + H"

where RO~ denotes a negatively charged surface of iron hydroxide, ROH denotes a
neutral surface, and M denotes metal such as Cd. The mechanism of cadmium
adsorption by using DWTP sludge is investigated by preparing the sludge similar
to the DWTPS artificially. The artificial sludge were constructed by using the
following process, in which kaolin, a white clay mineral, was used as the sludge’s
basic material and then combined with other elements such as Fe(IlI), Mn(II), and
humic acid. In order to make a flock from these components, aluminium sulfate
(Aly(S0Oy)3) was used instead of coagulant (PAC) in the real drinking water treatment
plant. Several types of artificial sludge were generated using various types and
amounts of chemicals in order to search for the key constituents of the adsorbent
for cadmium ion adsorption in solution. The amounts of each substance were
determined by referring to the actual DWTPS as follows. In 1,000 mL of distilled
water, 10 g of kaolin, 10 g of Al,(SOy)3, 0.2 mg of Fe(Ill), 0.05 mg of Mn(II), and
1.2-2.4 mg of humic acid were added. A jar test using the mixed solution containing
those components was carried out at 150 rpm for 5 min, and followed by a 10-min jar
test at 40 rpm. The mixed solution was then rested for around 30 min until
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precipitation occurred entirely to form sediment. According to the original sludge
treatment, the sediment was removed from the solution by decantation, dried at
100°C for 24 h, and then crushed into powder. The amounts of humic substances and
iron hydroxide are adjusted and then some kinds of the prepared artificial sludge
were applied to the removal of cadmium ion in water. The results of the cadmium
removal are shown in Fig. 7. The artificial sludge with the higher amount of humic
substances and iron hydroxide showed the higher adsorption capacity, and therefore
two components of the artificial sludge are suggested to play the most important role
in the adsorption process [17].

2.3 Adsorbent Based on Platanus Leaf

The Platanus tree is common in Japan and many other Northern Hemisphere
countries, where it is used as an ornamental and roadside tree. In Japan, the fall
leaves of this tree are typically collected and discarded as garbage. The leaf of this
tree has the potential to be a low-cost and environmentally friendly adsorbent
material. However, the research on the use of the leaf of the Platanus tree as an
adsorbent material is still limited. It is known that the modification of plant based
adsorbents with citric acid is effective to improve the adsorbing ability for metal ions
[31]. Therefore, in this section, the adsorbing ability of Platanus leaf modified with
citric acid is introduced.



Environmentally Friendly Adsorbents 303

Table 2 The main elements of Platanus leaf before and after citric acid modification

Type of adsorbent
Element (%w/w) Raw adsorbent Citric acid modified adsorbent
Carbon (C) 49.98 49.90
Hydrogen (H) 5.78 6.14
Oxygen (O) 23.03 40.22
Nitrogen (N) 1.10 1.95
Ash 20.11 1.79

Fig. 8 SEM images of Platanus leaf before (a) and after treatment (b) with citric acid

Table 2 shows the contents of principal elements of Platanus leaf before and after
the treatment with citric acid. The content of oxygen (O) increased significantly after
the treatment with citric acid because carboxyl groups (COOH) of citric acid are
probably bound to the leaf by the reaction shown later. The presence of the carboxyl
group in the adsorbent material is important for the adsorption of metal ions due to
the complex formation.

The micromorphology of Platanus leaf before and after the treatment with citric
acid can be seen in Fig. 8. The surface of Platanus leaf after treatment with citric acid
seems to be brighter and more porous compared to that of the raw Platanus leaf. The
increase in the porosity is also proved by the data obtained from the BET analysis.
The surface area and pore volume of the raw leaf and treated leaf are 19 m® g~ ' and
4cm’g!, and 32 m? g~' and 7 cm® g7, respectively. The surface area and pore
volume are important to improve the adsorption capacity of the adsorbent, and
therefore the larger surface area and pore volume of the adsorbent are, the higher
adsorption capacity the adsorbent has usually.

The concentration of carboxylic acid of adsorbent materials was determined by
titration method using NaOH as a titrant. The concentration of carboxylic acid of
Platanus leaf before and after treatment with citric acid were 0.26 and 1.4 mmol/g,
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Fig. 9 FTIR spectra of Platanus leaf before (a) and after treatment (b) with citric acid

respectively. It was clear that the amount of carboxylic acid increased almost five
times as the effect of treatment with citric acid.

The concentration of carboxylic acid in citric acid used for activation was
15.6 mmol/g and few parts of them (about 1.14 mmol/g) were bonded with Platanus
leaf. Figure 10 presented the possible mechanism of the modification for Platanus
leaf treated with citric acid. Cellulose, a main component of Platanus leaf, was
bonded with carboxylic acid of citric acid to form the citric acid modified cellulose
that has some carboxyl groups, which is important for metals binding. As shown in
Fig. 9, the strong absorption band at 1,730 cm ™' of the modified adsorbent indicates
the presence of carboxyl groups in Platanus leaf as the result of citric acid
modification.

Powdery adsorbent has a larger surface area than granular adsorbent. However,
the separation of the powdery adsorbent after adsorption process is difficult in
comparison with granular adsorbent. Therefore, granular adsorbent is suitable for
the application to real samples. The encapsulation of powdery adsorbent into
alginate or agarose gel sometimes gives a solution for the separation of the adsorbent
after adsorption. In this study, the adsorbent treated with citric acid was encapsulated
in agarose gel. The adsorption capacities of the adsorbent before and after encapsu-
lation are shown in Table 3. The adsorption capacity decreased largely after the
encapsulation because of covering of the adsorbing sites with the gel. However, the
encapsulated adsorbent still has enough adsorption capacity in comparison with that
of the untreated adsorbent.
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Fig. 10 Possible mechanism of modification for Platanus leaf with citric acid

Table 3 The adsorption capacities of Platanus leaf before and after encapsulation

Langmuir model Freundlich model

qm KL
Adsorbent mgl) | gmp R K¢ n R
Raw Platanus 3.69 6.29 0.978 |4.403 |2.61 |0.972
Platanus treated with CA 15.31 1.36 0.939 | 6.725 |3.27 |0.993
Platanus treated and encapsulated in 6.89 2.48 0.948 |4.709 |2.64 |0.991
agarose

The basic features of the Langmuir isotherm can be described by the dimension-
less separation factor constant or by the equilibrium parameter Ry defined as: Ry = 1/
(1 + K1.Cp), where Kj is the Langmuir constant and Cj, is the initial concentration of
the adsorbate in the solution. The Ry value shows the shape of the isotherm:

R >1 Unfavorable
R =1 Linear
O<R. <1 Favorable
R, =0 Irreversible

The Ry value between 0 and 1 is favorable for adsorption [32]. The Ry, values of
raw, treated (powdery), and encapsulated adsorbents for 10 mg/L of cadmium ion



306 E. Siswoyo et al.

are 0.016, 0.069, and 0.039, respectively. It was proved that Platanus leaf-based
adsorbents are favorable for the removal of cadmium ion in water.

2.4 Conclusion

The adsorbents based on paper sludge, drinking water treatment plant sludge, and
leaf of Platanus have good performance in reducing cadmium ion in water. The
presence of some functional groups, humic acid, and iron (for DWTPS) are consid-
ered as the major elements for metal adsorption. These developed adsorbents are
suggested to be the low-cost and environmentally friendly adsorbents for the
removal of heavy metal ions in water.

3 Agricultural Products and Waste-Based Absorbents

There have been many kinds of the adsorbent that can effectively adsorb harmful and
toxic substances in the environments. Moreover, with the vigorous development of
environmental protection technologies, many new adsorbents have emerged in an
endless stream. For the application of these adsorbents to the actual polluted sites,
adsorbents should be low cost, easy to obtain, and environment-friendly in addition
of the conventional functions like the high capacity and selectivity. Especially,
among agricultural products and wastes, there are many candidates for the adsor-
bents having these properties, which illustrate significant benefits in the environ-
mental field, and some of them surpass the traditional adsorbents. In this section, the
author’s recent researches on the development of the adsorbents based on agricul-
tural products and waste are introduced. Five kinds of the adsorbents developed by
authors, konjac glucomannan gel embedded with activated carbon, spent coffee
ground, Auricularia auricularia, biochar and carbon material, are described.

3.1 Konjac Glucomannan Gel Embedded with Activated
Carbon

Konjac plant is grown in some Asian countries for its edible use. Konjac
glucomannan (KGM) is a high-molecular weight water-soluble nonionic natural
polysaccharide isolated from the konjac plants, which is nontoxic and low cost,
and the chemical structure is shown in Fig. 11 [33]. KGM gel (KGMG) is formed by
heating a KGM solution in the presence of alkali compound or higher amount of
neutral salt [34]. In the food industry of China and Japan [35-37], KGMG has been
used widely as a non-caloric health-care food. The KGM itself has a low adsorption
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Fig. 11 Chemical structure of konjac glucomannan (KGM) [32]
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Fig. 12 The removal ratio of nitrobenzene (NB) as a function of time using AC(10 mg), KGMG
(1 g) and KGMG-AC(1 g containing 10 mg AC)

ability, but can act as a carrier for the adsorbent by the encapsulation of the adsorbent
like activated carbon with the KGM’s gel network structure (KGMG-AC). The
encapsulation of adsorbent with the gel network can make only small molecules
participate in the adsorption process but block macromolecules like humic sub-
stances as pointed out in the study using alginate gel beads by Fugetsu et al.
[38]. Therefore, it can improve the selectivity of adsorption and consequently extend
the lifetime of the adsorbent.

The experimental results using the KGMG-AC showed that the KGMG-AC
adsorbed NB well, slightly better than AC itself as shown in Fig. 12. Some organic
dyes such as Methylene Blue (MB) and Rose Bengal (RB) in solution could be
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removed by KGMG-AC. Humic substances play an important role in supplying
nutriments to plants and microbial organisms and also in maintaining the crumb
structure of soil. The use of AC to remove pollutants in agriculture water sometimes
leads to the removal of precious humic substances. Therefore, we attempted to avoid
the adsorption of humic acid by the encapsulation of AC with KGMG.

100 mg/L humic acid solution was shaken with 10 mg of AC or 1 g KGMG
containing 10 mg AC for 5 h at 25°C. As aresult, 47% of humic acid in the solution
adsorbed on AC, however, it is noteworthy that humic acid did not adsorb at all
KGMG-AC. The gel structure of KGM around the AC might suppress the transport
of humic acid to the AC entrapped within the KGMG. It shows that KGMG-AC has
the potential for the selective removal of agricultural chemicals from the
wastewater [18].

In conclusion, KGMG-AC prepared from a safe food processing material showed
the high efficiency in the adsorption of some organic contaminants, slightly higher
than that of AC itself. More importantly, it provided the possibility of selective
adsorption for small molecules avoiding the adsorption of large molecules such as
humic substances. Consequently, KGMG-AC will be a complete safe, low-cost, and
environment-friendly adsorbent.

3.2 Spent Coffee Ground

Coffee is one of the most consumed beverages in the world. According to the latest
International Coffee Organization (ICO) statistics, global coffee consumption for the
year 2019-2020 has reached 10 billion kg [39], which cause a release of a notable
amount of solid and liquid residues. About 90% in weight of coffee berries is
discarded during manufacturing as agricultural waste and by-products. Spent coffee
ground (SCG) is a waste residue from the ground coffee beans after extracting them
with hot water and the porous structure of the SCG can act as the adsorbing sites. The
dry SCG has been used for the removal of the moisture and smell in a refrigerator
and room. In this study, the ability of the SCG to absorb tetracycline (TC) in water
was investigated. TC is widely used in aquaculture as the antibiotics. Since not
degradable easily in environment, it stays for a long time in environment and has a
possibility to affect the ecosystem. In this section, we introduce the removal of TC
with the SCG as an adsorbent. In this study, two kinds of the SCG were used; SCG-1
produced from coffee Arabica beans of Hainan Province of China and SCG-2
produced from coffee Arabica beans of Yunnan Province of China.

It can be retrieved from Fig. 13 that the adsorption reaction reached equilibrium
quickly within about 20 min. At the initial stage of adsorption, the removal ratio of
TC was high, and the adsorption ratio slowed down over time until the adsorption
equilibrium reached. The pseudo-first-order model and the pseudo-second-order
model were used to analyze the kinetic experiment data, the R* of pseudo-second-
order had a higher degree of fitting compared the correlation coefficients of pseudo-
first-order with that of pseudo-second-order kinetic. Therefore, it was concluded that
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the adsorption of TC by the SCGs progresses according to the pseudo-second-order
model.

Although the BET surface area of SCG-1 (451 m?/g) was slightly larger than that
of SCG-2 (419 m?/g), the adsorption equilibrium constant of TC by SCG-2 was
almost twice as high as that of SCG-1. This indicated that the adsorption capacity of
SCG-2 to TC depended mainly on the chemical properties of the surface, rather than
the BET surface area [19, 20, 40]. The SCG-2 surface has a large amount of oxygen-
containing functional groups in which the carboxyl group, the lactone group, and the
phenol group can form a hydrogen bond on the TC molecules with the hydroxyl
groups of C10 and C12 (see Fig. 14) [41]. The adsorption mechanism is through the
hydrogen bond, and also the n-& interaction occurs at the interface between the TC
molecule and the SCG. The results showed that second-hand coffee grounds had a
great potential to be an inexpensive alternative adsorbent for tetracycline removal in
wastewater treatment.

3.3 Auricularia Auricularia

In China’s textile mills, as the working environment is full of cotton wadding, the
factory often distributes fungus (such as Auricularia auricularia) free of charge.
Because the colloid of Auricularia auricular(AA) has strong adsorption capacity, it
can adsorb and gather the dust and dregs remaining in the human digestive system
and discharge them out of the body. It has the function of cleaning the stomach.
Based on this fact, we came up with the idea of using AA in dye removal. AA, one of
the four most important cultivated edible fungi in the world, is nutrient-rich and has
pharmacological functions. AA grows on the rot and is like a gelatinous sheet. The
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Fig. 14 The mechanism of hydrogen bonds for TC adsorption on SCGs

origin of AA is mainly in China, Thailand, Japan, and other countries in Asia. AA not
only plays an important role in the field of food, but also can be used in the field of
environment.

Two kinds of AA, AA-Se, and AA-1 were selected in our studies. The content of Se
in AA-Se was significantly higher than that of AA-I. As one of the essential
micronutrients for humans and animals, Se is involved in the synthesis of more
than 30 proteins and enzymes in mammals. Selenium deficiency can cause a variety
of diseases in human body. By eating selenium enriched AA, we can supplement the
selenium needed by human body. The results of the adsorption experiments showed
that the AA-Se adsorbed Neutral Red (NR) better than AA-1. After AA-1 adsorbed
NR, there was no change in the type of functional group, and only the position of the
absorption peak of some functional groups changed. Figure 15 shows that the
functional groups of AA-Se mainly include 3,418.81 cm™' (-OH functional
group), 2,926.18 cm ™! (lipid CH functional group), 1,735.78 cm”! (-COH), and
1,655.06 cm ! (C=O0 stretching or aromatic C=C and C=0/C=C stretching),
1,560.44 cm™" (secondary amine group), 1,377.69 cm ™' (CH bending, symmetric
bending of —CH), 1,254.48 cm™' (CN. stretching)), 1,064.40 cm~' (COH
stretching), 605.45 cm”! (Fe—0) [42, 43]. After adsorption of NR, some functional
groups of AA-Se shifted or decreased. These results suggest that the —-OH/NH, —
COH, C=C, —CO, and benzene ring skeletons in AA-Se participate in the reaction
with NR.

The adsorption mechanism diagram is shown in Fig. 16 [14]. The adsorption
isotherm results showed that the adsorption of NR on AA-7 and AA-Se was based on
electrostatic adsorption. FTIR analysis showed that the functional groups in AA-1
and AA-Se played a key role in NR adsorption, including aromatic skeleton vibra-
tion, C—H, C-O and Si—O-Si groups through n—x stacking and hydrogen bonding,
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etc. The aromatic benzene rings of AA-1 and AA-Se easily form n—r stacking with the
benzene ring of NR. In addition, the chemisorption mechanism plays an important
role in the adsorption of NR by AA-/ and AA-Se. The mechanism involved in
chemisorption is the formation of covalent bonds and ion exchange, and it is
speculated that NR may cooperate with proteins and polysaccharides on the cell



312 E. Siswoyo et al.

wall of the adsorbent to immobilize NR on the cell wall. The experimental data also
speculate that NR can be removed by the above oxidation-reduction reaction.

AA is a nontoxic and harmless food material, which can effectively adsorb some
chemical dyes. The AAs are an environmentally friendly adsorbent with low cost and
easy to obtain.

3.4 Biochar from AA Dregs

Biochar (BC) is a widely used adsorbent, because of its cost efficiency and adsorp-
tion properties [44]. The methods used for preparing raw materials to obtain BC are
important, where the raw materials should not pollute the environment as well as
being ready and available [45]. BC has a wide range of sources, such as Pinus taeda,
rice husk, sawdust, tires, Fargesia leaves, and waste Auricularia auricula (AA) dregs.

AA dregs are a by-product of the edible AA industry, comprising a mixture of
wood chips, wheat bran, corncob granules, lime and gypsum, which are used to
cultivate AA. After bagging the mixture, it is sterilized at 100°C for 12 h, before
inoculating the raw AA. The AA dregs are usually disposed of after harvesting the
AA. China is the largest producer of edible AA with an annual output 22.6 million
tons, which accounts for more than 75% of the total production [46]. Previous
studies have showed that the production of 1 kg of edible AA generates 5 kg of
waste AA dregs [47].

Waste AA dregs can be utilized as raw materials to produce BC for removing
tetracycline (TC) from aqueous solutions in order to develop a cheap and readily
available adsorbent. During the preparation process of BC from waste AA dregs,
three different pyrolysis temperatures comprising 300, 500, and 700°C were tested.
The results of adsorption isotherms obtained for the BCs are shown in Fig. 17 [21].
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Fig. 18 Possible mechanisms responsible for adsorption of TC on BCs

Langmuir, Freundlich, Temkin, and D-R isotherm models were utilized to fit the
isotherm data in order to explore the adsorption mechanisms [48]. The Langmuir
model represents a process with monolayered adsorbents on a homogeneous surface
[49], and obtained the best fit in previous studies of the adsorption of TC [50]. The
results showed that the saturated adsorption capacities of BC-300, BC-500, and
BC-700 were 7.22 mg/g, 9.90 mg/g, and 11.90 mg/g, respectively. After three cycles
of ultrasonic vibration, the TC removal rates decreased for the three BCs. But given
the low cost and ready availability of the waste AA dregs used as the raw material to
produce the BCs, the dosages of the BCs could be increased during the reusability
process to achieve the higher removal efficiencies.

The TC adsorption mechanisms for the BCs are shown in Fig. 18. The adsorption
isotherm data fitted well with the D-R model and the Temkin isotherm model.
H-bonds form readily when TC is adsorbed on BC. It is indicated that the pore
filling effect, the formation of hydrogen bonds, and electrical recycling are all the
principles of adsorption of TC. Finally, n-n electron-donor acceptor (EDA) interac-
tions may have played a major role in the adsorption of TC onto the BCs according
to the FTIR results. BC from AA dregs is a possible economical and environment-
friendly adsorbent for the removal of TC from wastewater. Through the experiment,
we knew that the BC prepared at the higher temperature had the greater capacity for
removing TC.

3.5 Carbon Material

Carbon material (CM) derived from the combustion of forest branches has been
widely used for the adsorption of nitrobenzene [51]. In this section, we are going to
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introduce the removal of Methyl Orange (MO) and Methylene Blue (MB) from an
aqueous solution using a CM derived from the combustion of forest branches. The
CM used in this study was produced during combustion of wood chips in a
gasification power plant (Thomas Koch Corporation, Denmark) in Oshu City in
Japan. The wood chips were obtained from logging or thinning of trees (Japanese
cedar and red pine after approximately 25 years of growth) during the summer of
2006. After dried and pyrolyzed, the part of the wood chips is inverted into CM. In
order to observe the adsorption characteristics of the CM and the effect of the
functional groups on the surface of the CM on the removal of dyes more clearly,
we oxidized the CM for 4 h to obtain the oxidized version (Ox-CM), whose
adsorption properties were compared with those of the CM.

The SEM pictures of the CM and the Ox-CM are shown in Fig. 19. These pictures
show the surface texture and porosity of the adsorbents. A high porosity and large
surface area are essential for highly efficient adsorbents. The SEM picture of the CM
displays a partial tubular or rope-like structure, but the surface of the Ox-CM shows
no such structure probably due to the oxidization with nitric acid. We have studied
some factors affecting the adsorption, such as pH, ion concentration, and contact
time. The removal ratio of MO decreased as the pH was increasing while the removal
ratio of MB increased with the pH increased. The higher cationic strength and
valence of salts showed the stronger adsorption of dye. An increase in temperature
had a slight influence on the adsorption isotherms of this CM. The adsorption ratios
of MO and MB on the CM after 3 h were 96.3% and 90.2%, respectively. The
removal rates of the MO and the MB were quite fast during the initial 5 min, and then
the removal ratio slowly increased and reached equilibrium after 3 h. This result is
important because the equilibrium time is one of the considerations for application to
the removal of dyes in a wastewater treatment plant [52]. The effect of the adsorption
time on the MO and MB adsorption by the CM (initial concentration of MO (50 mg/
L) and MB (50 mg/L), adsorbent dose = 0.40 g/L, pH = 7.0, at 25°C) was also
investigated. The adsorbed dyes were almost completely released by the regenera-
tion process, while the capacity for dye adsorption of the reused CMs remained
unchanged. The adsorptive capacity was regained even after three cycles of

Fig. 19 SEM and FTIR images of the CM (left) and the Ox-CM (right)
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adsorption and elution. So, the CM can be regenerated and reused many times
[22]. The CM derived from the combustion of forest branches can be an inexpensive
and environment-friendly adsorbent for the removal of organic dyes such as MO and
MB from aqueous solutions.

3.6 Conclusion

It is very pleased to see that the discovery and application of environmental
adsorbents are growing vigorously. But so far, there are still many pollution prob-
lems in the environments around us in spite of many efforts by various people.
Therefore, more practical application, exploration and development of adsorbents
still need to remediate our environments. Although the discovery of new adsorbents
plays an important role in the field of environmental protection, it causes a new
challenge to gradually improve the defects of adsorption process and give full play to
the benefits of adsorbents to achieve maximum adsorption benefits. It is hoped that
readers can understand the characteristics of these five types of adsorbents through
this paper and promote the optimization and application of these five types of
adsorbents, as looking forward to a greater breakthrough in the field of environmen-
tal adsorbents in the future.

4 Utilization of a Fermented Bark Amendment That Can
Be Assimilated into Soil

We have investigated the properties of lignin in woody bark, which can adsorb
heavy metals, and applied the fermented bark to fixing the heavy metals in soil and
accelerating plant growth, considering as a mild recycle that woody biomass can be
assimilated into soil.

Here, we introduce the suppression of cadmium uptake from soil to rice by the
amendment produced from fermented bark (fermented bark amendment:FBA), and
its application of FBA to large-scale rice farmland in China. In addition, we also
describe simultaneous uptake suppression of arsenic and cadmium from a cultivation
agar to radish by mixing a mixture of magnetic nanoscale powder (MNP) and FBA.
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4.1 Suppression of Cadmium Uptake in Rice Using
Fermented Bark

4.1.1 Introduction

We considered the potential of bark, an environmentally friendly material produced
in abundance from the thinning of cedar in Gunma Prefecture, Japan, for soil
restoration. Bark consists of natural polymers, such as lignin and cellulose, and
has been primarily used for fuel production or as a soil substitute [53] in horticulture.
Lignin, which represents about 20-35% of the cell wall of conifer wood, is partic-
ularly known for absorbing heavy metals [54, 55], since it is not easily decomposed
by bacteria or hydrolyzed as happens with cellulose. However, white-rot fungus
found in humic soil is known to decompose bark [56, 57]. The assimilation of bark in
the soil can be accelerated by applying it in a decomposed state, instead of using it
directly. Bark composts consist of decomposing bark that is rapidly assimilated into
the soil to improve plant growth and soil quality [58]. However, the preparation of
bark compost is time consuming and requires approximately 6—12 months for the
decomposition to small organic compounds such as aliphatic carboxylic acids,
aromatic carboxylic acids, or carbon dioxide (CO,).

Our group has developed a soil amendment that could be used to reduce Cd
uptake in brown rice. The fermented bark amendment (FBA) was produced by
mixing recycled bark, rice bran, and white-rot fungus to accelerate the fermentation
process and was obtained in 2-10 days using a rapid fermentation procedure
(Fig. 20).

............................... .
i Bark : Decay bacterium : Rice bran
1
i 1 - 1 : 1

R T '[ Water content ~60% ]
Fermentation at room temp

Mixing for Increased from 60°C to 80°C
2 ~ 10 days with microbial activity

Decrease to room temp

Fermented bark amendment (FBA)

l Water content < 15% ] Pellet-shaped FBA

Fig. 20 Preparation process of FBA. Reproduced from Elsevier Copyright with permission
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4.1.2 N, P, and K Contents in FBA

The N, P, and K contents in FBA were 3.2%, 0.6%, and 1.2%, respectively, giving a
total content of less than 5.0%. Considering that the recommended total content of N,
P, and K in commercial chemical fertilizers is 30%, the FBA has significantly
lower N, P, and K levels and thus an inferior quality.

4.1.3 Rice Cultivation in Pot

Rice was cultivated for approximately 120 days between July and November in
2009-2014 on a rooftop at Gunma University, Gunma, Japan. The soil was collected
from a site close to a Cu-Cd mine, with a Cd content of 2.2 £ 0.7 mg kgfl, which
was lower than the reference value of 150 mg kg~ for contaminated soil.

The FBA was mixed with 5 kg of soil at weight ratios ranging from 0.1 to 2.0%.
At the same time, a high-grade compound fertilizer (N:P:K, 1:1:1) was added to all
test soil samples at a rate of 0.5 g per pot (530 cm?). The water regime was applied
under “water-filling with midterm drying” (approximately 5 cm water depth), which
is a common method for rice cultivation in Japan, which strengthens the roots of
plants by temporarily allowing the soil to dry-out during paddy cultivation.

4.1.4 Effects of FBA Application and Water Regimes

We studied the effects of different FBA application amounts (0.1-2%, w/w) under
water-filling on soil pH and ORP and the uptake of Cu, Zn, Cd and Pb in brown rice.
The pH of soil supplemented with chemical fertilizers and FBA increased from 4 to
7, however, no significant differences were identified between the treatments. On the
other hand, the ORP in soil supplemented with chemical fertilizers and FBA rapidly
declined, probably due to the activities of methanogens or sulfate-reducing bacteria
in the soil and water, which promote oxidative decomposition and generate CO,
[59]. In fact, the amount of CO, and CH, increased with the amount of FBA due to
the rapid reduction of soil.

The suppression of Cd uptake was clearly dependent on the amount of FBA
applied to the soil. Cd concentration in rice cultivated in FBA-supplemented
(0.1-2%, wiw) soil was significantly lower (P < 0.05) than that of rice cultivated
in soil without FBA supplementation (i.e., chemical fertilizer only). When FBA (2%,
w/w) was applied, the level of Cd absorption was reduced to about one-tenth of that
obtained when only chemical fertilizers were used (Fig. 21). However, rice growth
was poor in soils supplemented with more than 1% FBA (Fig. 22).

We also investigated the application effect of 1% (w/w) fertilizer that ferments
rice bran (RB) and 1% (w/w) compost that ferments bark by water (BC) on the
uptake of heavy metals in brown rice. The results indicated that the content of heavy
metals in rice cultivated with RB and BC was lower than that cultivated with
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Fig. 21 Cd concentrations in brown rice after the application of FBA and other organic fertilizers
to the soil under water-filling with midterm drying. RB, rice bran; BC, bark compost. RB and BC

were applied to the soil at a rate of 1.0% (w/w). Asterisks indicate significant differences between
bars at P < 0.05 (*), and P < 0.01 (**). Reproduced from Elsevier Copyright with permission
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Fig. 22 Photos of paddies cultivated in FBA-supplemented soil for 30 days under medium drying
conditions. Reproduced from Elsevier Copyright with permission

chemical fertilizers alone. However, the supplementation of RB provided strong
odor during water-filling. The supplementation of BC did not obtain strong odor;
however, the production of BC requires about 6—12 months.

4.1.5 Effect of a Timing for FBA Application

The application of FBA effectively suppressed the uptake of Cd in brown rice; when
the roots of the paddy were still immature under water-filling conditions, it led to the
failure of rice growth with a rapid decline in the ORP of the soil. Therefore, we
applied 1% (w/w) FBA at 2, 4, 6, 8, and 9 weeks after rice planting and did not
change the other conditions before. As the results, the crop failure could be mini-
mized, because the roots are sufficiently grown to survive the reduction of ORP in
the soil after 2 weeks after planting the seedlings.

Chino reports that the heavy metal uptakes into rice plants are maximal between
3 weeks before heading and 1 week after heading [60]. Based on the amount of Cd
uptake in brown rice, the changes in soil ORP, and the growth of rice plants, we
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Fig. 23 Effect of FBA (1%) application timing (2, 4, 6, 7, 8, and 9 weeks after rice planting) on Cd
concentrations and oxidation-reduction potential (OPR) in rice under water-filling with midterm
drying conditions. Reproduced from Elsevier Copyright with permission

found that the optimum period for the application of FBA was 2 weeks after
planting. The suppressions of Cd uptake in brown rice and the variation of ORP
are shown in Fig. 23.

4.1.6 Suppression Mechanism of Cd Uptake with FBA

Cd uptake in brown rice was suppressed when rice plants were grown in
FBA-supplemented soil under ordinary water-filling conditions, mainly because:
(1) the complexation of Cd with the decomposed materials of bark and (2) the
generation of sulfide form, e.g., CdS, with generation of sulfide ion in the soil
(Fig. 24). Under no water-filling conditions, FBA did not reduce the mobility and
uptake of specific heavy metals as occurred under water-filling conditions. In
FBA-supplemented soil under water-filling conditions, the microbial decomposition
of bark on the soil surface consumes O, and generates CO, and CH,4. At that time,
SO,*~ content in the soil is reduced with activation on sulfate-reducing bacteria in
soil, causing the generation of S*~, which combines with heavy metals and forms
insoluble sulfide precipitates.
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Fig. 24 Suppression Absence of FBA Presence of FBA
mechanism of Cd expected

by this study. Reproduced @

from Elsevier Copyright

with permission

Soluble form of Cd is Conversion of insoluble form
easily taken by rice plant with the ORP reduction can
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4.2 Application of FBA to Large-Scale Crop Cultivation
4.2.1 Introduction

Next, we investigated whether the variations of the Cd concentration in harvested
brown rice and rice yields were affected by adding the FBA derivative onto a large-
scale farmland soil contaminated by Cd continuously for 3 years.

A schematic representation of the farmland used in the study is shown in Fig. 25.
A field trial was conducted in the western part of Jiangsu Province, China at ~5 m
altitude. Both rice and wheat were cultivated there annually. The area of the
experimental farmland was 9,635.4 m’ (909 m E-W and 106.0 m N-S). The
farmland was situated both east and west of a 20-m-wide canal. Several pottery
and chemical factories are located to the south of the farmland.

The experimental farmland consisted of six plots (A-F) and an embankment
passage 30—40 cm wide. For each plot, the rice plant samples were collected within
the 1 m x1 m of area of three equal parts (1-3) per each plot (Fig. 26). The rice
plants were pulled out from the center and for corners in each plot.

The fermented bark was produced from woody and food wastes locally obtained
in China, so-called fermented botanical waste-based amendment (FBWA), which is
a kind of FBA. Before evaluating the effect of FBWA spraying on the Cd uptake in
rice, the heavy metal concentration was measured in irrigation water pumped from
canals adjacent to the farmland. The average Cd concentration was <0.20 pg L™ ",
which was well below the environmental quality threshold for farmland used for
edible agricultural product cultivation in China (5.0 pg L™'). However, the Cd
concentrations in the farmland soil were 7—-10 times higher than the environmental
quality standard (0.30 mg kg~ ') and also exceeded the averages for farmlands in
Hunan Province (0.73 mg kg™ '), Guangxi Province (0.70 mg kg™ '), and Sichuan
Province (0.46 mg kg™ ).
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Fig. 25 Location of the farmland in Jiangsu Province, China. P: Pumping facilities. WI-1 and
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Fig. 26 Cd content in rice harvested from the farmland. Farmland was divided into blocks
according to the irrigation water inflow. FBWA was sprayed onto the paddy soil at the following
rates: A, 0%; B and F, 0.1%; C and E, 0.5%; and D, 1.0%. The variety of rice seed sprayed on the
experimental farmland in 2017 was different to those in 2016 and 2018. Asterisks indicate
significant differences between the Cd levels in the rice harvested from amended soil and those in
the rice harvested from unamended soil at P < 0.05 (*). Triplicate samples were taken for each plot.
Reproduced from the Japan Society for Analytical Chemistry Copyright with permission
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4.2.2 Variations of Cd Content in Rice after Spraying FBWA onto
Contaminated Soil

The effects of the FBWA application rate on soil were assessed in terms of the Cd
uptake in rice and yield. On August 11, 2016, FBWA was sprayed about 2 weeks
before the rice was headed. The quantities of FBWA sprayed were determined from
the soil weight calculated using the depth of a rice root (15 cm) and the area in each
plot, based on the soil specific gravity (1.2 g cm ). 0.1% FBWA was applied in
plots B and F, 0.5% FBWA was applied in plots C and E, and 1.0% FBWA was
applied in plot D. FBWA was not sprayed onto plot A (control plot). The variations
in the Cd contents in brown rice were compared between plots amended with FBA
and the control plot over a period of 3 years.

In 2016, the Cd concentration of the rice harvested from control plot A was
0.66 mg kg™, and those from plots B and F (where 0.1% FBWA was sprayed) were
0.50 mgkg ' and 0.37 mg kg ', respectively (Fig. 29). Those in rice harvested from
plots C and E (where 0.5% FBWA was sprayed) were 0.19 mg kg~' and
0.14 mg kg ', respectively, lower than that of the rice harvested from plot A. Fur-
thermore, the Cd concentration in rice harvested from plot D (0.13 mg kg~ '), where
1% FBA was sprayed, was reduced by 80% compared with that in plot
A. Accordingly, rice harvested from plots amended with 0.5-1% FBWA had
66-80% less Cd than that derived from control plots, while rice harvested from
plots B and F amended with 0.1% FBWA had 24% and 44% less Cd, respectively,
than that derived from control plots.

In 2017, the rice crop was sown after the wheat harvest and soil conditioning.
FBWA was not added to the cultivation soil to determine the longevity of its initial
application. Because the rice variety seeded in that year was different to that in 2016,
the Cd contents taken up by brown rice were lower than those in 2016 but the trends
in the Cd contents among plots were similar. Because the Cd concentration in rice
also decreased in plot A, the differences between the FBWA-amended plots and the
control plot in 2017 were smaller than those in 2016.

In 2018, the suppressive effect of FBWA on the Cd uptake by rice was almost
eliminated, that is, there were no significant differences between the amended plots
and the control plot A. In addition, the Cd concentration in rice harvested from plot C
amended with 0.5% FBWA was higher than that in plot A.

As mentioned above, we concluded that the longevity of the suppression of Cd
uptake by rice was 2 years from the initial application of FBWA.

4.2.3 Rice Yield

Applying the technique evaluated in the present study to real farmland restoration
requires not only decreases of the Cd content in rice, but also validation of the rice
yield. The variation in the theoretical rice yield (Y,) estimated from Eq. (4) for each
year is plotted in Fig. 27.
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Fig. 27 Rice yield in each FBWA-sprayed farmland plot relative to that for the unamended control
(plot A) in 2016-2018. FBWA was sprayed onto the paddy soil at the following rates: A, 0%; B
and F, 0.1%; C and E, 0.5%; and D, 1.0%. Asterisks indicate significant differences between rice
yields in soils amended with FBWA (B-F) and the unamended (A) at P < 0.05 (*). Statistical
analyses were conducted using three replicates per plot. In 2016, the rice yield was calculated by
collecting all the rice harvested in each plot. Reproduced from the Japan Society for Analytical
Chemistry Copyright with permission

Yi(kg) = Np (m™2) x Ny x Giooo (g)/10° x 0.85 (4)

where Np is the number of panicles to unit of surface area, NV, is the number of rice
grains, Gyooo is the 1,000-grain weight of ripe rice, and 0.85 is the weight loss ratio
of the samples after drying.

When the yield in control plot A, which was a normal chemical fertilizer only,
was compared with those for plots B-F after the FBWA treatment in 2016, plots C
and E (0.5% FBWA) in 2016 had the maximum yields of 13% higher rice yields than
all other plots (P < 0.05). Therefore, FBWA-amended soils promoted higher yields
than unamended soil.

The rice yield trend obtained in 2016 did not change in 2017, though the species
of rice seed in 2017 was different to that in 2016 and 2018. Because the cultivation
situation, such as crop rotation, soil type, and water flow, except for rice species,
remained, the soil remediation with spraying FBWA would lead to the acceleration
of plant growth. In 2017, the rice yields in the amended plots were increased by
5-16% over that of the control plot A. The rice harvested from plots C—F had lower
Cd concentration than the standard level (<0.2 mg kg~ ') in China. However, in the
third year, no significant differences in yields were observed.
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4.3 Simultaneous Suppression of Magnetic Nanoscale
Powder and Fermented Bark Amendment for As and Cd
Uptake by Radish Sprouts Grown in Agar Medium

4.3.1 Introduction

We here attempted to hybridize multiple compounds to simultaneously reduce the
uptake of As and Cd, considering the influence of plant growth.

Honma et al. describes that it is difficult to simultaneously reduce As and Cd
uptakes using a single countermeasure, such as water management practice or soil
amendment application [61]. For example, filling water to paddy fields reduces the
Cd concentrations in the rice under the anaerobic conditions in paddy soil. However,
because it consequently accelerates the As uptake by rice due to the increases of
solubilities of arsenite or arsenate in the water [62]. Thus, it has become widely
recognized that there is a trade-off between the uptake of arsenic and cadmium by
rice [63].

We attempted the suppression of the inorganic species uptake by plant in the agar
medium including magnetic nanoparticle powder (MNP, a-Fe;0,4) and FBA [64].

4.3.2 Preparation of MNP

MNP was prepared in Kanto Denka Kogyo Co., Ltd. (Shibukawa, Japan). Briefly,
0.6 mol FeCl, and 4.8 mol FeCl; were added to 1.0 L of pure water. Next, 500 mL of
an aqueous solution containing 0.1 M NaOH was added, after which a colloid
suspension was obtained. During this procedure, nitrogen gas was flowed over the
mixture at a rate of 10 L min~! at 60°C, and air was then bubbled into the sample at
20 L min~ ' to oxidize the iron species for 6 h. The suspension was separated into
particles and aqueous solution by centrifuging at 3,000 rpm for 3 h. The
nanoparticles were washed with 200 L of deionized water at 60°C. The MNP
obtained was dried at 120°C under a nitrogen stream.

4.3.3 Adsorption Capabilities for Arsenate, Arsenic, and Cadmium

The adsorption-saturation capacities of As(II), As(V), and Cd(I) to MNP and FBA
at pH 6 were estimated from the adsorption amounts (g.) reached during the
saturated state after mixing for 30 min into the residual concentration (C,).

As the adsorption-saturation capacities (Q) of MNP and FBA were estimated
from the intercept of the calibration curve in Eq. (1), the Q values of arsenic species
to MNP were 10-fold higher than that of Cd(Il), and the opposite tendency was
observed for FBA, as summarized in Table 4. In addition, the Q value of As(III) to
MNP was higher than those to the adsorbents cited in this paper [65, 66], though that
of As(V) was lower than several materials complexing multiple adsorbents
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Table 4 Adsorption-saturation capacity (Q) of arsenic and cadmium to MNP and FBA and the
comparative data by adsorbents obtained from industrial wastes and iron oxide in previous
researches [64]

Adsorbents Analyte QO (pmol/g) References
MNP As(IIT) 303 £ 12

FBA 76.9 £5.3

Pine cone-magnetite 227 [65]
Hematite-coated Fe;0, 13.3 [66]
MNP As(V) 303 £ 10

FBA 385+72
Hematite-coated Fe;0y4 28.0 [66]
Granular ferric hydroxide 30.9 [72]
Synthesized magnetite 887 [67]
Chitosan-coated Cu(OH), 520 [68]
MNP Cd(II) 274+ 1.1

FBA 558 £+ 36

Pinus halepensis sawdust 65.6 [70]
Magnetic biochar derived from kelp 207 [71]
Pyrolyzed coffee residues and clay 527 [69]

Average and standard deviations in MNP and FBA were estimated from three different samples

[67, 68]. The Q value of Cd(I) to FBA indicated much higher than biomass
materials presented in reports by several researchers [69-71].

4.3.4 Determination of the As and Cd Concentrations in Radish Sprouts

Radish sprouts were cultivated in agar medium, according to the cultivation method
described by [73]. Three different radish cultivations were performed for each
condition. First, the FBA and/or MNP, 0.2 g agar powder, and 25 mL Tris
(hydroxymethyl) aminomethane buffer containing both As(II) and Cd(II) (100 pg/
L) were cooled to 25°C and then solidified by heating to 90°C. MNP and FBA were
added in range of 0.025-2.5 g per 25 mL agar: the solid-to-liquid ratio (g/mL) was
0.001-0.1. The radish seeds were cultivated in agar medium for 18 days and then
harvested. The radishes produced were dried in an oven at 80°C for 3 h, following
the measurement of the length of the roots and edible portions. The dried radish
samples were mashed using an agate mortar and completely dissolved in nitric acid.
As and Cd concentrations in the solution were quantified by ICP-MS.

4.3.5 Suppression of As and Cd Uptakes into Radish Sprouts
When the radish sprouts were grown in the agar media with As and Cd (each initial

concentration: 100 pg/L for As(IIl) (arsenite) and Cd(II)), the effects of MNP and
FBA added to the medium were compared by determining the amounts of As and Cd
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Fig. 28 Contents of arsenic (upper trace) and cadmium (lower trace) absorbed into radishes planted
in agar medium supplemented with MNP, FBA, and a mixture thereof (0.5% MNP/0.5% FBA or
0.5% MNP/1% FBA). The initial concentrations of arsenic(Ill) and cadmium(II) in the agar were
100 pg/L. The error bars in bar graphs were estimated from the standard deviations of analytes in
radishes, obtained in triplicate experiments. Significant differences (p < 0.05, n = 3) between the
results of the blank and those of the treatments with MNP and/or FBA are indicated by asterisk
above bar. Reproduced from Springer Copyright with permission

absorbed in the sprouts. In this experiment, they were co-mixed in the agar media.
The amount of FBA and MNP added to the agar media ranged from 0.1 to 1.0%.

As shown in Fig. 28, the absorption of As into the sprouts was almost quantita-
tively suppressed by adding MNP in the medium at concentrations higher than 0.1%
MNP. In addition, the As content decreased by approximately 50% in the blank
condition by the addition of 1% FBA. The amount of Cd absorbed by the sprouts in
the agar medium with FBA was reduced by approximately fivefold versus the blank.
Interestingly, Cd uptake by the sprouts was also reduced by 60-85% by adding
MNP, although Cd adsorption to MNP in aqueous solution was much lower than its
As adsorption. The cation-exchanger or chelating complex site such as the carboxyl
and hydroxyl groups in FBA promoted by decomposing bark by activation of white-
rot fungus would relate to binding to metals. According to a report by [74], the
carboxyl and phenolic hydroxyl groups in the humus bind to metal cations by
forming complexes with the adsorption site. The suppression of As uptake by the
radish sprouts in the agar media with FBA was lower than that of Cd. This would be
because of the low binding capability for As (anionic species) to materials with
carboxyl groups and phenolic hydroxyl groups in the FBA [75].
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Fig. 29 Growths of radishes harvested after growth in blank medium, or medium containing 0.5%
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Many researchers provided that iron hydroxides and oxides could efficiently bind
and remove arsenic from aqueous solution [76—79]. In this study, MNP composed of
iron oxide could bind negatively charged arsenic ions; thus, the binding mechanism
of MNP to arsenic species is comparable to that for iron oxide.

Japanese radish was cultivated in the agar medium containing a mixture of 0.5%
MNP/0.5% FBA or 0.5% MNP/1% FBA, of which concentrations were obtained
after reasonable suppression of As and Cd. As shown in Fig. 29 their uptakes were
suppressed by the presence of the mixed additive. However, the capability of the
mixture for suppressing each analyte uptake was slightly lower than found for As
with 1% MNP alone and cadmium with 1% FBA alone. This would be because the
adsorption capabilities of MNP and FBA for analytes were offset. Indeed, the
suppression of analyte uptake did not change even when the amount of FBA was
increased to 1% and mixed with 0.5% MNP to further reduce the Cd contents in
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radishes. Inversely, when the MNP amount was increased to 1% and mixed with
0.5% FBA, As content was not different to that with 0.5% MNP and 0.5% FBA but
the radish growth was largely suppressed (data not shown).

According to a report by [80] when both iron oxide and dissolved organic matter
(DOM) co-exist in medium, the cadmium preferentially binds to functional carboxyl
groups on aromatic rings in humic acid than to iron oxide. DOM contained in FBA
may adsorb to both heavy metal cations and arsenite on mineral surfaces [81-83]
demonstrated to reduce the arsenic content when iron and DOM coexisted in
aqueous medium. Arsenic adsorption might be due to the formation of Fe-bridged
As—Fe—DOM complexes and surface complexation of arsenic on DOM-stabilized
Fe colloids [84, 85]. In this case, the FBA-MNP complex in agar might be formed
dominantly over the complex with As or Cd in the agar medium.

Interestingly, the combination of MNP and FBA was found to be effective for the
plant growth. In fact, the elongations of root and stem in radish cultivated in agar
with FBA were larger than those in agars without FBA or with MNP only (Fig. 29a).
As shown in Fig. 29b, in addition to the 0.5% MNP only, the growth of radish was
obviously defected compared to other conditions, that is, the MNP might suppress
the absorption of arsenic but cannot supply the nutrients such as potassium and
phosphorus concerning the growth of plant. Also, the average length of stem and
root cultivated in the agar with 0.5% MNP and 1% FBA were 2.7-fold and 3.4-fold
longer, respectively, than those without additive, indicating almost comparative to
those in the agar medium with 1% FBA.

4.4 Conclusion

The supplementation of FBA in the heavy metal-contaminated soil provides sus-
tainable suppression of Cd uptake by rice plant, because the Cd is converted into
insoluble form with the reduction of ORP on the soil surface. Also, since FBA is
made from waste materials and food waste, it has a high affinity for soil and is
considered to be an environmentally friendly amendment. Mixing different adsor-
bents such as a combination of FBA and MNP provides a synergy effect that can
simultaneously suppress the uptake of different metal species by plant. As the further
investigation, the FBA will be applied to soils contaminated by other toxic elements
such as mercury or radioisotope cesium.

5 Conclusion

The environmentally friendly adsorbents proposed in the study, which is based on
natural products, plants, solid waste material, and agricultural waste, have a high
potential for removing organic and inorganic materials, including heavy metal ions
and dyes, from water or soil. All of the adsorbent materials proposed in this chapter
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are widely available and easily developed by using low-cost and waste materials.
Furthermore, they have a high capacity for metal ions and also some organic
materials in water. The use of these adsorbents has many advantages, including
low cost and easiness of production, safety for the environment, and the conversion
of waste materials into valuable materials for the environmental remediation.
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Abstract Preparation and modification of activated carbon (AC) and activated
carbon fiber (ACF) were described for the adsorptive removal of contaminants
from aqueous phase. For hydrophobic and nonpolar organic pollutants, specific
surface area and pore distribution of hydrophobic carbon surface play an important
role. On the contrary, hydrophilic carbon surface containing heterolytic oxygen-,
nitrogen-, and sulfur-containing functional groups is required for capturing ionic
pollutants rather than specific surface area. Carboxy groups was successfully intro-
duced onto carbon surface to remove cationic contaminants as heavy metal cations
of Pb**, Ni**, Cd**, Cu**, etc., while quaternary nitrogen could be formed to some
extent on carbon surface for uptaking anionic pollutants of nitrate, phosphate,
Cr20427, ASO437, etc. However, introduction of sulfonic functional groups onto
carbon surface for cationic pollutants and alkylamine groups for anionic pollutants
has still been challenging subjects.
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1 Pollution of Aquatic Environment

In this chapter, porous carbonaceous materials and their surface modification for
adsorptive removal of contaminants in aquatic environments were described based
on our previous study and some literature survey. Before detail description regarding
carbon, char, and fiber, we would like to mention the background of the study to
show significance of the developments of new type of porous carbonaceous mate-
rials with hetero-atom (N, O, S) functionalized surface.

Pollution of aquatic environment can be defined as contaminations of undesired
materials of organic and inorganic compounds found in sea, river, lake, and ground-
water. In the pollution of organic materials, not only conventional polycyclic and
mono-aromatic organic compounds mainly originated from crude oil but also pes-
ticides and insecticides [1], and nowadays pharmaceuticals and antibiotics [2, 3] are
involved for the study field. In regard to inorganic pollutants in aquatic system,
heavy metals such as lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), arsenic
(As), and mercury (Hg) are frequently found worldwide, especially in China, due to
rapid urbanization and industrialization [4, 5], and heavy metals penetrated in soil
are greatly connected with aquatic environment as well [6-8]. Nitrogen, phospho-
rous, and potassium are widely known as three main macronutrients, and they are not
harmful themselves. But, once excess amounts of nitrogen (ammonia N) and phos-
phorous (P) are discharged into environment, N and P induce eutrophication of lake
(particularly in shallow lake) [9], shallow estuary at costal area [10], and pollution by
nitrate in river [11] and groundwater [12—14]. In this section, relationship between
properties of carbonaceous adsorbents and the above various pollutants in water will
be described in terms of reduction of the pollution level by adsorptive removal of
contaminants.

2 Adsorbents for Organic Pollutants

Carbonaceous adsorbents such as activated carbons/chars and activated carbon fibers
have been frequently utilized for the removal of organic compounds from aqueous
phase for a long time. Activated carbons consist of a numerous number of curved
graphene sheets intertangled each other. Principally, adsorption kinetics is depen-
dent on pore distribution and particle size of adsorbents, and adsorption capacity of
organic pollutants is governed by specific surface area and surface nature. For
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granular activated chars and carbons, adsorption speed of organic pollutants into
pore structure is controlled by diffusion in most of the cases. When we attempt to
apply pseudo-first-order and pseudo-second-order kinetics to the experimental data,
pseudo-second-order kinetics will be more suitable than pseudo-first-order analysis
because pseudo-second-order kinetics is said to be appropriately represented for
diffusion controlled mechanism [15-18]. On the contrary, in case of using fine
particles of carbonaceous adsorbents including dried leaves, rapid adsorption was
observed, and the kinetics obeyed pseudo-first-order kinetics [19] indicating that the
rate-limiting step should be collision of the solute onto adsorption sites of the
adsorbent surface. The pseudo-first-order kinetics could be also more suitably
applied to mesoporous activated carbon than pseudo-second-order for heavy metal
adsorption as described latter section [20].

Adsorption capacities of organic compounds on carbon surface are usually
proportional to specific surface area of activated char if no or a little oxygen-
containing strong acidic surface functional groups are present on the surface. Goto
et al. examined the influence of the oxygen species on activated carbon (AC) and
found that any sort of oxygen functional group more or less inhibited the adsorption
of benzene and nitrobenzene in aqueous solution [21]. Figure 1 shows adsorption
isotherms of benzene and nitrobenzene (NBz) on bead-shaped AC (BAC, Kureha
Corporation, Japan), AC oxidized with concentrated nitric acid (AC-Ox), and
AC-Ox outgassed at 900°C in helium flow (AC-OxOG) together with Langmuir
fitting of the isotherms [21]. In case of benzene adsorption, adsorption amount was
drastically altered by the oxidation of AC (AC-Ox) from 10 mmol/g to close to zero,
while consecutive outgassing treatment led to regaining some amount of capacity.
The Langmuir maximum adsorption amounts of 11.4 mmol/g of benzene and
5.5 mmol/g of nitrobenzene on AC are corresponding to the amounts of monolayer
coverage of specific surface area of 1,360 m?*/g. Significant amount of carboxy
groups (3.75 mmol/g by Boehm titration) was introduced to carbon surface by the
oxidation, whereas no carboxy groups were detected before the oxidation. The result
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Fig. 1 Langmuir isotherms of benzene (a) and nitrobenzene (NBz) adsorption (b) in aqueous
solution onto activated carbon (AC, filled square), AC oxidized with conc. HNO3; (AC-Ox, open
circle) and AC oxidized and outgassed at 900°C (AC-OxOG, filled circle) [21]
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implied that the presence of carboxy groups could inhibit the benzene adsorption by
the withdrawal of Crm-electrons on the graphene layer of AC. The decrease in
Cr-electron density could significantly bring the weakness of m-m interaction
between AC graphene and benzene by the fact that the amount of basic site was
decreased from 0.60 meq/g to 0.00 meq/g (Boehm titration) by the oxidation.
Specific surface area was also decreased from 1,360 m*/g to 140 m?%/g by the
oxidation. This is partly caused by physical inhibition by oxygen functional groups
such as carboxy, lactone, and phenol groups. But the outgassing treatment at 900°C
regained basic site from 0.00 meq/g to 0.48 meq/g, and some amount of benzene
could adsorb again on AC-OxOG in Fig. 1. Specific surface area also increased again
from 140 m*/g to 650 m?/g corresponding to adsorption amount of benzene [21].

As for nitrobenzene (NBz), the adsorption performance was a little different from
benzene. Adsorption amount of NBz was not close to zero, but moderate adsorption
of NBz could be observed on AC-Ox. The different performance may be caused by
difference in dipole moments (D) between benzene and NBz; dipole moment of NBz
is 4.22, whereas that of benzene is 0.00. When ACs are oxidized, carbon surface will
be altered from hydrophobic to hydrophilic, and then n-m interaction between
benzene ring and graphene will be weakened. In case of NBz, adsorption configu-
ration can be estimated to switch from flat-on adsorption via m-m interaction to
end-on adsorption via weak electrostatic interaction between NBz and acidic oxygen
functional groups. We have not direct evidence for the end-on adsorption of NBz on
oxidized BAC(BAC-Ox), but as displayed in Fig. 1b, the adsorption amount of NBz
on AC-Ox exceeded that on AC-OxOG at equilibrium solution concentration (C,)
beyond 20 mmol/L in spite of a small specific surface area of only 140 m?/g of
AC-Ox. Ramis et al. examined adsorption of benzene and NBz on TiO,, ZrO,, and
Fe, 03 (hydrophilic surface) and observed flat-on orientation for benzene adsorption
but side-on (perpendicular) orientation for NBz [22]. This is caused by strong
n-electron withdrawal effect by nitro group in NBz. Chen et al. also observed the
alternation of adsorption orientation of phenyl hydroquinone (PHQ) on graphene
nanoplatelets from Langmuirian flat-on at low concentration and then to endwise
orientation at higher PHQ concentration in aqueous phase [23].

As long as strong oxygen functional groups like carboxy groups are not present in
graphene structure of ACs, the adsorption amount of mono-aromatics will be
approximately proportional to specific surface area due to the mechanism of
mono-layer Langmuir-type adsorption with n-m interaction between benzene ring
and graphene. When we use granular activated carbon (GAC) and remove large
organic molecules such as dyes dissolved in aqueous phase, larger pore diameter is
needed to accommodate the pollutants. Figure 2 represents adsorption performance
of small (NBz, mono-aromatics) and large (tannic acid) molecules to ACs as a
function of mesopore volume [24]. Normally ACs are rich in micropore and have
hydrophobic graphene surface; therefore, they are suitable for small organic mole-
cules as mono-aromatics. The adsorption amounts of mono-aromatics are usually
proportional to specific surface area and/or micropore volume. However, large bulky
molecules as tannic acid can adsorb only larger pore surface as mesopore and
macropore. As clearly shown in Fig. 2, although the amounts of nitrobenzene
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Fig. 2 Adsorption amount of nitrobenzene (NBz) (a) and tannic acid (b) as a function of mesopore
volume of various modified activated carbons (ACs) [24]

adsorption exhibit poor relationship with mesopore volume, those of tannic acid
uptake have a good relationship with mesopore volume [24]. Large bulky molecules
as dyes and tannic acid dissolved in water have ionic parts in their molecules;
therefore, large pore size is more important to capture them for AC structure than
small molecules. Mono-aromatics rather adsorb via w-x interaction (HOMO-LUMO
system) between aromatics adsorbates (MOMO) and carbon adsorbents (LUMO)
[25]. In adsorptive removal of organic contaminants in water, the following condi-
tions may be essential for activated chars and their surface:

(a) Some amount of specific surface area will be needed, probably at least 500 m?/g.

(b) Oxygen content should be minimized in the carbonaceous adsorbents at any
stage of production, storage, practical usage, and regeneration because oxygen
functional groups, particularly carboxy groups, always cause poor adsorption
behavior for the organic pollutants. Carbon materials can accumulate oxygen in
air even at the ambient conditions, and then the surface will be gradually
degraded with time.

(c) Adsorption speed is controlled by diffusion of organic contaminants in the pore
structure, and then fine powder and/or mesoporous structure will be required for
increasing the adsorption speed especially in aqueous phase. For example, fine
activated carbon powder was sprayed at the outlet of exhaust gas to even capture
gas phase dioxins in the waste incineration plant in Japan.

Since removal of organic pollutants has been a major role of activated carbons
(ACs) for a long time, above conditions for organic pollutants were fully satisfied in
the commercial production base of activated carbons (commercially available ACs),
thanks for the efforts in industries. Ideally when activated carbon (AC) and activated
carbon fiber (ACF) are composed of carbon and hydrogen and condensed poly
aromatic ring is formed, the size of graphene structure can be estimated as shown
in Fig. 3 [26]. Using the simple model, chemical formula and the number of benzene
ring can be easily estimated as an ideal case; e.g., if only 99.8 wt% carbon and 0.2 wt
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1 wrap around,
CgHg, 1 Bz-ring

Benzene

4 wrap around,
CgeHo4, 37 Bz-rings

2 wrap around,
C,4Hyp, 7 Bz-rings,

5 wrap around,
C150H301
61 Bz-rings

3 wrap around,
Cs4H4g, 19 Bz-rings
n wrap around,
Cen2Hgns (3n%-3n+1) Bz-rings

Fig. 3 Model of unit crystal graphene size of activated carbon (AC) [26]

% hydrogen are contained in AC or ACF, we can obtain chemical formula of
Cio00000H2500 and the number of benzene ring per one graphene sheet of
5.2 x 10°. In practice, graphene sheet is not flat because curved three-dimensional
graphene unit structure containing 5 and 7 membered rings and heterolytic atoms as
oxygen, nitrogen, and sulfur must be formed [27]. The porous structure is
constructed by the curved structure of graphene units; otherwise, all graphene sheets
become two dimensional with only sp> hybrid bonds (no sp> hybridization), and then
graphene sheets are binding each other resulting in little porous structure (small
specific surface area).

3 Adsorbents for Ionic Pollutants

There are various ionic pollutants in water environment such as heavy metals,
halogens, oxoacids, and some kinds of dyes. For adsorptive removal of the ionic
pollutants, ion-exchange resins [28] and metal oxides [29] have been utilized, but
carbonaceous materials can be used as well if suitable carbon surface modifications
can be made [26]. In this chapter, applicability of carbonaceous adsorbents of ACs
and ACFs for the removal of ionic contaminants in aqueous phase together with
current developments of new carbon/char adsorbents with heteroatom functions.
Some of them are successfully developed superior to ion-exchange resins, and the
others are under the development in the laboratory scale. Figure 4 displays the
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Fig. 4 Some surface Pb2* [Pb(lI)] Cd?* [Cd(Il)] Ni2* [Ni(I1)]
functions on graphene layer
required to effectively
capture cationic and anionic
contaminants from aqueous
phase [30]

CH3 NH,
H,PO, (HPO,%) NOz~  HCrO, (CrO4%, Cr,07%) [Cr(VI)]

concept of the modification on the heteroatom functionalized carbonaceous
adsorbent [30].

3.1 Cationic Contaminants
3.1.1 Surface Functional Groups for Cations

As represented in Fig. 4, carboxy (-COO H', -COO Na™), sulfonic (-SO; H",
-SO; " Na"), and thiol (-S"H", -S"Na") groups on carbon are widely proven to be
effective for the adsorption of cationic pollutants, such as lead(II) (Pb2+), cadmium
(IT) (Cd*), nickel(IT) (Ni**), and Cs(I) (Cs*) dissolved in water. Weakly negatively
charged Cr site is working as well for the adsorption sites of heavy metal ions.
Carboxy groups can be introduced to the carbon surface with oxidation by H,0,,
HNOj;, and (NH,4),S,05 [31], whereas it is hardly achieved that sulfonic acid can be
individually introduced on graphene layer of ACs although several attempts have
been done [32, 33]. Thiol functional groups (-SH) on carbon surface are also
applicable especially for the capture of cadmium(I) [34]. Thiol groups may be
more suitable for cadmium(II) uptake than for lead(II) on mesoporous silica mate-
rials, while carboxy groups on carbon are better for lead(II) than for cadmium
(ID) [35]. Assuming that thiol groups (Ar-S™H") could work as soft base and carboxy
groups (Ar-COO H") as hard base according to HSAB theory for Lewis acids and
bases, the pair of soft acid of cadmium ion (Cd**) and soft base of thiol groups
(Ar-S™) and that of medium acid of lead ion (Pb>*) and hard base of carboxy groups
(Ar-COO™) should be better combination than the opposite pairs of the heavy metals
and the surface functional groups.

In practice, the introduction of carboxy groups is probably the most feasible for the
modification of carbon surface to remove heavy metal cations. The amounts of carboxy
groups can be ultimately introduced with the order of (NH,4),S,0g > HNO; > H,0,. In
case of using HNOj as an oxidant, mixture of activated carbon (AC) and concentrated
HNO; is boiled generating blown colored NO, gas as the oxidation progressed, and
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Fig. 5 Surface oxygen-
containing acidic functional
groups and basic sites (Cn
sites) of HNO; oxidized AC
as a function of outgassing
temperature from 300°C to
1,000°C. The functional
groups were determined
with Boehm titration;
carboxy groups (filled
circle), lactone groups (filled
triangle), hydroxy groups
(open diamond), basic sites

(open circle) [36] 0 200 400 600 800 1000

Amount of functional groups,
mmol/g

Outgassing temperature, °C

acidic oxygen function as carboxy and lactone groups can be introduced on AC
surface. Figure 5 shows the changes in oxygen functional groups and basic sites on
activated carbon (AC) oxidized with 6 M HNO; and their outgassed materials
[36]. And Fig. 6 represents corresponding adsorption amounts of cadmium(Il) and
zinc(IT) cations and the ratio of discharged proton (H") over adsorbed cadmium(II) and
zinc(Il), respectively [36]. By the oxidation of AC, significant amounts of carboxy
(-COOR), lactone (-OCO-), and hydroxy (-OH) groups were introduced and gradually
decreased in carboxy and hydroxy groups by increasing outgassing temperature, and
the carboxy groups were disappeared until 700°C (Fig. 5). In contrast, basic sites (Cn
sites) were increased as electron withdrawal carboxy functions were decreased. On the
other hand, the lactone groups exhibit relatively constant values until 700°C indicating
that lactone groups can be converted to CO/CO, by decomposition, while a part of
lactone can be newly generated by dehydration of carboxy and hydroxyl groups. As
clearly seen in Fig. 6, the adsorption of cadmium(II) and zinc(I) was taken place with
ion-exchange mechanism because two protons were discharged, while one divalent
metal(I) cation was adsorbed when more than the stoichiometric amount of carboxy
groups was available on carbon surface as shown in Fig. 5.

2(~COOH) + Cd*" — (—C00),Cd + 2H*" (1)
2(~COOH) + Zn*" — (—C0O0),Zn + 2H* (2)

Contrarily when most of carboxy groups were removed from graphene layers as
CO/CO, and H,O0, and/or converted to lactone on the graphene, adsorption mech-
anism was switched from ion-exchange mechanism (Egs. (1) and (2)) to electrostatic
interactions between heavy metal cations and Cr-electrons on the graphene that
could have slightly negative charged properties. Similar electrostatic interactions
could be observed for lead(IT) adsorption [37]. Electron density of Cx sites could be
corresponding to basic sites of Boehm titration as also displayed in Fig. 5. The
electron density might be able to be easily reduced by electron withdrawing groups
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Fig. 6 Adsorption amounts of cadmium(II) (filled circle) and zinc(Il) (filled triangle) as a function
of outgassing temperature from 100°C to 1,000°C, corresponding molar ratios of discharged proton
(H*)/adsorbed cadmium(II) (open circle) and zinc(I) (open triangle) ((H*]/ 2[M>*]) in which [H*}/
2[M?*] is 1.0 and 0.0 which represent ion-exchange mechanism and Cr sites adsorption, respec-
tively [36]

of carboxy and lactone at the edge of graphene layer, but the Cx electron density
might be increased by the reduction of them leading to the rise in the adsorption
amounts of metal cations as could be seen in Fig. 6.

When greater amounts of heavy metal cations should be accommodated in ACs
and ACFs, oxidation with ammonium peroxodisulfate (APS, (NH4),S,0g) solution
is one of the most effective options to introduce abundant amounts of oxygen
functional groups [38, 39]. The APS oxidation can be conducted using ambient
temperature, although a few days or longer will be required to generate enough
carboxy groups on AC and ACF surface. Effective carboxy groups can be formed on
carbon surface by destructing the graphene edges and whole graphene basal plane.
Figure 7 shows changes in adsorption amounts of lead(Il) cation (Pb**) as a function
of APS oxidation time [38]. The adsorption amount of lead(I) is greatly improved
from only 0.1 mmol/g (non-oxidized BAC) to as much as 2.3 mmol/g (ca. 0.5 g-lead
(IT)/g-AC oxidized). On the other hand, specific surface area (Sggt) was unilaterally
declined during the oxidation as represented in Fig. 8 in which maximum adsorption
amounts of day 4 (30°C oxidation) and day 8 (20°C oxidation) were consistent with
the days losing their specific surface area (close to zero) [38]. The results indicated
that carboxy groups available for lead(IT) adsorption could reach the maximum after
measurable porous structures were completely destroyed (Fig. 8). As shown in Fig. 9
[38], carbon content was decreased from 94% down to 65% within first 2 days,
whereas oxygen was increased from 5% up to 35%, but after that the adsorption
amounts of lead(Il) went up until day 4 (30°C oxidation) and day 8 (20°C oxidation)
revealing that oxygen functional groups would be introduced by forming precursors
of carboxy groups (hydroxyl and/or carbonyl, etc.) until day 2 and then they might
be further converted to carboxy groups that were only effective function for the
adsorptive removal of heavy metal cations. Adsorption amount of lead(Il) can be
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Fig. 7 Increase in the
adsorption amounts of lead
(I) (Pb**) as a function of
oxidation time. Starting
materials; beaded-shaped
activated carbon (BAC,
Kureha Corporation).
Oxidation with ammonium
peroxodisulfate
((NHy)»S,0g) solution at
20°C (filled circle) and 30°C
(filled triangle). Solution
equilibrium pH (pH,) > 4.0.
Initial lead

(IT) concentration;

4.8 mmol/L [38]

Fig. 8 Decease in

B.E.T. specific surface area
of BAC from 1,380 m%/g to
less than 25 m%/g during
oxidation in peroxodisulfate
((NHy)»S,0g) solution at
20°C (filled circle) and 30°C
(filled triangle) [38]

Fig. 9 Changes in carbon
(filled circle and triangle)
and oxygen (open circle and
triangle) content during
oxidation in peroxodisulfate
((NHy)»S,0g) solution at
20°C (open circle) and 30°C
(open triangle) [38]

Pb(ll) adsorbed, mmol/g

Specific surface area, m2/g

Carbon and oxygen, wt-%
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Fig. 10 Relationship of the 6
proton discharged into water
(H* [mmol/g]) and the
amount of lead(Il) (Pb>*)
adsorbed onto oxidized
activated carbon fiber (Q.
[mmol/g]) by ion-exchange
process. Oxidized ACF
(KF1500) by (NH4),S,0g
(filled triangle and square),
carboxy functionalized
ion-exchange resin (open
circle) [39]

Discharged H*, mmol/g
w
[ |
|

Q,, mmol/g

significantly improved for activated carbon fiber (ACF) by the oxidation with
ammonium peroxodisulfate (APS, (NH4),S,0g5) as well. Figure 10 shows an
evidence of ion-exchange mechanism for the adsorption of lead(Il) onto oxidized
ACF (Toyobo Co., Ltd., Japan) and carboxy functionalized ion-exchange resin
(AMBERLITE™ IRC86) [39]. When one lead(Il) cation is uptaken on the adsor-
bents, two protons (H") are instead released from carboxy groups (-COO H") into
water, supporting ion-exchange mechanism. However, only 4.01 mmol/g of carboxy
groups was measured by Boehm titration despite as much as 2.79 mmol/g of lead
D) (Pb2+) adsorbed. The results reveal that an excess amount (2.79 X
2-4.01 = 1.57 mmol/g) of lead(Il) could adsorb on the oxidized ACF. We are not
sure, but some unknown sites may participate in the adsorption via ion-exchange. In
both AC and ACF, APS oxidation leads to the destruction of carbon structure
introducing nearly a half portion of oxygen in the total elemental composition.
Oxidized AC and ACF with the abundant oxygen are easily dissolved in the basic
solution (e.g., NaOH solution), thereby the extent of oxidation should be controlled
not to be dissolved in a practical use [38, 39], although much amount of carboxy
groups can be easily introduced onto graphene layers for AC and ACF. In our
oxidation procedure, 2 M (mol/L) APS ((NH,4),S,0g) in 1 M H,SO, solution was
mixed with AC (or ACF) at APS solution/AC ratio of 50 mL/g or more at 20-30°C
[38]. The 2 M APS solution and the mixing ratio of 50 mL/g-AC were most
important points to introduce sufficient amounts of carboxy groups (-COOH) intro-
duced onto graphene layer of ACs and ACFs. Since higher oxidation temperature
and longer oxidation period also cause the destruction of graphite structure of AC
and ACF, the temperature and period of APS oxidation should be suitably adjusted
depending on the properties of each AC and ACF [40].

In addition, even if AC surface can be successfully filled with carboxy groups by
the oxidation, as increase in the adsorption amount of heavy metal cations, pH of
aqueous solution will be decreased less than 4 by discharging corresponding
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amounts of protons (Fig. 10) resulting in stopping further adsorption caused by
competitive adsorption of abundant amounts of protons. Thereby, protons of
carboxy groups (-COO H™) should be replaced by sodium ions in NaCl/NaOH
solution forming —-COO Na™ as well as ion-exchange resin from the practical points
of view.

3.1.2 Adsorption Kinetics

Not only adsorption capacity but adsorption kinetics is an important aspect from
the practical point of view. In general, fine powder AC exhibits much faster
adsorption speed than granular AC. However, fine powder has disadvantage
because it is hard to be recovered after use for regeneration. On the other hand,
pseudo-second-order kinetics can be observed for granular AC in which diffusion
control kinetics is progressed [16]. To increase kinetic efficiency of granular AC,
mesoporous and/or macroporous AC should be prepared. As mentioned in the
previous section, mesoporous granular ACs were prepared from bamboo chips and
measured adsorption kinetics of lead(Il) as displayed in Fig. 11 [20] in which
pseudo-first-order kinetics rather than pseudo-second-order was fitted to the exper-
imental results, indicating that adsorption process was controlled by not diffusion
in the porous structure but collision to the adsorption sites in which no sterically
restriction in approaching the adsorption sites occurred. In this case, since
non-oxidized AC was examined (Cr sites), oxidized mesoporous AC (carboxy
groups) has not been clarified for kinetics yet. But, as long as we have examined,
pseudo-second-order kinetics is more applicable for oxidized ACF which is micro-
porous one before oxidation [39] and for most of other oxidized ACs and ACFs.

Fig. 11 Adsorption kinetics 0.10
of lead(II) on mesoporous
activated carbons (ACs)
derived from bamboo chips
(BC). ZnCl,/BC ratio of 1.0
(open circle) and 6.0 (open
diamond) in activation at
500°C. Dashed and solid
lines represent the
approximation curves by
pseudo-first-order and
pseudo-second-order kinetic
models, respectively. Initial
lead(II) concentration;

0.48 mmol/L [20] 0.00

0.08

0.06

0.04

0.02

Pb(ll) adsorbed, mmol/g
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3.2 Anionic Contaminants

3.2.1 Surface Functional Groups/Sites (Nitrogen and Crt Sites)
for Anions

Sodium, chloride, and hydroxy ions are not regarded as pollutants, but not only
fluoride, bromide, arsenic, and chromate but also nitrate and phosphate are also
regarded as contaminants in aqueous phase to be removed as mentioned in the
previous section. For the adsorption of cationic pollutants, oxygen-containing
(carboxy) and sulfur-containing (sulfonic and thiol) groups are effective to capture
Cs*, Pb**, Cd**, Ni**, Cu®", etc., while for adsorptive removal of anionic pollutants,
nitrogen-containing functions on the adsorbents are said to be desirable to attract
anionic impurities as F~, Br—, H,AsO, , HCrO, ", Cr,0,°~,NO, ,NO; ", H,PO, ",
etc. Table 1 displays some typical nitrogen-containing compounds and their nitrogen
hybridization (sp?, sp> orbital) and pK,, range that represents the degree of affinity to
protons (H") in aqueous phase. Aromatic amine (aniline, pK, 3-5)- and pyridine
(pK, 5-7)-type nitrogen species (N-6) cannot accept protons at pH above 7, and they
are negatively charged around neutral to basic region implying that repulsive force is
working between anionic pollutants and carbon surface. Alternatively, aliphatic
amine (pK, > 9) and quaternary nitrogen species (N-Q) are positively charged in a
wide range of solution pH. The aliphatic amine types can easily attract protons (H")

Table 1 Nitrogen hybridization and pK, ranges of nitrogen-containing compounds assuming
solution pH 7-8

Nitrogen-containing compound Nitrogen hybridization | pK, range

NH2 naphthyl-
amine sp> 3.5
‘ ~ quinoline X
Z X =
N N
/

pyridine acridine

pyrrolldlne PP sp° (Aliphatic amines) | 9<

® 5 W
& @N—R N
IS \_/ |

quaternary nitrogen (N-Q) family sp? (N-Q) Positively charged

sp2 5-7

Prepared using the data in refs. [41, 42]
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from weak acidic to weak basic region [41, 42]. They are sometimes detected on
carbon surface. Dioum and Hamoudi examined nitrate adsorption onto mesoporous
silica materials functionalized with propyl-ammonium (alkyl amine) and propyl-N,
N, N-trimethylammonium (N-Q) and observed effective progress in adsorption on the
surface nitrogen species in which nitrate (NO; ) adsorption capacities of
0.9-1.0 mmol/g-adsorbent were achieved [43]. On the carbonaceous materials,
such sufficient amount of effective nitrogen has not been introduced yet. Other
than effective nitrogen species of alkyl amine and quaternary nitrogen (N-Q), Cxn
electrons on graphene layers play a role of nitrate adsorption as well as heavy metal
cations because Cr electrons can accommodate protons at acidic region (pH 3-5)
and the positively charged surface attracts nitrate anion. In the same way of the
adsorption of heavy metal cations, Cxn electrons can show their ability only in the
absence of electron-withdrawing oxygen functional groups. Figure 12 shows adsorp-
tion isotherms of nitrate on de-ashed activated carbon (AC, Calgon F400) and ACs
oxidized and outgassed at 600°C and 900°C, respectively [44]. The properties of
adsorbents including oxidized AC are tabulated as well in Table 2 [44]. The de-ashed
AC adsorbed nitrate by 0.1 mmol/g. The de-ashed AC was oxidized with § M HNO;
solution at 95°C to introduce acidic oxygen functional groups, washed with pure
water using Soxhlet extractor, and calcined in air for 6 h to completely decompose
the nitrate ions remained in the carbon. The oxidized AC was referred to as Ox in
Table 2. Ox was outgassed by heat treatment in inert gas at 600°C (Ox-60G) and
900°C (0Ox-90G) to remove oxygen as CO/CO, and H,O [45]. There are some
amounts of carboxy and lactone groups in de-ashed AC (F400). The acidic oxygen
functional groups increased by oxidation (Ox). We could not observe any nitrate
adsorption on Ox revealing that acidic oxygen functional groups of carboxy and
lactone might withdraw Cr electrons on graphene layers leading to inhibiting nitrate
adsorption. Some adsorption occurred on Ox-60G, but the adsorption amounts were
less than those of F400 because carboxy and lactone groups on Ox-60G were
considerably reduced from those on Ox, but they are greater than F400. No detection

Fig. 12 Adsorption 0.25
isotherms of nitrate on
activated carbons (AC,
F400) at 25°C. Original 0.20
de-ashed F400 AC (open o
square, Ox), oxidized F400 :o 0.15
and outgassed at 600°C £ '
(filled triangle, Ox-60G), £
and oxidized F400 and = 0.10
outgassed at 900°C (filled ¢}
circle, Ox-90G) [44]
0.05
0.00 L L

0 1 2 3
C., mmol/L
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of carboxy and lactone groups and the largest adsorption amount of nitrate could be
observed for Ox-90G. Thereby, the amounts of carboxy and lactone groups might
be adversely proportional to the adsorption amounts of nitrate.

3.2.2 Surface Nitrogen (Alkyl Amine Type)

As shown in Table 1, alkyl amine type of nitrogen such as benzylamine (BA),
phenethylamine (PA), and piperidine (PP) can accommodate protons (H") in a wide
range from acidic to weak basic region (solution pH < 9) [41, 42]. Although
adsorption capacity of Cn electrons sites is greatly influenced by solution pH,
principally alkyl amines are always positively charged as long as pH is less than
9. For the present, alkyl amines have never been detected on carbon surfaces.
Alternatively, mono-aromatic amine compounds were mixed with solution to
inspect the effect of the amines on the adsorption of nitrate onto AC surface.
Figure 13 represented the possibility of the effectiveness of alkyl amine on the
carbon for nitrate adsorption [46]. The adsorption of nitrate was conducted in the
presence of aniline (AN), benzylamine (BA), and phenethylamine (PP). Comparing
to absence of the amines, co-existence of the molecular amines in aqueous phase
could improve the adsorption amount of nitrate. The enhancement of nitrate adsorp-
tion was most pronounced for phenethylamine and then benzylamine and slightly
effective of aniline. The order of the effectiveness is consistent with pK, values
(acidity) of phenethylamine (pK, 9.83) > benzylamine (9.33-9.34) > aniline (4.87)
[41, 42]. The results were supported by the fact that the propyl-ammonium (alkyl
amine, R-NH,) on mesoporous silica materials became suitable adsorption sites as well
[43], whereas aromatic amine like aniline in which amine groups were directly bound
to aromatic ring (aromatic amine, Ar-NH,) cannot be effective function to capture
nitrate anion. Consequently, improvement of nitrate adsorption might be promising for
ACs if amine groups possessing pK, values greater than 9, e.g., benzylamine,
phenethylamine, and piperidine, can be successfully introduced on the carbon surface.

Fig. 13 Adsorption of 0.35
nitrate on activated carbon
(AC, de-ashed F400) at
25°C in the presence of g 0.30
aniline (AN, open triangle), g
benzylamine (BA, filled € 025
diamond), and _=
phenethylamine (PA, filled ‘o
circle). Equilibrium solution Cz) 0.20
pH (pH,) 2.0, initial ~
concentration of chloride (¢} 0.15 4
[Cl]p: 30 mM [46]
0.10 L L
0 1 2 3

Q, (aromatic compound), mmol/g
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In addition to anionic pollutants, alkyl amine function, in the case of mesoporous silica
materials, is useful for cationic pollutants such heavy metal ions as cadmium(II) and
lead(II) in neutral and basic region (solution pH > 7-8) in which loan pair of nitrogen
atom in amine groups can preferably accommodate cationic ions as well as protons
(H") by forming covalent bond with the loan pair of nitrogen [47, 48]. Therefore, alkyl
amine functionalized carbon can be utilized for adsorptive removal of both anions
(acidic and neutral region) and cations (neutral and basic region) when it will be
successfully prepared in the future as well as mesoporous silica materials.

3.2.3 Surface Nitrogen (Quaternary Nitrogen, N-Q)

In our previous study, the introduction of alkyl amine, piperidine, and quaternary
nitrogen (N-Q) was attempted. In the several trials, only quaternary nitrogen (N-Q)
has been able to be doped on the carbonaceous adsorbents to some extent. According
to the procedure of the research group in Pennsylvania State University in which AC
was oxidized first and then ammonia gas treated at 700°C [49], bead-shaped
activated carbon (BAC, Kureha Corporation) was oxidized with APS
((NH4),S,0g) solution followed by ammonia gas treatment at 950°C and then
supplied for adsorption experiment of nitrate [50]. In our study, ammonia treatment
temperature was altered from 700°C (Penn State temperature) to 950°C due to
thermodynamically favorable temperature to form quaternary nitrogen (N-Q) at
950°C referring to the study by Pel et al. [S1]. In principle, carbonization is the
endothermic reaction of dehydrogenation releasing hydrogen and oxygen as
CO/CO, and H,O and also nitrogen and sulfur as ammonia and hydrogen sulfide.
Rising treatment temperature, transformation of pyrrolic nitrogen (N-5) to pyridinic
nitrogen (N-6) is firstly taken place, and then condensation of carbon matrix will be
progressed to spread graphene unit together with incorporation of nitrogen as N-Q
(=N*<) in the graphene layers as a result [51]. Figure 14 represents adsorption
isotherms of nitrate on as-received AC (BAC) and AC oxidized followed by

Q,, mmol/g

04 0.1
pH, 2.5 pH, 4.0 pH, 5.5
0.0 7% : . 0.0 % . . 0.00% . .
0 2 4 6 0 2 4 6 0 2 4 6
C,, mmol/L C,, mmol/L C., mmol/L

Fig. 14 Langmuir isotherms of nitrate adsorption on as-received AC (open triangle) and oxidized
and ammonia gas-treated (950°C) AC (open circle) in ambient temperature at equilibrium solution
pH (pHe) 2.5 (a), 4.0 (b), 5.5 (¢) [50]



352 M. Machida and Y. Amano

ammonia treated AC (Ox-9.5AG) as a function of equilibrium solution pH (pH.)
2.5-5.5 [50]. The as-received AC has neither acidic oxygen groups nor nitrogen
species, and then all adsorption sites are estimated to be Cr sites, thereby adsorption
amounts of nitrate increase with lowering pH,, due to larger proton concentration at
low pH, indicating that more positively charged surface can attract nitrate anion. The
difference between as-received AC and Ox-9.5AG could be attributed to the differ-
ence in N-Q content introduced to Ox-9.5AG. The specific surface area of AC
(1,380 m*/g) is much larger than Ox-9.5AG (770 m?/g) also supporting that N-Q
sites on Ox-9.50G can play a specific role for the greater nitrate adsorption [50].

A high nitrogen content material of melamine form was also supplied for the
preparation of nitrogen-containing carbonaceous adsorbent. Melamine sponge (ML,
Fuji Gomu Co., Ltd.) was impregnated with ZnCl, solution (ML to ZnCl, ratio of
3 and 6), dried at 110°C, and activated at 500°C [52]. The carbonized materials were
named as Z3 and Z6. Specific surface area of the melamine sponge (ML) was only
1 m?/g, but it improved by the ZnCl, activation to 58 and 99 m*/g for Z3 and Z6,
respectively. The Z3 and Z6 were further treated with methyl iodide (CH3I) to
principally convert N-6 remaining on Z3 and Z6 to N-Q (Z3-Q and Z6-Q) via
nucleophilic substitution reaction (Sy2) as displayed in Eq. (3).

— o —
CHyl —— —
<\ />”+ s LT (3)

N-6 N-Q

Figure 15 shows the results of screening test of nitrate adsorption on the mela-
mine form-derived carbonaceous materials [52]. Surprisingly starting material of
melamine form itself adsorbed nitrate ion to some extent even though specific
surface area was only 1 m%/g (0.1% of usual values of ACs). We are not sure but
nitrogen species and/or some sponge structure may contribute to the adsorption. The

0.8

0.4+

Q,, mmol/g
|

0.2

ML Z3 Z6 Z3-Q Z6-Q

Fig. 15 Adsorption of nitrate on melamine sponge (ML), ML activated with ZnCl, at 500°C by
ML/ZnCl, ratio of 3 and 6 (Z3, Z6) and their CH;I treated (N-6 to N-Q converted) materials (Z3-Q,
76-Q). Initial nitrate concentration: 200 mg/L, equilibrium solution pH (pH.) 3—4 [52]
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Fig. 16 Adsorption 1.0
isotherms of nitrate on
7ZnCl, activated melamine
sponge (Z6, open circle) and 0.8
post-CHjl-treated Z6 to -
convert N-6 to N-Q (Z6-Q, =o 0.6
filled circle). Equilibrium £
solution pH (pH,.) 3—4 [52] S
03 0.4
0.2
0.0
0 2 4 6 8
C., mmol/L
Fig. 17 Influence of 0.6
equilibrium solution pH
(pH.) on the adsorption of
nitrate onto ZnCl,-activated
melamine sponge (Z6, open o
circle) and post- = 04
CH;l-treated Z6 to convert g
N-6 to N-Q (Z6-Q, filled £
circle) [52] -
o 02}
0.0 1 1 1 1

ZnCl, activation improved nitrate adsorption from 0.2 mmol/g to 0.4-0.5 mmol/g
for Z3 and Z6. Post methyl iodide (CH;]) reaction could slightly increase the nitrate
adsorption amount for Z6. As representing adsorption isotherms of nitrate on Z6 and
76-Q in Fig. 16 [52], Z6-Q is superior to Z6 at equilibrium solution pH (pH,) 3—4
probably due to greater amount of quaternary nitrogen (N-Q) on Z6-Q. The above
estimation was supported by Fig. 17 [52] because Z6-Q maintained the adsorption
amounts of nitrate ranging pH. 2-8, but steep decline of nitrate adsorption was
observed from pH, 4 to 8 for Z6 sample. The results implied that constant positively
charged N-Q could be dominant on Z6-Q. In this case, N-Q sites were only
influenced by chloride ions (Cl7) in acidic region and hydroxy ions (OH") in
basic region. On the other hand, the surface of Z6 might be occupied with other
nitrogen species (N-5, N-6) and/or Cr sites which is always influenced by solution
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pH leading to the wide range of surface proton (H*) concentrations from acidic
(higher proton concentration) to basic region (lower proton concentration).
Activated carbon fiber (ACF) is a useful carbon material from the point of
handling. Nitrogen doping into ACF was conducted by thermal chemical vapor
deposition (CVD) by charging acetonitrile (CH;CN) into ACF [53]. Rayon-based
ACF (Toyobo Co., Ltd.), namely, KF1500, was employed as a starting material.
KF1500 is microporous ACF produced as a commercial product from cellulose
(rayon polymer), and it has average pore diameter (D,,) of 1.8 nm and specific
surface area (Sggr) of 1,540 m?/ g. In our study at first KF1500 was further activated
with super heat steam at 800°C to expand pore volume by sending pure water to
quartz tube readily heated in a tube furnace at the desired temperature in which
KF1500 sample (2-3 g) was placed on a boat. In the next step, the flow of steam was
switched to the acetonitrile liquid under inert gas flow, and nitrogen deposition with
thermal CVD started, and nitrogen was continuously doped inside KF1500 accom-
panied by plugging the pore structure with carbonization of acetonitrile. Since the
resultant KF1500 must have contained more than 4% nitrogen but very small
specific surface area around 10 m?g, post-heat treatment at 950°C and steam
activation at 800°C were carried out to raise the N-Q content by converting N-6 in
doped nitrogen to N-Q [51] and increase specific surface area [54], respectively.
Figure 18 shows nitrate adsorption onto modified KF1500 ACFs compared with
those derived from phenol resin referred to as PhR (Kynol, Gun Ei Chemical
Industry Co., Ltd.) [53]. The pristine material of KF1500 adsorbs nitrate by
0.36 mmol/g, and it contains 0.33% of quaternary nitrogen (N-Q) because some
nitrogen compounds were mixed with rayon resin in the process of manufacturing
KF1500. The further steam activation of KF1500 at 800°C (KF-8ST30) in our
laboratory resulted in the increase in adsorption amount of nitrate from 0.36 to
0.55 mmol/g by expanding specific surface area from 1,560 to 1960 m*/g, but no

N
3
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from phenol resin (PhR) and
ACFs modified of KF1500
(KF) and corresponding
quaternary nitrogen content
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N-Q was detected. Thereby the increase in nitrate adsorption is attributed to not N-Q
content but Cr sites increased by enlarging graphene sheets exposed. While just heat
treatment of KF1500 (KF-9.5HT30) makes the adsorption amount increase up to
0.52 mmol/g, only nitrogen doping with acetonitrile into KF1500 (KF-8AN20)
could not improve nitrate adsorption even though N-Q content is increased as
great as 1.95%. This is caused by plugging of pore during nitrogen doping with
acetonitrile at 800°C supported by the fact that only 10 m?/g of specific surface area
could be measured for KF-8AN20. Then several combinations of steam activation at
800°C (8ST), nitrogen doping with acetonitrile at 800°C (§8AN), and heat treatment
to form N-Q at 950°C (9.5HT) were attempted, and the order of stream activation,
nitrogen doping, heat treatment, and steam activation again (KF-8ST10-8AN20-
9.5HT30-8ST30) was found to be the optimum for nitrate adsorption of 0.74 mmol/g
among all combinations examined in the study. At the same time N-Q content is
1.86% next to 1.95% of KF-8AN20, although specific surface area is a little declined
from 1,540 m*/g (KF1500) to 1,360 m*/g (KF-8ST10-8AN20-9.5HT30-8ST30). On
the other hand, for phenol resins (PhRs) similar treatments without nitrogen doping
(PhR-8ST10-9.5HT30-8ST30) were conducted, and no N-Q was detected and
adsorption amount of nitrate attained 0.49 mmol/g. Similar treatments also applied
to KF1500 (KF-8ST10-9.5HT30-8ST30) and similar results with PhR were obtained
for nitrate uptake. The above results imply that nitrogen doping at 800°C followed
by heat treatment at 950°C and finally steam activation may be one of the best
procedures to maximize both specific surface area and N-Q contents exposed on
ACF surface. Figure 19 represents XPS Nls signals of pristine KF1500 and
nitrogen-doped KF1500 (KF-8ST10-8AN20-95HT30-8ST30) [53]. When
trimethylammonium (quaternary amino groups, a kind of N-Q)-functionalized
ion-exchange resin was used for nitrate adsorption, adsorption amount of nitrate
was constant for a wide range of equilibrium solution pH as shown in Fig. 20 [55]

% KF1500 340 L KF1500
N 5
ol (a) (pristine) 290 | (b) /N (modified)
Q + 240 | 7
> 50 - : 190 |
2 5
5 30| 2 140
= £ 90t}
10+
40

_10 1 1 1 1 10 - 1 1 1
396 398 400 402 404 406 396 398 400 402 404 406
Binding energy, eV Binding energy, eV

Fig. 19 XPS Nls spectra and deconvolution results of KF1500 (pristine (a) and modified (b)).
Modified conditions; steam activation at 800°C by 10 mL water, nitrogen thermal CVD doping at
800°C with 20 mL acetonitrile solvent, heat treatment at 950°C in inert gas for 30 min, and steam
activation at 800°C by 30 mL water again (KF-8ST10-8AN20-95SHT30-8ST30) [53]
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indicating that N-Q could adsorb nitrate independent on solution pH due to posi-
tively charged nitrogen of N-Q (R-N*(CHj3);Cl™) which strongly attracted nitrate
anion. N-Q composition and content of the nitrogen-doped KF1500 compared with
N-6 are much greater than the pristine KF1500. Based on the results, specific surface
area and N-Q content are estimated to play an important role for the nitrate adsorp-
tion. To inspect the hypothesis, influence of solution pH on the adsorption of nitrate
onto the nitrogen-doped KF1500 was inspected using various initial concentrations
of nitrate as displayed in Fig. 21 [56]. In the figure, the number of variations of initial
concentrations of nitrate was limited to 3, but we can explain the adsorption sites of
the nitrogen-doped KF1500. As long as we understand considering our previous
study, Cr sites are strongly influenced by solution pH; when solution pH is adjusted
with HCI and NaOH, in acidic region protons (H") are concentrated on Cr sites, and
the positively charged graphene attracts nitrate anion, but much amount of CI™ anion
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(strong HCI acid) hinders the approach of nitrate (NO3 ™) onto the positive surface
charge with competitive adsorption between Cl1~ and NO3 ™. In NaOH basic region,
OH"™ is competitive with NO;3 ™, and graphene layer itself becomes negative charge
causing the decline of nitrate adsorption. As can be seen in Fig. 21, equilibrium
adsorption amount of nitrate (Q.) exhibits the maximum value (0.59 mmol/g) at pH 3
and gradually decreased toward 0.3 mmol/g at pH 5 to 8 in case of the initial nitrate
concentration of 200 mg/L. Similar tendency was observed for the initial nitrate
concentration of 100 mg/L, but nearly constant amounts could be seen for 40 mg/L.
The results reveal that there are strong adsorption sites that can be always positively
charged in changing solution pH and weak adsorption sites that are easily influenced
by solution pH; the former should be N-Q sites, and the latter can be Cr sites. When
the total adsorption amount is about 0.6 mmol/g, a part of it can be attributed to Cn
sites (0.3 mmol/g); the other part will be come from N-Q sites (0.3 mmol/g).
Polyacrylonitrile (PAN) fiber is one of the promising materials to prepare
nitrogen-containing adsorbents because it contains 20% nitrogen in the PAN struc-
ture at the flame-resistant forms [57]. White colored polymer of polyacrylonitrile
(PAN) resin is at first carefully treated in air to stabilize the PAN resin [58-60];
otherwise, PAN fiber will be easily turned to carbon cake without remaining fiber
morphology in the post-activation process at S00°C or more. In the first stage, we
prepared the flame-resistant PAN fiber to optimize air treatment conditions [60], but
commercially available black colored insolubilized PAN fiber, namely, PYROMEX
was purchased from Teijin Co., Ltd. (former Toho Tenax Co., Ltd.), to accelerate the
examination of post-activation treatments. Since PYROMEX fiber is supplied as a
felt shaped material, we can easily handle PYROMEX for the various treatments. At
first, PYROMEX (hereafter designated as PYR) was activated with steam at 800°C
to improve the porous structure. Three grams of PYR were placed in a quartz tube
and heated up to 800°C, and then 20 mL pure water was charged into quartz tube to
develop porous structure in PYR with super-heated steam (PYR-8ST20).
PYR-8ST20 was further treated at 950°C in inert gas to convert N-6 to N-Q species
[51]. For the comparison, cellulose-based KF1500 was heat-treated at 950°C as well.
Figure 22 displays the SEM images of the materials revealing that original morphol-
ogy can be maintained after the steam and heat treatments. In Table 3 were shown
properties of the prepared samples [57]. Specific surface area of PYR went up from
9 m*/g to 790 m*/g (PYR-8ST20) by the steam activation, whereas nitrogen content
significantly declined from 20.9% to 5.6%. Post-treatment of PYR-8ST20 at 950°C
for 30 min (PYR-8ST20-9.5HT30) resulted in the decline of specific surface area
and nitrogen and oxygen content. N-Q content was also decreased from 0.56% to
0.51%, but adsorption amount of nitrate went up from 0.47 mmol/g (PYR-8ST20) to
0.64 mmol/g (PYR-8ST20-9.5HT30) [57]. The increase in adsorption amount of
nitrate can be attributed to not only N-Q content but also lower oxygen content,
because oxygen including acidic functional groups on carbon surface can inhibit
nitrate adsorption [57]. KF1500-9.5HT30 was used as a reference material because
heat treatment at 950°C could reduce acidic oxygen functional groups. Resultant
oxygen content was 10.6% close to the value of PYR-8ST20-9.5HT30 (9.3%), and it
has twice larger specific surface area but less N-Q content than PYR-8ST20-
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Fig. 22 SEM image of PAN-based ACF (a) (upper pictures, PYR-8ST20-9.5HT30) and cellulose-
based ACF (b) (lower pictures, KF1500-9.5HT30) as a reference material using scanning electron
microscope (JEOL JSM-6510) [57]

9.5HT30. Figure 23 shows the adsorption of nitrate as a function of equilibrium
solution pH (pH,) at the initial nitrate concentration of 50 mg/L (a) and 200 mg/L
(b) [57]. PYR-8ST20-9.5HT30 is always better than KF1500-9.5HT30 at any
condition; however, maximum points can be observed at the initial nitrate concen-
tration of 50 mg/L for the both adsorbents, but not at 200 mg/L. In the lower nitrate
concentration, adsorption amount is easily influenced by co-existing anions as
chloride (C17) and hydroxide (OH™) in acidic and basic regions, respectively.
Furthermore, decreasing slopes toward neutral region are more pronounced for
PYR-8ST20-9.5HT30 than KF1500-9.5HT30 indicating that pH-insensitive N-Q
sites are dominant for PYR-8ST20-9.5HT30, whereas pH-sensitive Cr sites are
predominant for KF1500-9.5HT30 as well.

Other than nitrate, anionic contaminant of phosphate can be removed with the
PYR adsorbents. In our experiences, adsorbents suitable to nitrate cannot be directly
applied to the capture of phosphate, although phosphate is also present in aqueous
phase as negatively charged anions in a wide range of solution pH above 2 (non-ionic
H3PO, species at solution pH less than 2). In case of PAN ACF (PYROMEX)),
activation with K,CO3 may be the best procedure for the preparation of adsorbent to
remove phosphate. The original fiber morphology is not changed even though the
chemical activation with K,COj is employed. When other chemicals such as ZnCl,,
H;PO,4, and KOH were used for activation, fiber morphology was broken from the
pristine PYROMEX status. The K,CO; activation was conducted at 800°C in the
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Fig. 23 Influence of equilibrium solution pH (pH.) on the amount of nitrate adsorption onto
PYR-8ST20-9.5HT30 (filled circle) and KF1500-9.5HT30 (filled triangle) at the initial nitrate
concentrations of 50 mg-NO; /L (a) and 200 mg-NO; /L (b). Adsorption conditions; 30 mg
adsorbent dosage into 15 mL nitrate solution [57]
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Fig. 24 Equilibrium adsorption amount of phosphate (Q.) on PYR-KCl(or 2, 3, 4, 5) (light bar)
and PYR-KCl(or 2, 3, 4, 5)-9.5HT30 (dark bar). Initial KH,PO, concentration; 3 mmol/L,
adsorbent dosage; 2 g/L [61]

impregnation ratio of K,CO3/PYROMEX ranging 1-5 by step 1, referred to as
PYR-KC3 in case of the impregnation ratio of 3. Post-heat treatment at 950°C for
30 min was carried out for PYR-KC1(and 2, 3, 4, 5) to obtain PYR-KCl1(and 2, 3,
4, 5)-9.5HT30 as well. Figure 24 displays the adsorption of phosphate on the ten
prepared samples from PYROMEX [61]. All heat treatment samples captured
greater amount of phosphate than all corresponding samples before the heat treat-
ment. In the PYR-KC-9.5HT30 series, PYR-KC3-9.5HT30 exhibited exceptionally
better adsorption performance than the other PYR-KC-9.5HT30 series. Table 4
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shows textural and surface properties of the ten samples prepared from PYROMEX
using K,CO; activation [61]. For PYR-KC series, lower N-Q and higher oxygen
content (oxygen functional groups) might reduce the adsorption amounts of phos-
phate compared to PYR-KC-9.5HT30 series. After the heat treatment, oxygen-
containing functional groups must have been removed, and N-Q content was
increased. PYR-KC3-9.5HT30 is better than PYR-KC1-9.5HT30 because pore
structure has not been sufficiently developed although N-Q in PYR-KC1-9.5HT30
(0.50 wt%) is slightly larger than PYR-KC3-9.5HT30 (0.46 wt%); effective adsorp-
tion sites of N-Q might not be exposed to phosphate anion due to lower specific
surface area. On the other hand, even though PYR-KC5-9.5HT30 has larger specific
surface area than PYR-KC3-9.5HT30, adsorption amount of phosphate of the latter
is greater than the former. This is caused by significant decrease in N-Q content of
PYR-KC5-9.5HT30 (0.25 wt%) compared with PYR-KC3-9.5HT30 (N-Q, 0.46 wt
%). Consequently PYR-KC3-9.5HT30 is the optimum adsorbent for phosphate
removal under the balance of N-Q and oxygen content and specific surface area
including the extent of exposure of N-Q on the carbon surface.

Nitrogen-doped ACs and ACFs can be derived from numerous materials and
procedures; thereby, we believe that there are still much room to develop more
excellent materials to capture anionic contaminants such as bean dregs (by-product
in the production of bean cake that is “TOFU” in Japanese) that contains nitrogen by
4.6 wt% in dry base [62] and bamboo activated with ZnCl, followed by ammonia
(NH3) gas treatment at 950°C [63]. Nitrogen doping with thermal CVD treatment of
ACF by aniline in place of acetonitrile was effective for arsenic (As(V); HAsO42_,
AsO47) adsorption as well [64, 65]. Hexavalent chromium (Cr(VI)) is dissolved in
aqueous phase as anions such as Cr20727, Cr0427, and HCrO,~ [66]. These Cr
(VI) species can be captured with above N-doped materials [62, 63].

4 Conclusion

Modification of activated carbon is effective for improving adsorption affinity and
capacity of organic and inorganic pollutants in water. Small and large molecules,
e.g., mono-aromatics and tannic acids, respectively, are included as organic mole-
cules. Heavy metals of cations (Cd**, Pb>*, Ni**, etc.) and anions (NO;~, H,PO, ™,
HAsO427, Cr20727, etc.) are involved in inorganic pollutants. For adsorptive
removal of organic contaminants, high specific surface area sometimes with meso-
and macropore and less oxygen content are preferable for ACs and ACFs. To capture
cationic heavy metals, carboxy, sulfonic, and thiol groups ACs and ACFs are
effective on, although only sulfonic function has not been sufficiently formed yet
on carbon surface. For the adsorptive removal of anionic contaminants, nitrogen
functional groups such as quaternary nitrogen (N-Q) and alkyl amine and less
oxygen groups may be essential to effective uptake of anions. N-Q functional ACs
and ACFs are now under development, but binding alkyl amine onto carbon surface
has still been challenging subject.
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Abstract Natural resources are continuously depleted globally, and accelerated
climate change is a consequence of irresponsible human action. Planetary resources
have to be better utilized not to threaten living ecosystems, the biodiversity and
cause further land degradation. New nature-based and cost-effective materials are
appearing for remediation purposes but need continued development since they
require extra knowledge about structure-function relations. Within emerging circular
economy new waste streams are detected which can serve as substrate for new
valuable and smart materials and at the same time provide energy and even carbon
removal. Biomass has been generated from both agriculture and forestry but lately
also municipal solid waste has been recognized as resource in waste valorization.
Waste can be converted to new products by hydrothermal processes that yield
hydrochar and thermal pyrolysis processes to produce biochar; a multiuse carbon
material. Ideal waste utilization processes have good energy yield at the same time as
new materials are formed. Carbon removal can become a part of environmental
societal solutions dealing with sustainable waste processing and application of new
value-added products coming from development of new smart materials. Carbon
removal efforts are currently supported through the voluntary market and the total
value of global carbon markets grew by over 20% in 2020 — the fourth consecutive
year of record growth. This chapter displays different waste streams and their
suitability for thermal treatments to produce hydrochar or biochar for understanding
of how the choice of feedstock together with optimization of thermal process
parameters will give best smart products.

Keywords Carbon removal, Chemical and physical activation, Municipal solid
waste (MSW), Remediation, Waste streams

1 Introduction

The rise of standard of living globally is virtuous but it’s always connected to
increased consumption and demand for consumer goods followed by increased
generation of municipal solid waste (MSW) [1]. Several competing technologies
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are available for treating this waste and their sustainability is becoming a prominent
factor. In addition to ecological and societal sustainability technologies need to be
economically feasible to be applied on larger scale. One important quality criterion
for waste treatment is suitability for energy and fuel production. In Europe the main
renewable energy source is wood, which represents over 60% of all
non-conventional energy used in the EU-27 [2]. Lignocellulosic woody biomass
constitutes arborous forestry residues and residues from the wood processing indus-
try. The activated sludge process produces solids that have mostly been considered
as a waste without any good reuse and sewage sludge from biogas reactors has
created challenges for reuse [3]. Sludge is, however, a suitable biomass for fuel
production. The advantage with the hydrothermal process (HGT) is that the biomass
does not need drying pretreatment and requires less energy. The yield of solid
product, hydrochar, is greater in lower temperature pyrolysis (200-300°C) [4].

From the prospect of climate change, there is a great demand for swift and
efficient methods to capture and sequester carbon away from the atmosphere. It
was very recently reported that production, use and storage of biochar are carbon
negative, and if applied into practice an estimated sequestration of 0.3-2 Gt CO,
year ' by 2050 could be achieved [5]. The most relevant technologies offering
carbon removal from atmosphere are forestation, direct air carbon capture with
utilization and storage, carbon sequestration into soil, and wooden building elements
for biochar production. The carbon fees on the voluntary carbon markets range from
12 to 1,045 European euro per ton CO, [5]. These carbon removal services by means
of biochar are currently offered through full-bodied marketplaces that require wide-
ranging certification, verification, and monitoring to add credibility and authenticity.
Simultaneously biochar production is hopefully improving with increasing knowl-
edge on feedstock usability, pyrolysis and in future more tailored applications to
show that the biochar system is realistic to be applied at large scale [6].

Just as there are new usable waste streams, so are their potential uses that require
more studies to become effective in environmental remediation, which is an actual
field application of biochars [7]. Biochar production from lightly contaminated
waste timber (WT) has been coined as a promising waste handling option for
valorization of such residues into biochar sorbents that can be used for contaminant
stabilization [8]. A challenge with wood waste is the presence of trace environmental
pollutants that threaten the sustainable recycling of this waste. Impurities comprise
adhesives, paints, trace metals fire retardants, waxes and plastics. Very recent studies
have proposed thermochemical treatment of wood waste like gasification and pyrol-
ysis that can give different new products, but also energy. Polycyclic aromatic
hydrocarbons (PAHs), volatile organic compounds (VOCs), and trace metals are
formed and/or emitted during thermochemical conversion. Their formation depends
on both the operating conditions and the type of feedstock used. These pollutants
may also appear in the resulting biochar [9, 10].
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2 Biowaste Streams for Thermal Treatment

2.1 Composition of Agroforestry Waste (AFWs)

Timber logging generates large amounts of forestry waste residue. The global forests
cover 4 billion ha, which is almost 30% of total land area, and on average 0.62 ha/
capita [11]. Around 50% of this forest area is in developing countries [12]. The forest
residue is typically stumps, branches, and leaves, and wood processing waste in form
of logs and sawdust. The recovery of different residues depends on geography and
related conditions, like type of tree species. For every cubic meter of logged material
removed from the forest it has been estimated that a cubic meter of waste remains in
the forest. The types of processing waste are bark removal and branch trimming
(about 12% of this material arrives at mill facilities, slabs/blocks/further trimmings
(about 34%) and sawdust constitutes about 12%. Waste comes also from kiln drying,
shavings (about 6%), and sawdust/trimming (about 2%). On the scale woody
biomass contributes around 4.6 Gt annually, from which 60% is used for energy,
20% is used as industrial “round wood,” and the remaining 20% is in the primary
production pool remaining in the forest where it decays. A surprisingly large part,
~80% of forest tree mass is then lost as waste, and from that wood about 20% ends
up in kiln-dried sawn product [13].

Agricultural biomass wastes and residues are mainly crop stalks, leaves, roots,
fruit peels, and seed/nut shells. These residues are mainly discarded or burned
although they are valuable supplies of feedstock material [13]. It imposes challenges
to estimate the degree of produced crop biomass in relation to what is the “loss” in
production, including harvesting and processing, and also in relation to what is
considered as “waste” that again entails retail or consumer loss. The production of
“food” seems to be measured as the edible parts of a crop (harvest index), which
again is not taking into account non-edible biomass parts, that are crops or not. One
example to stress this point is sugarcane that requires processing generating waste
streams in addition to the primary biomass waste in harvesting.

Based on Food and Agricultural Organization [14] estimations, Russia, Indone-
sia, USA, Brazil, and China produce most AFWs and industrial wood wastes. The
potential production of residues could be more than 700 Mt./p.a. This large loss is a
resource that could be used as fuel source. Typically, in the developing countries
they are main household fuel and major energy source as part of industrial energy
consumption [15]. The composition of AFW greatly influences the performance of
AFW conversion system. In developing countries, most of the biomass residues are
left in the field to decompose or alternatively burned on the spot, resulting in major
environmental impacts. In the urbanization process the demand for products increase
and alternative sustainable energy sources and raw material supplies are in need. So
far, the biomass wastes are not efficiently taken into reuse as material and source of
energy. Even less activity has been devoted to develop “low-carbon” solutions for
valorization.
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Forest residue amounts are defined as 46% of total forest stock [16]. Globally
Russian Federation, Indonesia, USA, and Brazil produce most the forest residue,
5,718, 2,221, 2078 and 1,613 million tons (Mt), respectively. China, Sweden,
France, and Finland are the next largest producers of forest residues of which
Sweden and Finland represent Nordic countries with large proportion of forests
land cover.

2.2  Municipal Solid Waste

Municipal solid wood waste (MSWW) constitutes a quite low share of total MSW,
but the relatively high volume and inadequate prospects for reuse are causing cities
difficulties in treatment, selection, and transport of the waste with the goal to mitigate
MSWW environmental impacts [17, 18]. The common solution has often been the
incineration of MSWW to produce energy [18]. In the time of circular economy
worldwide [19], alternative policies have become the norm to reduce the environ-
mental impact of incineration and instead promote the reuse of this waste category
and prolong its life cycle [17]. In the present situation incineration should only be
used as last of options since wood waste entails great reuse potential, and by
recycling MSWW many opportunities arise still including efficient energy recovery.

3 Hydrothermal Carbonization (HGT)

Biochar has long been a known way of carbonization of different types of biomasses
and in recent years hydrothermal carbonization (HTC) has in parallel been devel-
oped as an alternative method of processing biomass for value-added products
[20, 21]. The solid char product formed during HTC is called hydrochar to be
distinguished from biochar which is formed in pyrolysis process in temperatures
from 300-650°C [22]. During the HTC process, biomass is heated in an oxygen free
environment in presence of subcritical water under autogenous 2—10 MPa pressure
[23]. The HTC process has several benefits compared to pyrolysis, including a lower
energy consumption and the generation of less emissions. It is especially suited for
high moisture feedstocks with a high moisture content that produces lower amounts
of solid material after drying, and that makes them inadequate sources for pyrolysis
[23]. This gives possibilities for a variety of feedstocks to be used for the production
of hydrochar when drying the feedstock is not necessary [24]. Another gain com-
pared to biochar is that by HTC the char yield is larger and produced with lower
amounts of energy. Since the feedstock does not need to be dried, and operating
temperatures for HTC (200-300°C) are lower, the yield is greater with less energy
compared to biochar pyrolysis [25]. The char biomass is activated in the presence of
liquid heating up the process, which enables lower process temperature compared to
biochar production. The heating of the biomass initiates hydrolysis, dehydration,
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decarboxylation, and aromatization that changes the physical structure of the bio-
mass (Fig. 1) [26]. The hydrolysis is the primary reaction in HTC, and it has lower
activation energy than the other reactions.

3.1 Feedstock Nature

The classification of feedstocks into wet and dry biomass can be done based on
initial moisture content. Newly harvested biomass like sewage sludge, vegetable
residues, algae, animal wastes, etc. often has high moisture content (>400%) and is
then called “wet biomass.” Agricultural residues and some wood species have low
moisture content (<30%) when they are harvested and are thus called “dry biomass”
[24]. The wet biomass can be dried to become low moisture content feedstock with
complementing drying techniques, but their downside is the high-energy require-
ment that will be economically costly.

Biomass is an excellent source for bioenergy [27], that basically is clean energy
and HTC can be applied to large varieties of feedstock like lignocellulosic residues
[28], animal wastes [29], agricultural residues, food wastes [30], municipal wastes
[31], and wastewater treatment plants’ (WWTPs) activated sludge [32] that have
detrimental effects on the quality of hydrochar. Overall, both hydrochar and biochar
have their advantages and disadvantages. In future research biomass treatment can
be combined with the hydrothermal carbonization process and pyrolysis process.
The catalytic performance of the product materials needs to be further
investigated [33].



Pyrolysis to Produce Hydrochar and Biochar Carbon Material for Carbon. .. 373

Biomass — Waste . .
Catalytic conversion

(CO, methanation)

. T
| ~

\ o
\ | H, from :
\ N | renewable |
\ 1 sources !

\ Liqud T 777°

: £ 52
Hydrothermal . 7
carbonization Solid

Fig. 2 Integration of HTC with methanation of gas phase [34]

Alternative fuels are sought to achieve required process temperatures in industrial
processes as electricity becomes more expensive [34]. The gas phase obtained in
hydrothermal carbonization can be subjected to a methanation stage, when the
resulting methane could be used to fuel the process. Such process idea is depicted
in Fig. 2. Such solution could be a step forward for integrated process according to
circular economy principles. Moreover, the needed hydrogen for methanation should
come from renewable sources.

Biomass has so far been utilized in many ways, but pyrolysis is a new way of
dealing with biomass sustainably. The biological conversion has been applied with
biogas reactors in fermentation and anaerobic digestion where the crucial step is
what to do with the sludge to avoid it becoming a waste. Densified biomass like
pelletization of forest residue has the challenge that it has mainly been used for heat
production instead of channeling it into the biochar system (FAO) according to the
principles of circular economy. The forms of biomass utilization are compared with
pyrolysis and hydrothermal processes in Table 1.

4 Pyrolysis for Biochar Production

Biochar is a solid, carbon-rich product acquired from the pyrolysis process under an
oxygen-limited atmosphere and high temperature [22]. The handling of all kinds of
agriculture and forestry has become a priority. In the EU, about 23 Mt/p.a. of
biomass (dry) is available as residual straw from cereals [16] whereas from example
emerging economies like India, ca. 368 Mt/p.a. straw residue is available [35].
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Table 1 Evaluations of waste biomass use

K. Yrjilid et al.

Biomass
processing Advantages Disadvantages Technology and objective
Pyrolysis High efficiency and Requires pretreatment | Slow or fast pyrolysis to
flexibility with sus- of especially wet bio- | receive biochar, bio-oil, and
tainability prospects | mass waste gases
Hydrothermal | Direct application for | The products not eas- | Carbonization, liquefaction,
process wet biomass ily separated and and gasification to receive
demanding equipment | hydrochar, bio-oil and gas
Anaerobic Low energy needs Requires large invest- | Anaerobic digestion in biogas
digestion and large capacity ments and is time plant (bioreactor)
consuming
Solid fuel Densified fuel into High hydrophilicity Pelletization and briquette
smaller space catching moisture production

Biochar can be produced in different types of units and reactors to achieve the
desired yield and quality. Reactors are similar, but the oxygen use, heating rate, and
final temperature affect the quality and distribution of final products [36]. The
thermal process for optimizing biochar yield is slow pyrolysis, which is conducted
in 300-700°C in the absence of air producing bio-oil and biogas as by-products.
Torrefaction is another process optimizing biochar yield, carried out at 200-300°C
in the absence of air and it does not produce by-products. By prolonging the biochar
residence time at ~400°C for more hours a higher yield and quality could be
obtained [36].

4.1 Slow Pyrolysis, Temperature Regulation

In slow pyrolysis the temperature range is 300-600°C, with a long residence time
(several hours to several days) and requires only low heating rate. It is generally
believed that slow pyrolysis is the best pyrolysis method optimizing the biochar
yield and structure [36, 37]. Zhang et al. [38] prepared three types of cow dung
biochar under slow pyrolysis which revealed differences in morphology, surface
area, pore structure, surface charge, and oxygen-containing functional groups where
the biochar yield was 30-60% and the specific surface area <400 m?/g.

The temperature is an important parameter in the design of biochar that governs
physicochemical properties of the pyrolyzed product. It affects the aromatic con-
densation and aromaticity of biochar. With increased pyrolysis temperature the
liquefied aromatic ring structure in biochar increases, at the same time as the unstable
nonaromatic ring structure decreases [39]. Along with aromaticity hemicellulose,
cellulose, lignin, protein, polysaccharide, and other macromolecules decrease in the
resulting biochar. This leads to lower polarity of the solid product, but also lower
hydrophilicity of the surface, forming separated aromatic rings. Zhang et al. [39]
found that the pyrolysis temperature played a significant role in the properties of
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biochar. The temperature correlated positively with the carbon content, ash content,
pH, surface roughness, and conductivity. The (O + N)/C, O/C, and H/C ratios,
however, correlated negatively with temperature [39]. The higher temperatures
favor formation of crystal structures. Biochar produced in lower temperatures
becomes acidic, polar with low aromaticity and hydrophobicity. With the increasing
temperature functional acidic groups like —-OH and —COOH decrease along with
biochar yield. This leads to appearance of more alkaline functional groups, higher
pH and ash when the biochar surface area increases as volatiles evaporate from the
biomass.

4.2 Pyrolysis Atmosphere

In recent years the biochar synthesis has been refined and a number of different
functional structures of biochar are better controlled through adjustment of synthesis
parameters, not only pyrolysis time and pyrolysis temperature, but also by choice of
biomass, and different pretreatment process. It is the gap between functional struc-
tures and mechanisms that needs to be bridged for achieving better results with
biochar applications [40].

It is possible to optimize the pyrolysis process by changing the atmosphere in-situ
activation for production of more potent biochars. This has been reported in several
studies where the conventional N, atmosphere has been changed, for instance, to
CO, as carrier gas [41, 42]. The activation with CO, improved the aromatic surface
properties of biochar in temperatures of 500, 600, and 700°C [43].

Using spent coffee ground (SCG) the authors Cho, Chang [44] found two key
roles of CO;: the thermal cracking of VOCs appearing from the thermal degradation
and the reaction of CO, with VOCs. They concluded that the morphological
modification was initiated after depleting VOCs by the thermal degradation of the
SCG sample in CO, atmosphere.

4.3 Co-Pyrolysis of Biomass with Activator/Dopant

When biochar is going to be used as a catalyst or adsorbent sufficient surface
functionality is wanted providing more active sites for catalysis and adsorption of
pollutants. High porosity and large surface areas are also advantageous for biochar
utilized for storage of energy since they enable higher fluxes of mass transfer and
active loading [45]. For biochar use, porosity and surface area of biochar and surface
are critical and need to be properly assessed, or else desirable biochar features must
be stimulated through suitable activation strategies (Table 2). Directly after the
production process the biochar has low tendency to absorb or adsorb compounds.
The surface area, pore size, pore volume, and the amount of pores present contribute
to the reaction characteristics [56]. The produced biochars without proper activation
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Table 2 The surface area, pore volume, and pore size of different biochars [46]

. Yrjdld et al.

Surface area, pore size, and pore volume of various biochar-derived catalysts

Pore Pore
Surface area | size volume

Catalyst support Catalyst support (m*/g) (nm) (cm’/g) References
Glucose solid acid | Unsulfonated glu- 3.65+026 |- - [47]
catalyst cose solid acid

catalyst

Sulfonated glucose | 10.67 = 0.90 |- -

solid acid catalyst
Douglas fir wood Biochar catalyst 3.51 - - [48]
chip biochar
Polyethylene tere- Activated carbon 1,105 - — [49]
phthalate waste Carbon acid catalyst | 624.20 - -
Palm kernel shell Biochar 0.02 - - [50]
biochar Biochar-based 290.44 - -

catalyst
Peat biochar Peat biochar 83.78 89.26 106.90 [51]

30 K/PB-600 20.04 42.02 31.55

30 K/PB-600 (fresh) |20.04 - 31.55

30 K/PB-600 17.81 - 26.62

(recovered)
Chicken manure Silica (commercial) | 451.1 5.98 0.88 [52]
biochar Biochar (350°C) 0.043 31.47 |0.043

Biochar (450°C) 0.072 19.595 |0.072

Biochar (550°C) 0.067 22.198 |0.067
Oat hull-derived B600 49.32 1.04 0.008 [53]
biochar BS100 30.59 230  |0.055

BS140 5.43 1.03 0.008
Waste pig meat and | Meat and bone meal | 142.6 453 190.6 [54]
bone meal biochar biochar

AMB 430.5 128.6 | 586.5

30 K/AMB-550, 80.0 594 61.4

fresh

30 K/AMB-550, 91.6 66.4 74.5

recovered
Wood char Wood char 354 3.8 0.34 [55]

Wood char-derived | 337 2.7 0.24

acid catalyst

contain (1) abundant intermolecular spaces as a result of bond breakage between the
organic components (2) clogged pores that cause generation of tar (3) inadequate
pore size reducing the distribution of surface area (4) condensate contaminants like,
ashes, etc. that decrease the pore size and volume.
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4.4 Activation by Chemical Agents

Chemical activation methods are generally one-step processes where the agents are
added to biochar and subjected to further pyrolysis. An activated biochar is usually
washed for removing excess chemical, and after that the surface is ready for
adsorptive reactions depending on target use. Typical chemical activation is oxida-
tion, sulfonation, and amination and agents used are H,O,, SOs;H, ZnCl,, acids like
HNO;, bases like KOH, NaOH. The activation agent is selected on the bases of the
target use of biochar. Adsorbing negatively charged elements requires activation
with bases imposing positive surface giving affinity to adsorbate. For adsorbing
positively charged element, biochar is in turn activated with acid for improving
adsorption of positively charged elements [57].

4.4.1 Activation by H,O,

H,0, is a low-cost activation agent used at ambient temperature that splits into HO
and O, and it is used as oxidizing agent because of the following reasons (1) low
cost, (2) works at low temperature, (3) end products are H,O and O,. Biochar made
from grape wood activated by H,O, at 350°C has been shown to effectively adsorb
the cyhalofop herbicide (35.4%) due to strong affinity of herbicide to biochar [58].

4.4.2 Activation by Metals

Metal ions are often applied as agents for catalysis [59]. Iron, cobalt, and other
metallic biomass elements have been used in advanced oxidation systems [60]. Load-
ing metal is thought as one of the operational ways for expanding the catalytic ability
of biochar. When metal particles are dispersed in biochar, they can lower metal
leaching. Biochar can prevent the aggregation of metal nanoparticles and thus offers
many more accessible active sites. Compared to other catalysis supports, biochar has
economical and efficiency advantages.

Zn-Co-layered double hydroxide (Zn-Co- LDH) nanostructures were incorpo-
rated with biochar through hydrothermal process [61]. After loading on biochar, the
specific surface declined from 112.9 to 95.7 m*/g. At the same time gemifloxacin
degradation efficiency was raised from 60.4% to 92.7%.

There are several techniques to analyze biochar properties. The surface chemistry
can best be studied by Fourier transformation infrared spectroscopy, X-ray diffrac-
tion analysis, and X-ray photoelectron spectroscopy. Structural analysis is done by
scanning electron microscopy and Brunauer-Emmett-Teller analysis. The elements
in biochar can be revealed by energy-dispersive-X-ray spectroscopy. The acidity and
basicity can be determined by temperature-programmed desorption using
ammonia [46].
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Usually before co-pyrolysis biomass is premixed by impregnation or mechanical
mixing with an activator/dopant, and then pyrolyzed. Co-pyrolysis of biomass with
activators/dopants such as KOH, Ca(OH),, ZnCl,, MgCl,, FeCls, chlorapatite, Fe
(NO3)3, KMnO,, melamine, and urea has been explored. By using hazelnut shells as
a raw material, Zhao et al. [62] undertook the chemical activation of ZnCl, for
co-pyrolysis and found that hazelnut shells were an effective material for producing
a microporous structure. Liu et al. [63] pretreated straw with a Ca(OH), water
solution, and then synthesized the calcium-rich biochar in-situ with black liquor as
a precursor, whereby Ca(OH), was found to be a mesoporous forming agent in the
synthesis process. With corn stalk as raw material and urea as nitrogen source, Li
et al. [64] prepared a nitrogen-doped fractional porous biochar by in-situ
co-pyrolysis. The addition of urea promoted the formation of biochar pores, and
nitrogen atoms successfully became a part of the biochar skeleton. Biochar attained
through the co-pyrolysis of biomass with activators/dopants has a larger surface area
and more surface oxygen-containing functional groups in comparison with original
biochar.

4.5 The Quality and Safety of the Produced Biochars

Waste material is an important resource in Circular economy [65]. The recycling and
upgrading of waste require detailed evaluation of possible waste contaminants. In
pyrolysis there is the need to assess them in the biochar product. In the pyrolysis
process enrichment of metals takes place since most of them are not released by
emissions [66]. Pyrolysis can release metals as a volatile metal mixture together with
aerosols from the gases. Organic compounds like polyaromatic hydrocarbons
(PAHs) can leak during pyrolysis as aromatic rings condensation, fused into
PAH-like sheet assemblies [67]. The quantity of toxic elements in biochars has
been examined [68]. PAHs are especially produced during incomplete combustion
of biomass, and thus are integrally generated during biochar production. Due to their
well-known toxicity and carcinogenic traits, they constitute an environmental risk.
The quality of biochars is an important issue especially in the commercial market
where the biochar is intended for a spectrum of different uses. The European Biochar
Certificate highlights the specific contaminant threshold levels in biochar for agri-
cultural soil improvement [69]. The threshold levels are given as total content in the
solid phase. Concerning contaminants, the bioavailable concentrations are crucial in
accurate risk assessment and need some attention [70]. The heavy metal contents are
dependent on both feedstock and process parameters of the performed pyrolysis
[71]. The rise in pH supports lower heavy metal solubility [72]. The pH increase in
biochar may not last due to leaching where soil pH might in the long term be
reduced. Biochar application in agriculture requires thorough assessment of biochar
quality since toxic organic contaminants of biochar may end up in the environment.
European Biochar Certificate (EBC) values of the molar ratio of H/Corg <0.7 and
O/Corg <0.4 does not ensure that biochar will not cause phytotoxicity [10].
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5 Biochar for the Remediation of Contaminated Soil
and Water

Soil amendment is the most common application of biochar and several studies have
demonstrated the benefits of such practice [73, 74]. Biochar as an amendment in soil
has been shown to improve soil properties such as soil C content, increase water
holding capacity, and increase aggregate formation, stability [75] and plant growth
[76]. It could also improve soil quality and fertility [77, 78]. The high porosity of
biochar has taken advantage to immobilize heavy metals in soils [79], and in
consequence reduce their uptake by plants [80], and remediate organic pollutant-
contaminated soils [81].

5.1 Heavy Metals

Soil pollution poses a threat to human and environmental health as contamination
can migrate into groundwater, or drain into other water bodies. But it may also get
into the food chain and eventually reach humans [79]. Just in the USA more than
100,000 contaminated sites have been identified [82] and in Europe the estimate for
the total number of potentially contaminated sites is 2.5 million [83]. Due to their
high toxicity and health risks the remediation of heavy metal (HM)-contaminated
soil has become a priority in the environmental agenda [84]. The use of biochar for
the remediation of HM-contaminated soil has become a sustainable solution (Fig. 3).
Biochar as a porous material has the capacity to bind HMs from soil and that way
reduce the uptake of HMs by plants [80, 85, 86]. The raw materials and feedstock for
biochar production together with the pyrolysis temperatures are the most important
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Fig. 3 Factors influencing the remediation of contaminated soil with biochar as an amendment and
its advantages
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criteria affecting the binding capacity of biochar. The interactions between biochar
and HMs in soil can be direct in precipitation, complexation, or electrostatic
attraction. The interactions can also be relatively indirect depending on soil pH,
minerals, or organic carbon [87]. Biochar adsorbs the metal ions from contaminated
soils due to its stronger sorption sites and high affinity to metal ions [88].

Choudhary et al. [89] used biochar from pine needle litter to serve for Pb
adsorption from contaminated water. The study showed that Pb adsorption increased
significantly as pH and temperatures increased and desorption results were promis-
ing with a lead recovery of 90-93%. They concluded that biochars possess the
potential for aqueous removal of other metal cations [89].

5.2 Phytoremediation and Related Microbes

The most recent studies have been testing biochar as a carrier of HM-reducing strains
or HM-tolerant bacteria and its effects upon its addition into contaminated soil
[90]. Cr contaminated soil is of great concern due to the high toxicity of Cr(IV). A
recent study successfully immobilized a Cr(IV)-reducing strain into biochar to treat
Cr-polluted soil. Soil properties improved with aggregate formation, organic carbon
content, and cation exchange increased. The Cr(IV) was transformed into less toxic
Cr(IIT) and that Cr-residue fraction increased by 63.38% compared with control. The
aggregates also reduced the Cr absorption of Ryegrass from the root and enhanced
its growth [91]. Biochar inoculation with a HM-tolerant strain was reported to
significantly increase residual fraction of Cd and Cu leading to the decreased
bioavailability of the metals in soil. The inoculated biochar enhanced soil enzyme
activity and the soil microbial community recovered at the end of the incubation,
showing improved soil function after metal stabilization [92].

It has been demonstrated that solubility of Pb and Cd decreased significantly with
biochar produced from agriculture residues providing evidence that biochar
decreased HM toxicity [93]. Soil properties improved; pH increased together with
organic matter and nutrient content. Maize planted on the treated soil with biochar
performed better compared to the control demonstrated as an increase in
biomass [93].

The interaction among biochar, plants, and microbes might alter the HMs behav-
ior in the soil [94]. The beneficial roles of biochar on plant growth and on the
enhancement of microbial activity were likely to improve the phytoremediation
efficiency of the hyperaccumulators [95]. Biochar incorporation does not decrease
the total heavy metal content of the soil but it reduces the bioavailability and
phytotoxicity of heavy metals. Therefore, phytostabilization of metal-contaminated
soils can be enhanced by combining metal immobilizing plants with biochar
[96]. Biochar was used in Cd soil contamination for cell immobilization of two
cadmium resistant bacteria (CRB), Arthrobacter sp. and Micrococcus
sp. [97]. Biochar-immobilized (BC) CRB were able to survive in cadmium-
contaminated soil (Fig. 4). The inoculation of BC-Micrococcus sp. increased the



Pyrolysis to Produce Hydrochar and Biochar Carbon Material for Carbon. . . 381

STREC 19kl  %19.000

Fig. 4 Biochar of cassava stem (Manihot esculenta L. Crantz). HM Phytoremed with bacterial
immobilization. Characteristics of (a) biochar, (b) BC-Arthrobacter sp., and (¢) BC-Micrococcus
sp. observed under SEM at x 10,000 magnification remove 5 [97]

root dry weight of C. laxum planted in cadmium-contaminated soil. Plants inocu-
lated with either BC-Arthrobacter sp. or BC-Micrococcus sp. had the highest
cadmium contents in the shoots and the roots. They concluded that C. laxum
combined with BC-Arthrobacter sp. or BC-Micrococcus sp. inoculation achieved
a high efficiency of cadmium phytoextraction in metal-contaminated soil.

5.3 Organic Pollutants

Biochar from biomass waste has successfully been used for remediation of organic
pollutants [98]. Interactions of free radical-based chemical reactions and biochar-
microbial communities are the most important mechanisms involved in the degra-
dation of soil organic pollutants using biochar. Pollutants are preferentially adsorbed
onto the surface and pores of the biochar in free radical-based chemical reactions.
The radicals formed in advance oxidation process degrade the pollutants [73].
Colored contaminated water has been treated with different types of biochar with
good results. An example is the recent study where engineered biochar was produced
from food waste digestate to remove azo dye pollutant from water. Results were
promising with a removal of >99% of the dye upon the addition of biochar (0.5 g/L)
and peroxymonosulfate (1 mM) to wastewater. The removal efficiency was attrib-
uted to the catalytic sites in the biochar which could activate peroxymonosulfate to
produce reactive oxygen species [99]. Biochar from wood apple fruit shell waste was
used in the removal phenol and chlorophenols (4-CPh and 2,4-DCPh) from contam-
inated aqueous media [100]. The study revealed that this biochar was an effective
adsorbent of these organic pollutants with pH and temperature being vital parameters
to take into account for a rapid uptake and high sorption capacity: it could be used for
the treatment of contaminant wastewater [100]. Efficient removal of Rhodamine B
dye was achieved by a magnetic biochar produced from waste wood [101]. The
adsorption process was governed by a chemical reaction and the adsorption process
was a single-layer and heterogeneous surface adsorption. The equilibrium was
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established within 1 min, indicating an excellent adsorption efficiency making this
magnetic biochar a prospect in wastewater treatment [101].

Modified biochars with active oxidation agents, e.g. persulfate,
peroxymonosulfate, chlorine, iodine, etc., have been utilized to generate free radicals
and improve the degradation of organic pollutants [73]. Biochar from waste lychee
branches was together with persulfate used for the removal of bisphenol A (BPA) in
soils [102]. This type of biochar activates persulfate to generate sulfate and hydroxyl
radicals for BPA degradation. Liu et al. 2020 [102] concluded that the combination
of biochar and persulfate could be used for in in-situ remediation of organic
contaminated sites.

Herbicides are organic chemicals that may undesirably impact human, wildlife,
beneficial plants and soil organisms. In a multifaceted experiment by Wu, Liu [103]
different types of biochar (peanuts (BCP), chestnuts (BCC), bamboo (BCB), maize
straw (BCM), and rice hull (BCR) were applied to soil to study their sorption
capacity, degradation, and effect on the bioavailability of the herbicide oxyfluorfen.
The most important results showed that the biochars exhibited different sorption
capacities for oxyfluorfen in the following order: BCR > BCB > BCM > BCC > BCP
and that the addition of biochar to soil reduced the bioavailability of oxyfluorfen.
Oxyfluorfen degraded faster in BCR-amended soil compared to unamended soil, i.e.,
degradation increased by ~1.2-fold with addition of just 2% BCR. Interestingly, the
adsorption capacity of amended soil for oxyfluorfen decreased with increased aging
time, however, it was still higher on the amended soil compared to the unamended
soil after 6 months. In conclusion, the study indicates that the introduction of biochar
is an effective method to modify soil contaminated with oxyfluorfen and to decrease
the risk of contamination [103]. Sugarcane top-derived biochar was added to
different types of soils to evaluate the sorption capacity toward atrazine herbicide
[104]. The sorption coefficients had a positive correlation with the amount of biochar
added into soil. The study indicated, however, that as a result of adsorption the
degradation of atrazine decreased and that it could be a method to prevent atrazine
leaching into groundwater [104].

The combination of biochar and compost has proven to be effective in the
remediation of organic pollutants, when both amendments improve soil quality
and fertility. The application of compost and biochar amendment decreased the
concentration and bioavailability of PHCs [105]. The addition of compost enhanced
biodegradation, while biochar contributed to lock the hydrocarbons in contaminated
soils [105]. Hussain, Khan [106] observed that the combination of biochar, compost,
and immobilized microorganisms resulted in the highest PHCs removal from soil
compared to the control or the treatments alone.
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6 Toward Circular Economy: Recycled Waste for Biochar
Production

Pyrolysis and hydrothermal carbonization of biomass have attracted attention as
expedient waste management methods [107]. Biochar has been produced from
several organic waste material such as guayule bagasse, cotton gin waste [108],
coconut shell [109], empty fruit bunches [110], and rice husk [111]. Biochar pyrol-
ysis has been reported for food waste digestate and food waste [99], straw from crops
(corn, wheat and bulrush) [112, 113], pig manure [107], and wood waste materials.

When waste wood is used as heating energy it will release CO, to the atmosphere,
which is against current policies in Europe for reaching carbon neutrality. Further-
more, waste wood in landfills will create methane emission as product of the
decomposition of lignocellulose compounds [114]. The construction and demolition
industry produces waste wood that has become a viable source of biomass for the
production of biochar. Countries including Taiwan have already implemented the
reuse of waste wood as material and energy resource in carbon-negative policies, to
reduce greenhouse gases (GHG) emissions [114]. Waste wood like wood shavings,
waste timber, bark and pine needles litter has already successfully been produced
[89, 109, 115]. The increase of the production of biochar from waste wood could
become a global solution to reduce the landfills. It has been estimated that just in
Finland wood waste accounts for 3,268,000 t from which 401,000 t comes from
construction industry [116, 117].

Differently produced biochars have increasingly been used for soil amendment
but also contributing to carbon sequestration. An interesting application is the
introduction of biochar into building material like cement and concrete.

6.1 Novel Applications of Biochar

The use of biochar as soil amendment is the most common application of this
material [78], however in recent years there has been several other useful and
sustainable applications. Some of these examples are briefly mentioned in this
chapter as in Fig. 5.

6.1.1 Carbon Sequestration for Carbon Neutrality

For achieving the goals of carbon (C) neutrality, municipalities need worldwide to
apply negative emission technologies. The application of biochar as soil amendment
represents a sustainable long-term carbon storage [118, 119] that has a mitigating
influence on climate change and global warming. The conversion of waste wood into
biochar has a positive effect on carbon sequestration. Around 50% of the carbon in
waste wood is retained in biochar instead of being released into the atmosphere. In
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Fig. 5 Pyrolysis presenting the three main products, biochar, gas, and bio-oil. Potential applica-
tions for the carbon sequestered in biochar including soil fertility, feed in livestock farming,
incorporation to building material, organic fertilizer, and environmental remediation. Bio-oil can
be used for heating, but especially for upgrading to fuel, chemicals and even deposited as geological
sequestration

this procedure the organic carbon is moved to a slower carbon cycle reservoir
(biochar) that can remain in soil even for centuries [120]. Urban demonstration
areas using trees and biochars for C sequestration have been implemented in
Helsinki, Finland to show that urban C sinks in public parks need to be visible and
scientifically sound for reliable cost-effective verification of carbon sequestration.
Valuable synergies emerged from co-creation of urban C sink parks between
stakeholders (scientists, city officials, companies, and citizens) for increasing impact
of biochar application [121].

6.1.2 Composting

The addition of biochar into compost (Fig. 5) could increase the aeration process as
biochar is a porous material with low density [122]. Moreover, due to its high
sorption capacity it could reduce the loss of nitrogen and immobilize HMs and
organic pollutants present in the compost materials [123]. It has also been demon-
strated that it could reduce the emission of GHGs [124]. Moreover, research has
demonstrated that the combined application of biochar and compost to soils could
increase both; their agronomic value and reduce nutrients losses [125].
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6.1.3 Livestock

Significant benefits of biochar in feed (Fig. 5) to improve animal health have been
reported [126]. In an extensive survey (>100 scientific publications) on biochar in
animal feeding, positive effects on digestion, feed efficiency, toxin adsorption, blood
values, and meat quality were widely observed. GHG emissions were also reduced
when biochar was added to feed [126]. In Europe it has recently been approved to
add biochar to livestock feed at 1-2% for reducing vet and medical costs
[127]. Biochar has further been effective in animal bedding for odor control [128].

6.1.4 Concrete

Other biochar applications include the incorporation of biochar into the concrete
mixture for building (Fig. 5), with positive results and as carbon sequestration
opportunity. Akhtar and Sarmah [129] tested three different waste sources of biochar
to replace cement content up to 1%. The study concluded that biochar has the
potential to improve the concrete properties, e.g. flexural strength while replacing
minor fractions of cement [129]. Biochar from residual biomass of a bio-ethanol
industry in mixture with concrete improved the sound absorption coefficient
[130]. Biochar-concrete mixtures have also shown an improved water tightness,
mechanical strength and minimal internal damage to concrete micro-structure [131].

7 Conclusion

The utilization of waste biomass for pyrolysis opens up great avenues for valoriza-
tion of it to hydrochar and biochar. These higher value products may find a wide
environmental range of applications ranging from fertilizers to remediation tools and
use in building material to support the transition toward carbon neutral societies. The
future success of these materials requires good separation of waste and channeling of
waste streams into economic valorization. This will further depend on the ability to
tailor various biomasses for specific purposes in an economically feasible way. The
removal of carbon from atmosphere through biochar systems and the growth of the
voluntary carbon market will speed up new applications for these very stable carbon
products helping to reach carbon neutrality.
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Abstract Organic pollution such as dyes is unignorable to hazard the livings. To
decontamination, high-performance adsorption is the priority due to the cost-
effectiveness and widely-available adsorbents. Instead of commonly-seen activated
carbon (AC), novel carbon nanomaterials are these years under the spotlight and still
being abundantly researched. This chapter put the eyes on graphene oxide (GO), a
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derivative of the Wonder-material graphene, as the emerging nanoscopic
two-dimension carbon adsorbent for the application to eliminating cationic or anodic
dyes from the aqueous phase. In the introduction, two key factors influencing an
adsorbent’s performance are briefly profiled as the spatial dimension of adsorbent
varies less from AC to GO. The comparative advantages of such a two-dimension
GO adsorbent are then pointed out, for which to mass prepare GO turns out to be
much desirable. In the second part, typical ways are summarized, and significant
attention is drawn to identify the differences if GOs are made from two different
graphites as the starting materials. In the third, typically-used theories are collected
to study the isotherms and kinetic specifically in GO cases. Besides, route-dependent
adsorption models of GO are proposed, which necessarily help understand the
following consecutive parts. The fourth part focuses on dye eliminations from
water using pristine GO as an adsorbent, while the fifth part leaves on the modified
GO. The conclusion and outlook are also integrated in terms of GO as the high-
performance dye pollutant carrier in water remediation in the last part.

Keywords Dye removal, Enhanced adsorption, Graphene oxide, In situ reduction,
Multiple-equilibrium route (MER), Nanocarbon adsorbent

1 Introduction

1.1 Water Pollution

Forty percent of freshwater resources shortage by 2030 amid a rising world popu-
lation has the world trapped in a global water crisis, unveiled by the Water Action
Decade 2018-2028. Over 80% of wastewater generated by human activities remains
discharged untreated into water bodies (www.un.org/sustainabledevelopment/zh/
water-and-sanitation/). Unprecedented urbanization, product innovation, increasing
industrialization, and exponential growth of the online fashion sector are in trend
accompanying extensive use of dyestuffs comprising several types, like Vat dye,
Reactive dye, Basic dye, Acid dye, and Disperse dye [1]. Production of dyes goes up
to ~2 million tons per year worldwide, and approximately 15% of dye wastes after
dyeing are being released into the environment [2].

Besides, wastewater containing the dyes is mostly refractory, featuring a high
organic matter concentration, high chroma, serious demulsification, and small quan-
tity, but high pollution intensity. A substandard discharge has a severe impact on the
environment and poses a significant threat to human health. Typically, as a nucleic
acid selective fluorescent weakly basic dye, acridine orange (AO, 3,6-Bis
(dimethylamino) acridine) is often used to probe DNA structure in drug—DNA and
protein—DNA interactions, together with another cell-stain basic dye methylene blue
[3-5]. On the one hand, it can provide specific fluorescent tumor labeling for photo
diagnostics and viable cell count as a vital strain of bacteria [5, 6]. On the other, as
mentioned above, AO intercalates the DNA base pairs and can cause gene coding


http://www.un.org/sustainabledevelopment/zh/water-and-sanitation/
http://www.un.org/sustainabledevelopment/zh/water-and-sanitation/

Graphene Oxide for Elimination of Dyes 395

mutation, which was regarded as a potential carcinogen for human beings. Once it
leaks out into the environment and gets live-beings being touched, such dye has
already historically evidenced its potentially detrimental health effects dating back to
the late 1960s [5, 7]. From an environmental perspective, developing an effective
method for the complete removal of dyes of such kind from wastewater is urgently
demanded.

Given the simplicity of design, availability, and ease of operation, adsorption has
been preferred over other techniques, such as coagulation, flocculation, and biolog-
ical [2, 8, 9]. Adsorption defines the process that some of the components separate
from the fluid/liquid phase onto the surface of the adsorbent, consisting of both the
external and internal. This process typically comprises two steps. Initially, mole-
cules/ions approach the external surface of the adsorbent. After a while, an internally
diffusive transfer occurs so that substances could penetrate the depth of the adsor-
bent, that is, to the interior surfaces. The process ends up with the formation of an
equilibrium adsorptive layer on the surface of active pores. Adsorption is then a fast
and relatively cost-effective technology for water treatment [9, 10].

The occurrence of adsorption often refers to physical and/or chemical mecha-
nisms (Fig. 1) [2]. In the physical adsorption, target molecules/ions bind to the walls
of adsorbents by the Van der Waals force, consuming a low adsorption heat.
Adsorbent traits, including the surface area, and pore size, would play critical
roles. In the chemical, the target pollutant attaches to specific sites of the adsorbent
via a chemical covalent reaction. Much more heat is consumed than that of physical
adsorption and is nearly equivalent to the reaction heat. Furthermore, such a process
is hardly reversible, and the materials thereof unlikely recyclable.

In the past few decades, carbon materials have been widely used, beneficial from
their flexible porous structures as physically functioning sites and surface function-
alities as chemically functioning sites. Research in this field is still stepping forwards
[2, 9, 11]. And the dimension of materials has evolved from macroscopic such as
activated carbon (AC) to nano-size such as graphene oxide (GO). With the surface
characters altering much, this evolvement has significantly advanced high-
performance adsorption.
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Van der Waals force

Fig. 1 Types of adsorption. (a) Van der Waals force-guided physical adsorption. (b) Chemical
mechanism
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1.2 Adsorbent from Macro Through Micro to Nano

Nowadays, AC is the typically commonly-used adsorbent. Many materials are used
as the starting materials for industrially scalable AC production, including coal, oil
pitch, and coconut shell. They are transformed to AC to form the desired porosity
after sequentially going through physiochemical processing, mainly including car-
bonization and activation. More recently, much research is still ongoing with the
utilization of the agricultural waste biomass as the starting, such as sunflower piths
[12], rice husk [13], and crop straws [14, 15]. Therefore, AC turns out to be relatively
cost-effective.

Since the physical dimension of commercial AC, namely the particle size, is of
the magnitude of up to tens of millimeters or higher, AC is conventionally regarded
as typically macro-sized. Notably, inside the particles, tens of thousands of macro/
micro-sized channels or pores contribute to the considerable functioning area and
large oxygen-containing functional groups attached to internal surfaces during the
processing, as mentioned above. It is these traits that help build the interactions
between the adsorbate molecules or ions. With the merits of extensive surface area
nature and relative cost-effectiveness, such a macro-sized carbon adsorbent has
succeeded in playing an essential role for centuries for water purification or decon-
tamination [14—17].

1.2.1 Surface Area

The influence of surface area as one key factor matters much to the decontaminative
performances of AC. Take the removal of methylene blue dye from water as
examples. André L. Cazetta et al. [18] synthesized three ACs (250-450 pm) from
coconut husk through a 200°C hydrothermal carbonization and NaOH chemical
activation process (respective mass ratio of NaOH/waste-derived Char = 1/1, 2/1,
3/1, activation at 700°C for 1.5 h). The corresponding surface area had the order
from 783, 1,842 to 2,825 m> g ! and the maximum adsorption capacity at 30°C was
up to 916 mg/g. Contrastly, Md. Azharul Islam et al. [19] modified the above
strategy (NaOH/waste-derived Char = 3/1) with a lower activation temperature at
600°C and a shorter time of 1 h. As-formed AC (1,000-2,000 pm) produced a
surface area of up to 876.14 m> g, and correspondingly the capacity fell to
200.01 mg g~ ', much lower than that of the group above.

With further modifications, I.A.W. Tan et al. [20] used KOH as the activated
agent together with a higher temperature of 850°C but setting the mass ratio of KOH
to char 1/1. The surface area of AC (1,000-2,000 pm) reached 1,940 m?> g_1 higher
than that of Islam. As a consequence, the capacity was improved to 434.78 mg g~ .
With the comparison, the larger the surface area it is for the AC, the higher value for
the adsorptive capacity. From this perspective, adsorbents titled with higher surface
area values become in general much more desirable. In practice, such adsorbent
production cost is often of several magnitudes higher than that regular carbon
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product with the specific area only tens of to hundreds of square meters per gram.
This point, to some extent, has limited AC in high-performance water-related
applications.

1.2.2 Interfacial Functionalities

Another critical factor comes to the functionalities that are randomly located at the
surface of an adsorbent. For macro-sized AC, on the surfaces of its carbon backbone
usually hold only a few numbers of oxygenated or hydrogenated carbon groups [21]
such as C-H, C-OH, C=0, and C-O-C, O=C-OH, all of which possibly function
as chemically reactive sites to target dye pollutants, in any case. Therefore, most AC
intrinsically behaves in somewhat hydrophobicity and especially poor adsorptive
selectivity, which adversely affects the adsorption [22]. From this point of view, it is
desirable to modify carbon surface to enhance its affinity with target pollutants using
some physical (e.g., entrapment), chemical (e.g., surfactant grafting, acid soak), or
biological (e.g., bacteria immobilization) methods.

Lin et al. [23] prepared calcium-crosslinked alginate-entrapped AC gel beads
specifically targeting the positively-charged and neutral compounds, while the ferric
beads for the negatively charged, thus highlighting highly selective adsorption. Both
can be attributed to the bead surfaces electrocharged during the activation carbon
entrapment, which resulted in the foreign ions/molecules partly entering insides onto
carbon surfaces. Kuang et al. [22] investigated the adsorption by anionic or cationic
surfactant-modified AC to remove methylene blue. The significantly improved
adsorption performance by anionic surfactant-modified AC, whereas the cationic
surfactant-modified AC suffered a reduction. For biological, Sun et al. [24]
immobilized a strain of bacteria onto the surface of commercially available activated
carbon to form nitrobenzene-targeted biocarbon. It demonstrated that compared to
the bare carbon with no recyclability, the biocarbon became capable of recyclable
use and, most importantly, decomposing nitrobenzene with a concentration of up to
600 ppm, practically available in river water remediation. However, it is also true
that chemical modification could produce an adverse effect on adsorption. Wang
et al. [16] treated coal-derived carbons by covering them in the HCl or HNO;3
solution. As-modified carbons failed to enhance the adsorption of methylene blue
due to the surface loss of hydroxyl groups and the formation of acidic functional
groups, although both of them were increased in surface area.

Both surface area and functionality have played essential roles in a satisfactory
performance for the macroscopic AC, whereas its production and regeneration
remain rather expensive. AC is not primarily used to remove pollutants in water
because of its widely-known low adsorption capacity [22, 25]. As such, adsorbents
in micro or nano sizes featuring the structure (Fig. 2) of high surface area and a wide
variety of functionalities have been gradually recognized as emergent high-
performance decontaminants.
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Fig. 2 Influence of structure over adsorption (Yellow: Adsorbate ions/molecules; Gray: Adsor-
bent). Adsorbents vary with structures in the forms of (a) solid bulk, (b) macro-sized porous bulk
containing inner pores or channels or spaced layers (e.g., ac), and (¢) micro/nanosized 2D sheets
(e.g., graphene or GO) or 1D tubes (e.g., carbon nanotube)

Fig. 3 Characterization of GO. (a) Atomic Force Microscopic (AFM) image of graphene air-dried
film made from the solution (inset); (b) AFM image of GO sheet with lateral dimensions of about
several micrometers and a thickness of one nanometer; (c) a cross-sectional profile, respectively,
corresponding to the lines drawn in the image (b), showing the sheet lateral and vertical sizes
calculated from either trace or retrace modes

1.3 Nano Planar Carbon Adsorbent

It is ubiquitous that with sizes changing from macroscopic to microscopic, the
surface area of a particle is exponentially increased, consequently accompanying
the structure-dependent variation of adsorbing amount as illustrated in Fig. 2. This
law also suits the selection of high-performance carbon-sourced adsorbent.

GO (Fig. 3) is regarded as a chemical compound with a non-stoichiometric ratio
of carbon, oxygen, and hydrogen, which correlates to production techniques.
Resembling graphene, it also features a carbon skeleton network yet combining
extra lots of oxygen functional groups such as epoxide groups (bridging oxygen
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atoms), carbonyl (C=0), phenol, hydroxyl (-OH), and even organosulfate groups
(impurity of sulfur) during the exfoliation of graphite [26].

Contrary to AC, GO is one to several atoms nano thick, firstly showing more
surface area. Secondly, both sides of GO exposed outside stand many oxygen-
containing functionalities, much more than activated carbon, rendering itself with
high hydrophilicity and molecule-like dispersibility in water. Most importantly, GO
is scalably made from cheap graphites such as flake graphite, microcrystalline
graphite, and expandable graphite [26]. Therefore, research around such an emerg-
ing nano adsorbent has undergone an explosion, especially after 2010 its reductive
analog graphene being awarded [27-29].

2 Synthesis of Graphene Oxide

Graphite-originated GO has become the most prevalent across the scientific com-
munity. Graphite treated with intercalation and oxidation and exfoliation in the
sequence (Fig. 4) has been the central methodology for decades [30]. Two typical
graphites are commercially available, flake graphite (Fig. 4a) and expanded graphite
(Fig. 4b). The former highlights the structure consisting of Van der Waals forces-
driven stacked graphene sheets, while for the latter, its internal graphene sheets have
already been processed to become somewhat chemically space-loosened and even
size-reduced.

2.1 From Pristine Graphite

Pristine graphite has been widely used as the starting material for converting to
GO (the vast majority in Table 1) [28]. The most prevalent method refers to the
“water-free” synthesis ever proposed by Hummers and Offeman in 1958, who at the
earliest introduced concentrated sulfuric acid, potassium nitrate, and potassium

A Tightly-stacked structure B Loosened structure C  Ouidized structure D Mono-dispersed sheet

+ Graphene Grapheneoxide. n

Fig. 4 The top-down method from graphite to GO: (a) Pristine graphite with a tightly stacked
structure; (b) Intercalated graphite having loosened structure by alien molecule or ions; (c)
Intermediate graphite being further expanded and oxidized; (d) Water-dispersed exfoliated GO
sheets
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Table 1 Methods to the preparation of GO

Year | First Author Materials Reagents Reaction | Temperature
1859 | Brodie [30] Graphite KCl03, HNO; 34 60°C
days
1898 | Staudenmaier | Graphite KClIO3, HNOj3, H,SO,4 4 days RT
[31]
1958 | Hummers Graphite KMnO,4, NaNO3, H,SO, 2h 20-35-
[32] ~44 ym 98°C
2005 |Fu [33] Graphite KMnO,, H,SO4 2h 35°C
2009 | Su [34] Graphite KMnO,, H,SO4 4h RT
<3,000 pm
2010 | Marcano [35] | Graphite H,SO,4, H3PO,4, KMnO,4 12h 50°C
~150 pm
2011 | Huang [36] Graphite H,SO4, H3;PO4, KMnO,4 3 days RT
2013 | Eigler [37] Graphite KMnO,, NaNOs, H,SO, 16 h 10°C
~300 pm
2015 | Chen [38] Graphite KMnO,4, H,SO,4 lh 20-40-
3-20 pm 95°C
2015 | Panwar [39] Graphite H,S04, H3PO4, KMnOy, 3h 50 °C
HNO;
2015 | Peng [40] Graphite K,FeOy4, H,SO,4 1h RT
>10 pm
2016 | Yu [41] Graphite K,FeO,4, KMnO4 H,SOy, S5h 5-35-95°C
~44 pm H;BO;
2016 | Dimiev [42] Graphite (NH4),S,05, 98%H-SOy,, 34h RT
fuming H,SO,
2018 | Ranjan [43] Graphite H,SO,, H;PO,, KMnO, >24h RT-35-
95°C
2013 | Sun [44] Expanded KMnO,, H,SOy4 1.5h RT-90°C
graphite

permanganate to treat graphite of 325 mesh [32]. It remarkably improved the
synthesis efficiency and safety compared to the earlier methods [30, 31]. More
measures were also studied and adopted, such as eliminating NaNOj [33] and
alternating the oxidants [40, 41]. However, they still have to face such a procedure
simultaneously that may have something to do with a long reaction even up to days,
and large consumption of strong acid [32, 33, 35, 37, 42, 43] or mysterious
instability of acids [40], implying high tediousness and risk, though readiness. As
such, the cons also include costly post purification and disposal of used acids
[28]. Therefore, it necessitates turning back to alter the starting material better on
large-scale GO production for environmental use.
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(A) Large Graphite (B)
t =———-5=———

Small Graphite

Expanded Graphite

[l

ts

l
i

Intercalation time: {; >t; 1, >l;

Fig. 5 Influence of expanded graphite on the preparation of GO. (A) conceptualization of interca-
lation of graphite varying at size and structure: graphite of varying sizes and textures undergoing
oxidation will result in different lengths of time: large graphite particles have longer intercalation
than the smaller ones in the same context, and also the tight structure also takes longer time over the
loosened structure; (B) brief imagination of the procedure with expanded graphite as the starting
material: (a) an ice-bath mixing of the raw expanded graphite with chemicals, (b) room temperature
expansion of graphite resulted from the intercalation and simultaneous oxidation, (c¢) high-
temperature hydrolysis and exfoliation, resulting in a homogeneous “GO cake,” (d) a purified
concentrated GO solution in dark brown. Reproduced from Ref. [28, 44] with permission from
Elsevier

2.2 From Graphite with Expanded Structure

In addition to tightly stacked graphite, there comes the expanded graphite (EG) as
the alternative. EG features its pre-expanded structure and relatively confined sizes.
EG has also been comparatively cheap for the development of GO-based adsorbent.
As shown in Figs. 5A and 6, EG at a suitable size range favors a fast and distinctly
volumetric expansion as the reaction goes, and the water addition without fearing the
dangerous explosion, and the less use of acids (10 mL vs. 13 mL of sulfuric acid per
gram of graphite before) [28]. Simultaneously, during the process, a fast macro-
scopic change would occur with the formation of a “form-like intermediate.” With
this transformation as an indicator, the preparation from EG turned out to be with a
high conversion efficiency of nearly 100% (Fig. 5B) and procedural safety [44]. This
method demonstrated suitable suitability for scaleup due to the entire-process sim-
plicity as compared to those previously published. Holding these findings, Sun and
Fugetsu [44] investigated the EG-based massive GO production with methodolog-
ical modifications (Fig. 6).

It is of note that a complete exfoliation of EG into single dispersed oxidized sheets
was easily accomplished without alien mechanical forces of extremes, such as hours
of sonication or milling, which may affect the size. As-obtained GO sheets could
furthest maintain the sizes as the initial graphite crystals have [45]. The merit is
unique and meaningful to obtain subsequent EG-derived size-specific GO. Hu et al.
found that with EG as starting material, the GO could be exfoliated out quickly, even
having higher-degree oxidation and better hydrophilicity [26]. On the contrary, for
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EC1000

Fig. 6 Various graphite resources and corresponding GO cakes. (HOPG) graphite flake. Its GO
cake was the smallest among all, and the color is the darkest, indicative of a low oxidation degree,
(EC300) expanded graphite with a median diameter ~50 pm. Coarse particles were included
homogeneously in the cake with a light-yellow color, indicative of suffering heavy oxidization
but insufficient intercalation; (EC1000) expanded graphite with a median diameter ~15 pm. The
cake with the most enormous volume and the lightest color was observed, demonstrating the
occurrence of full interaction and oxidation. Reproduced from Ref. [44] with permission from
Elsevier

the conventional graphite, this result takes place to some extent if the oxidation
procedure is extended long enough [35, 36] or with an amplified oxidants
dosages [35].

Furthermore, it is worth pointing out that a small number of defects [44] (func-
tionalities, vacancies) are unavoidable for the EG due to the industrial chemical
procedure. However, they could play a positive role in promoting GO formation,
e.g., by attracting many more charged radicals outside-in. With these merits, 2D
nanocarbon adsorbents from EG render GO with great water remediation promise.

3 Frequently-Used Process Theories for Adsorption
on Graphene Oxide

3.1 Isotherms

Isotherm studies are common applied to describe the extent of interaction between
adsorbent and adsorbate in adsorption because they bring meaningful insights into
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Table 2 Typical isotherms and kinetics for adsorptions

Type Equation Linearized form
; uKLCe 1_1 1
Isotherm | Langmuir q, = ?H(’L & w = Tixe
Freundlich g = Kf(C)'" Ing, = nKr +1InC,
Temkin q, = Rb—IT InAr + % InC, |-
ieh_ __agC,
g;i};ch Peterson | g, = e, In (4%~ 1) = Inbe + gInC,
Brunauer-Emmett- | 4 = 4, KoCe . __1 4 (K-DC
Teller (BET) ¢ (C—Co)[I+(Kp— D] (C=Co)de — Kidw ' 4uKsCy
Kinetics | Pseudo-first-order q, = q,(1 —e¥11) In(g, — g) = Ingq. — Kyt
- - kag? t l
Pseudo-second-order q = 1+21?;;ez e qz +
‘Weber—Morris q: = Kimto'5 +C -
Elovich ¢=KIEK)+K Inr |-

Note

R is the gas constant, ~8.314 J mol ' K™!

T is the working temperature, unit by Kelvin

G is the maximum amount per gram adsorbent of adsorption, (mg g~ ")

q. is the adsorptive capacity per gram adsorbent at equilibrium time, (mg g~ ')

g, is the adsorptive capacity at the time #, (mg g~ ")

C, is the equilibrium concentration at the time ¢, (mg L™ I)

K; is the Langmuir equilibrium constant, (L mg’l)

Kp (mg'™" LY g=1y is the Freundlich distribution coefficient, equivalent to ¢/ A, whereA is
preexponential coverage coefficient, ¢/, is the characteristic adsorption capacity [63]
n, is a dimensionless correction factor, if 0.1 < 1/n < 0.5, easy to adsorb; 0.5 < 1/n< 1, some
difficult going on with the absorption; 1/n > 1, quite difficult to adsorb

A, is the Temkin isotherm equilibrium binding constant (mL g~ ')

b, is the Temkin isotherm constant

ag (L mg~ 1,brand gare the Redlich—Peterson equation empirical coefficients [55]
K, is a constant expressive of the energy of interaction with the surface

C, is the saturation concentration of adsorbate or solute, (mg LY [53]

K, is the first-order rate constant (h™!)

K, is the rate constant of pseudo-second-order, (g mg~' h™ ')

K is the pore diffusion rate constant, (mg g_l h™%)

C relates to the thickness of the boundary [62]

K is the initial adsorption rate (mg gf1 hh

K’ is the desorption constant (mg g~ ')

the adsorption mechanism, surface properties, and the affinity of an adsorbent. To
this end, it is essential to establish a reasonable correlation reflecting the interaction.
Form the equilibrium profiling, isotherms can be built up and further modelized by
the Langmuir model, Freundlich model, Brunauer—Emmett-Teller model, and
Temkin model. All equations in the integrated and linearized forms are listed in
Table 2.

The Langmuir model has been the most utilized isothermal equation in practical
applications since introduced about 90 years ago [46]. This model relies on several
hypothesized bases: monolayer adsorption, dynamic balance, no interaction between
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sorbate entities, and every adsorption site with the same adsorptive power [47, 48] in
other words, it can be valid only for monolayer adsorption onto a surface with a finite
number of identical sites. To date, the Langmuir isotherm has been successfully
applied to a large number of pollutant adsorptions.

The Freundlich model is one other widely used equation originating from the
description of gas-phase adsorption and solute adsorption [49]. It is an empirical
expression encompassing the surface heterogeneity and the exponential distribution
of active sites and their energies. This model predicts infinite surface coverage
without any saturation of the adsorbent surface, and therefore, it depicts
physisorption on the surface [48].

The Temkin model introduces a factor by explicitly taking into account indirect
adsorbent—adsorbate interactions. Its derivation assumes the decrease of adsorption
heat of molecules or micro-entities in the layer is linearized with coverage, other than
logarithmic as implied from the Freundlich equation [50, 51].

The Brunauer—-Emmett-Teller (BET) model is based on the assumption of mul-
tilayer adsorption, of which each layer follows the Langmuir model [52, 53]. This
model allows exterior layers can be initiated even before an interior layer is
completely formed [53].

The Redlich—Peterson (R-P) model characters three parameters and combines the
Langmuir and Freundlich isotherms features, implying a hybrid mechanism. The
equation has a linear dependence on concentration in the numerator and an expo-
nential function in the denominator [50, 54, 55].

3.2 Kinetics

It is crucial to predict kinetical behavior necessary for consequent column design of
batch adsorption. However, due to the inseparable effects of transport phenomena
and chemical reactions, it often produces incredible bias to describe adsorption
kinetics with simple first- or second-order rate equations, especially involving rarely
homogeneous solid surfaces [56].

So mechanisms are more frequently used, including typical pseudo-first-order
equation (PFO), pseudo-second-order equation (PSO), Weber—Morris equation, and
Elovich equation (Table 2).

The PFO model [57] describes the adsorption between the liquid and solid phases
based on the assumption that the rate is proportional to the number of unoccupied
adsorptive sites of the solid. In contrast, the PSO model assumes that the rate is
proportional to the square of the available number of adsorptive sites [48, 58—60].

Adsorption by using a porous adsorbent usually comprises three sequential steps:
(1) film diffusion, where adsorbate molecules migrate from the boundary film to the
external surface of the adsorbent; (2) intraparticle diffusion, where these molecules
travel within the pores; (3) site adsorption on the surface. Among all, the slowest step
holds back the overall rate of adsorption. The Weber—Morris model, also known as
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the intraparticle diffusion equation, describes mass transport of adsorbate from a
liquid phase to a solid phase [59].

The Elovich model assumes that the adsorption rate decreases with time due to
decreasing of unoccupied sites. It is usually used to describe the adsorption process
at a fast rate, especially in chemisorption [61, 62].

3.3 Route Models of Adsorption

Adsorption could be conducted through two routes, as illustrated in Fig. 7. Always,
the single-equilibrium route (SER, Fig. 7A) is adopted using only an adsorbent. The
multiple-equilibrium route (MER, Fig. 7B) is worthy of notice, which intrinsically
performed with high removal efficiency ascribed to more equilibriums occurring
along with additional characteristic variations of the adsorbent such as alteration of
surface groups and vacancies.

Specific to GO, it has a large number of different functionalities (Fig. 8a) except
for the large surface area, especially for the EG-derived GO as discussed above.
Nevertheless, all these functionalities hardly function as enabling sites at one time
toward a specific contaminant dye. Some of the functionalities would devote pri-
marily to the first equilibrium with higher reactiveness, while some remain unused as
“inert sites” (Fig. 8b). If some measures such as chemical redox are adopted to
activate these functionalities in the course of adsorption, additional active sites will
be formed and become instantly available to use without severe structural deforma-
tion (Fig. 8c). Then, the adsorption will advance to the second equilibrium (Fig. 8c)
and end up with better decontamination than that with one equilibrium.

ADSORPTION

A

v v
Single-Equilibrium Route Multiple-Equilibrium Route
c k c ‘ \
| T | T

Fig. 7 Route models of adsorption. (A) Single-equilibrium route (SER): adsorbent functions
directly with the adsorbate, reflected by the concentration falling to reach an equilibrium as depicted
from the time (7')-residual concentration (C) curve; (B) Multiple-equilibrium route (MER): adsor-
bent functions via multiple equilibriums to best approach its removal efficiency
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Fig. 8 Schematic of MER adsorption by GO. (a) Mixing, (b) a first equilibrium due to the
adsorptive saturation of GO, (c¢) a second equilibrium follows an in situ conversion of inert
functionality of GO to reactive sites

4 Dye Removal by Pristine GO
4.1 SER Adsorption

As mentioned, the SER adsorption has been widely adopted. Therefore, it is familiar
for applying pristine GO as a nano adsorbent to the application in dye removal.
Herein the term “pristine GO” is intended to indicate those used as prepared via the
methods listed in Table 1. It covers both unexfoliated or partly exfoliated graphite
oxide (loosely stacked GO) and thoroughly exfoliated graphite oxide, namely GO
[64]. As early as in the 1970s, Lopez Gonzalez et al. used the Staudenmaier method-
derived graphite oxide toward adsorbing various polar alcohols, showing an impres-
sive capability because of the interlamellar effect and polar attribute of the internal
region they explained [65]. Research themed on dye adsorption by graphene-based
adsorbents stepped onto the fast track from that time on.

As listed in Table 3, pristine GO was prepared from various graphites and was
artificially termed as GO, sGO, 3D GO, GO, and more, respectively, in different
adsorptions. Almost all SER adsorptions had better fit by the Langmuir isotherm and
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Table 3 Summary of SER adsorption for dye removal

Exp. ¢, (Calc.g,,) mg g~

Adsorbent | Targets | Isotherm |at RT Kinetics | Resource

GO MB Langmuir | 220 (351) - Bradder et al. [25]
MG 180 (248)

GO MB - 199.2% PSO Jin et al. [66]
RhB 154.8*
CVl1 195.4*

GO AO Langmuir | 1,382 (1,428) - Sun et al. [11]

GO MB Langmuir | 240.65 (243.9) PSO Li et al. [68]

GO MB Langmuir | 927 (476.19) PSO Ghaedi et al. [67]
BG 724 (416.67)

GO AO - 229.8 - Fiallos et al. [9]

GO BR12 Langmuir | (63.69) - Robati et al. [51]
MO (16.83) -

GO AO8 Langmuir |25.6 (29) PSO Konicki et al. [72]
DR23 14.0 (15.3) PSO

GO-VG CB Langmuir | 3,071.47 (3,206.66) PSO Jiao et al. [71]

GO-LG 3,261.25 (3,414.92)

GO-FG 3,404.80 (3,587.92)

GO-AG 3,953.92 (4,248.79)

sGO AO - 94.6 PSO Coello-Fiallos
MB 123.3 et al. [61]
CV 125.0

GO MB Langmuir | (286.9) PSO Sabzevari et al.

[69]

GO, CR Langmuir | (12.56) PSO Yokwana et al.

NGO,-1 wt (11.06) [73]

% (16.84)

NGO,-2 wt (19.49)

% (12.42)

NGO,-3 wt (9.59)

% (11.64)

GOy (14.17)

NGO¢1 wt

%

NGOs2 wt

%

NGO3 wt

%

Note: MB methylene blue, MG malachite green, RhB rhodamine B, CV1 crystal violet, AO Acridine
orange, CV Cresyl violet, AOS acid Orange 8, DR23 direct red 23, BRI2 basic red 12, MO methyl
orange, CB cationic blue X-GRRL, CR Congo red, BG brilliant green, PSO the pseudo-second-
order kinetic equation; —, no mention in the publication

“The value estimated by the Kinetical fitting; RT, room temperature

the PSO kinetics. Specific to the methylene blue as the example, Bradder et al. [25]
investigated the SER adsorption of incompletely exfoliated graphite oxide as one
earliest case. The surface area was found no larger than that of graphite. The surface



408 L. Sun and B. Fugetsu

chemistry, such as acidity and several oxygen functional groups, played a significant
role in cationic dye adsorption through intrinsic electrostatic attraction. A large
capacity ~220 mg g~ ' was found for the GO through a Langmuir monolayer
adsorptive manner. Apart from that, Jin et al. [66], Ghaedi et al. [67], Coello-
Fiallos et al. [61], Li et al. [68], and Sabzevari et al. [69] had also experimentally
prepared GO for the same purpose. Also, Ma et al. [70] theoretically studied such
adsorption by molecular dynamics simulation. The capabilities of the adsorbents
were found to vary much from each other. GO reported by Jin et al. [66] was made
from a modified Hummers method that was partly replaced by a 12-h 70°C sealed
autoclave reaction, which demonstrated a high capacity of 199.2 mg g~ ' due to
surface oxygen functional groups and the existence of the multilayers of dye
molecules between the layers. Li et al. [68] unveiled that the maximal capacity
reached 243.9 mg g~ for the nitric acid-treated expanded graphite-derived GO. With
the superiority in surface area accessibility, its normalized adsorption capacity was
beyond that of the AC and CNT. Ghaedi et al. [67] prepared the GO from a pre-
oxidation-involved modified Hummers method. It demonstrated a capacity of
476.2 mg g~ ' contributed by the large surface area via n—m-electron donor—acceptor
interactions and electrostatic attraction between oppositely charged dye ions and
adsorbents. Coello-Fiallos et al. [61] synthesized graphite oxide by oxidizing the
graphite and giving a further sonication, comprising conglomerates of nanoparticles
with a radius of the order of tens of nanometers, and the capacity was about
123.3 mg g~ . Sabzevari et al. [69] prepared the incompletely exfoliated GO with
a maximal capacity of 286.9 mg g~ ' through a monolayer uptake and a PSO kinetics
mechanism.

Ma et al. [70] concluded, by simulations, that arising from the electrostatic
attraction of oxygen-containing functionalities, the molecule of methylene blue
could move to the GO, vertically approached its surface, and parallelly concentrated
on it to form a stable monolayer. This interaction could be further intensified by extra
hydrogen bonds, which are introduced by uplifting the oxidization degree of carbon
adsorbent. These inspirations explained the dramatic capacitive differences and were
also applicable to more cationic dyes such as Malachite green [25], Rhodamine B
[66], Basic red 12 [51], Cationic blue X-GRRL [71], and Acridine orange [9, 11, 61]
and even the oppositely charged dyes such as Cresyl Violet [61], Direct Red 23 [72],
Methyl orange [51], Crystal violet [66], Acid Orange 8 [72], Congo red [73] though
electrostatically repelling the negatively charged GO.

Noteworthy, the specific surface area of graphene was reported ~2,630 m* g,
while for chemically derived graphene powder, this value could fall to 705 m* g~ ' as
measured by the N, adsorption BET method since the sheets locating within the
agglomerated particles were incompletely accessible [74, 75]. Besides, GO sheets
being naturally of labile structure, readily agglomerate or re-stack likewise in the
absence of hydrogen bonding-providing polar solvents [76], like water. Moreover,
GO powder often somewhat deteriorates when re-dissolving in water as an example,
negatively influencing the consequent performances compared to that freshly-
prepared solution-in GO [77]. For such GO, little has been known concerning the
surface area for a long time. To this end, Zhang et al. [75] determined the specific
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Fig. 9 Adsorption of AO by the graphene oxide. (a) the Time-Concentration curves of SER
adsorptions by the pristine GO assigned as the “GO” and the three-hour-long reduced GO as the
“LRGO” and a MER adsorption by GO termed as “SRGO” which undertook two-equilibrium
adsorption, and a reference group with only the AO ~100 mg/L as “CRTL,” all being conducted in
the 50-mL tubes; (b) Fitting of the linearized Langmuir model. Reproduced from Ref. [11] with
permission from Elsevier

surface area of monolayer water-in GO to be 2,391(£1,292) m* g~ ' using a
rheology-based method, close to the theoretically calculated of about
2,418 m* g~ '. The fact that aqueous-in GO outperformed most of the previously
reported solid adsorbents confirmed single dispersed GO turned out to be of great
potential as a liquid adsorbent.

Nearly a decade ago, Sun et al. [11] used freshly-prepared aqueous GO to study
the SER adsorption with AO as the target. The GO sheet was chosen to have the sizes
by centrifugation from 2,000 to 5,000 rounds per minute. As shown in Table 3 and
Fig. 9A, at first, an instant color change was observed within less than 10 min, and an
equilibrium fast approached, demonstrative of high-efficiency elimination of AO
(molecular weight ~265.4 g mol™'). The GO reached a record capacity of
1,382 mg g~ ', highly coincident to its maximal Langmuir capacity of
1,428 mg g ' (~5.5 mmol g~ '). On the contrary, Coello-Fiallos et al. [9, 61]
investigated two powdered GO as solid sorbents. Neither succeeded in surpassing
the aqueous GO mentioned above in terms of the adsorption capacity, fully
confirming the latter’s superiority [11]. Recently, Jiao et al. [71] applied a given
amount of GO suspension to removing cationic dye CB with a higher molecular
weight ~484.6 g mol '. The GO capacity experimentally reached up to
395392 mg g ' (~8.16 mmol g~ ') and was much close to the Langmuir
isotherm-derived capacity (4,248.79 mg g~ ', ~8.76 mmol g ).

Also mentioned above, GO is of multiple functionalities that will not entirely
function in a SER adsorption. For example, most cationic dyes are electrostatically
attracted onto GO due to its negatively charged surface that results from the
deionization of surface carboxyl groups and n—x interactions [78]. Part functional-
ities take on reactiveness while the other part appears to be inert. Imagine that in situ
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transformations of the latter part would bring additional functioning sites. It will
thereby definitely enhance the final performances.

4.2 MER Adsorption

In contrast to the SER adsorption featuring one equilibrium, low utilization of
functioning sites is often unavoidable, as has been exampled and discussed in the
above section. The MER model turned out into consideration being an option. GO
contains at least four types of oxygen-containing functional groups. Carbonyl group
was ever more than 30%, but it just played a minor role in the AO adsorption
[11]. Using aqueous GO as the sorbent together, Sun et al. [11], for the first time,
applied the MER model in adsorption and dye removal as the target. Two equilib-
riums were in all achieved through a room temperature viable chemical transforma-
tion. As shown in Fig. 9, a typical two-equilibrium adsorption profile appeared,
simultaneously with a far lower AO concentration than the SER adsorption marked
as GO and LRGO. The process consisted of two steps. At first, a small volume of
freshly-prepared GO (1 mL, ~0.48% w/v) was added into the 50-mL AO solution
(0.1 g L"), and the liquid was kept stirring. Minutes later, the first equilibrium
reached as the color got no further change. After that, a several-microliter solution
was added containing a highly-reducing reagent known as sodium hydrosulfite
(10 pL, 0.2 g mL™"). An additional change was observed in depigmented color,
which indicated another equilibrium had taken place. Characterizations confirmed
the surface carbonyl groups were converted to the hydroxyl groups that interacted
with AO. With such, the adsorption capacity of GO was further elevated up to
2,158 mg g~ ', and theoretically to be a maximal capacity of 3,300 mg g~ ' following
Langmuir uptake mechanism, two-fold high over the SER [11].

Notice that this MER operation involved an in situ configuration amid adsorption.
It is necessary to point out that Sun et al. [11] had even compared it to that with the
GO being treated before adsorption. As a result, it outperformed the latter, and the
inaccessible sufficient surfaces of GO could be found to interpret their gap. It
realized highly efficient adsorption and facilitated the spontaneous separation of
GO in composite from the aqueous. Thus, it significantly reduced the cost and
simplified operations for water treatment [79]. Most importantly, the MER model’s
effectiveness was well verified by, e.g., consistently activating inert groups for
higher performance adsorbent.

In terms of economy and efficiency, Hao et al. modified the MER adsorption by
introducing a Zinc-NH4Cl system (Fig. 10A) to tune the surface functionality of GO
instead of sodium hydrosulfite [79]. It seprated five example pollutants from water,
i.e., MB (Fig. 10B), CR, lemon yellow, cadmium ions (Cd2+), and lead ions (Pb2+),
within 10 min and had removal efficiency up to 98.46%. A series of record
monolayer capacities were up to 2,630.85, 7,630.15, 3,166.13, 8,435.26, and
17,904.75 mg g~ ', respectively, far beyond those reported. This modified method
was also applied to real water, including a heavy metal-ion containing turbid soil
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Fig. 10 (a) Schematic of MER adsorption using Zn-NH,4Cl converting GO for removal of
methylene blue. (b) Photographic images for the MB (B1) at 217 mg L™ by the in situ conver-
sion/reduction of 4.34 mg GO (B2) with 17.36 mg Zn powder (B3) and 86.80 mg NH,CI (B4).
Reproduced from Ref. [79] with permission from Elsevier

water, milk, yogurt, protein, and fats containing water, indicating broad applicabil-
ity. However, even though such MER adsorption byproducts demonstrated utiliza-
tion in energy or agricultural fields, the treatment is hard to work at a low cost.
Notably, the environmental risk is not so slight to ignore due to extensive chemical
use (GO/Zn/NH,Cl = 1/4/20 [79] vs. GO/Na,S,0, = 1/40 [11]). Under such
circumstances, it necessitates further effort to investigate green chemical reduction
or alternative ways to sustainable adsorption.

5 Dye Adsorption by Modified GO

First, many SER adsorptions have displayed the GO capable of adsorbing dyes in the
magnitude of grams of dye per gram due to intrinsically multiple functionalities
existing on both sheet sides. Second, with adopting the MER adsorption, an
enhancement of adsorptive capability occurred to GO itself via the in situ modifica-
tion. However, it still suffers some hard-to-overcome difficulties in conducting the
MER adsorption currently, such as the selection of regulating agents or other
reducing ways alike. Therefore, in addition to the sole GO, much research mainly
focuses on developing the high-performance additively-modified GO as an advance
or prerequisite measure. Typically, foreign moieties or matrixes are intentionally
brought in to modify GO via surface functional grafting or immobilization, respec-
tively, to enhance the targeting adsorption.
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5.1 Via Surface Functionalization

Wau et al. [52] modified the GO surface with the rhamnolipid through a three-hour-
long ultrasonication-assisted reaction (Fig. 11) conceived as RL-GO and then used
for artificial and real MB-containing wastewater treatment. The RL-GO was char-
acterized to have abundant functional groups and a mesopore structure and insensi-
tive to ionic strength variation during adsorption. Due to the electrostatic attraction,
n—m interaction, and hydrogen bonding interactions, its adsorption of MB was
spontaneous, endothermic, and multilayered with the PSO kinetics. The Brunauer—
Emmett—Teller model best fitted the adsorption isotherm from which a capacity at
room temperature was concluded only 309 mg g~ ', but this value deviated much
from the experimental (~494.9 mg g~ ') as shown in Table 4. The Freundlich and
Langmuir isotherms turned out to be more convincing than the BET. A maximal
capacity predicted by the Langmuir description was about 529.1 mg g~ that agreed
well with the fact.

Wang et al. [80] functionalized the surface of magnetic GO (MGO) by 1-amine-
3-methyl imidazole chloride ion liquid to form LI-MGO. Its surface was then less
negatively charged, leading to higher adsorptive capacity for the anionic dyes such
as OIV and GR, yet fewer capacities for the cationic dyes such as AO and CV. All
adsorptions of the LI-MGO were rate-limiting implied by the PSO modeling and
monolayer manner in coverage. Sabzevari et al. [69] reported a chitosan-crosslinked
composite (GO-LCTS) by bonding chitosan chains to GO via the reactions between
the amine and carboxyl groups. The surface area of composited GO increased and
the microscopic morphology also varied. Similarly, monolayer uptake occurred with
the maximal capacity of 286.9 mg g, and the adsorptions were all rate-limiting.
Wang et al. [81] deposit the CS phase (CasSigO6(OH),-8H,0) and oleic acid-coated
Fe;0,4 nanoparticles onto the surface of GO to obtain an easily-separable magnetic
calcium silicate GO adsorbent (MGSi). Due to more substantial electropositivity
than MB and less steric hindrance than CV, a higher adsorption selectivity occurred

Graphene oxide Rhamnolipid RL-GO

Fig. 11 Schematic of the formation of RL-GO. Reproduced from Ref. [52] with permission from
Elsevier
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Table 4 Dye adsorption with modified GO
Exp. ¢.
(Cale.g,,)
mg g71 at
Types Adsorbent | Targets | Isotherm RT Kinetics | Reference
Surface func- RL-GO MB BET, ~494.9 PSO Wu et al.
tional grafting Langmuir | (309, 529.1) [52]
MGSi AO Freundlich | 193.05 PSO Wang et al.
[81]
LI-MGO AO Langmuir | 62.08 PSO Wang and
Ccv (132.80) Wei [80]
oIv 37.88
GR (69.44)
39.46
(57.37)
147.8
(588.24)
GO-LCTS |MB Langmuir | (402.6) PSO Sabzevari
et al. [69]
GO/1-0A MG Freundlich | 2,687.56 PSO Lvetal. [82]
ER 1,189.1
p(AA)-g- MB Langmuir | 634.3 PSO Wang et al.
GO (1,448.2) [96]
DES/GO- MB Langmuir | 116.28 - Mehrabi
Fe;04 et al. [83]
GO SA-GO-N | AO Langmuir | 797 (836) PFS Sun and
immobilization SA-GO-M 1,351 PFS Fugetsu [87]
(1,420)
Swt% MG Langmuir | (17.862) PSO Zhang et al.
GOCB [88]
KGM MO Freundlich |51.6 PSO Gan et al.
MB 92.3 [93]
polyHIPEs/ | MB - 1.2503* PSO Huang et al.
GO RhB 1.0541* [95]
GO/A MB Freundlich |221.7155 PSO Liu et al.
[92]
CTS/PAA/ |MB - 296.5+31.7 | PFO Chang et al.
GO FY3 280.3+£23.9 | PSO [94]

Note: MB methylene blue, MG, malachite green, RhB rhodamine B, AO Acridine orange, CV Cresyl
violet, OIV Orange IV, MO methyl orange, ER Eriochrome blue black R, CB cationic blue
X-GRRL, CR Congo red, FY3 food yellow 3, GR Glenn black R, BET, the Brunauer—-Emmett—
Teller method used for surface area measurement, PFS the first-order kinetics, PSO the pseudo
second-order kinetics; —, the publication does not note; RT room temperature
# The data predicted by the kinetics model

to AO than the CV and MB. By the electrostatic, hydrophobic, and n—x interactions,
the removal of AO much agreed with the behavior depicted by the PSO model and
the Freundlich isotherm. Interestingly, since the Langmuir isotherm fitting has a
coefficient over 99% that rivaled the Freundlich, the maximal capacity for MGSi was
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estimated ~193.05 mg g~ ' accordingly. Lv et al. [82] developed two-component
non-covalently surface-functionalized GO with 1, 3-di(1H-tetrazol-5-yl) benzene
and octadecylamine. The resultant GO/1-OA could structurally provide multiple
synergistic non-covalent interactions at a time to decontamination, such as n—x
stacking from tetrazolyl moiety and GO backbone, electrostatic interactions from
charged NH** and tetrazolyl/oxygen-containing functional groups of GO,
H,O-assisted hydrogen bonding supported by tetrazolyl and amine groups, the
chelating effect from tetrazolyl groups, and hydrophobicity from alkyl chains. Not
only it adsorbed nine dyes experimentally out of the water with high performance,
but it also eliminated the multiple contaminants simultaneously, i.e., pharmaceutical
Ciprofloxacin, endocrine-disruptor bisphenol A, and metal ion Cu?*. Furthermore,
targeting at selected cationic malachite green (MG) and anionic eriochrome blue
black R (ER), their isotherm fitted well with the Freundlich model, while the kinetics
much resembled those sorbents mentioned above, being the PSO model.

Deep eutectic solvents (DESs) promise to substitute ionic liquids as coupling
agents due to their low cost and enhanced biodegradability. They can be used for
surface modification of GO with different functional groups. Mehrabi et al. [83] used
a mixture of choline chloride and urea as a typical DES to functionalize GO sheets
and conjugated metallic nanoparticles of Fe;04 homogeneously onto the modified
GO sheets to form nanohybrid adsorbent DES/GO-Fe;0,4 with three hybrid ratios of
GO to Fe;0,4. As a result, the nanohybrid at the dosage of 0.3 mg mL~' had an
optimized removing efficiency at ~100% of 25 mg L™' MB within 5 min when the
ratio was 1/2, faster than the bare GO. The adsorption behavior depended closely on
the variation of ratio. However, the Langmuir model was found to better describe the
adsorption than the Freundlich, even when GO was half of the total weight. Then, the
maximal capacity of the DES/GO-Fe;0,4 could be speculated about 116 mg g~ '.
Although the capacity was lower than the GO, the modified adsorbent was quickly
separated. Overall, it had demonstrated a high potential for environmental use in
this way.

5.2 Via Immobilization

Exposure to GO has demonstrated a potential risk to the environment in pristine form
or with superficial modifications [84, 85]. In fact, practical application of GO has
been to some extent restricted in the water treatment due to the high water
dispersibility for which ultrahigh centrifugation was necessary after the adsorption
[47, 86]. Immobilization of GO as an alternative measure can effectively address the
above issue via the confinement of nanoscopic GO in host matrixes. The procedure
is simple and controllable with respect to the composition and dimension of the
consequent structure. The structure can be long-term stable and endowed with
good performance. Unlike GO, these adsorbents can be collected with many con-
veniences and recovered by state-of-art methods such as filtration and centrifugation
[29, 87, 88].
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Fig. 12 Adsorption of alginate modified GO. (a) Ca®* cross-linked GO-alginate composite beads
as the SA-GO-N; (b) H*-gelled beads as the SA-GO-M; (c) the electronic scanning image of a
freezing-dry bead SA-GO-N; (d) the electronic scanning image of the bead SA-GO-M; (e)
Comparison of changes upon the dye-adsorbing beads (SA-GO-M and SA-GO-N) being immersed
in either the Ca** ~0.5 mol L™! solution or the deionized water. Reproduced from Ref. [87] with
permission from Elsevier

Bio-extract polysaccharides such as alginate, cellulose, and Konjac glucomannan
are typical host matrixes [69, 89-91]. Amid a sol-gel process, chelation could
transform highly dissolved polysaccharides colloid to a water-rich gel framework.
For dye removal, Sun et al. [87] immobilized GO as the minor constituent
(GOfalginate =1/100) into the Ca®* or H* gelled alginate beads, of which the
dimensions were millimeter-sized (Fig. 12a, b), by the interaction of carboxyl and
hydroxyl groups between alginate and GO. The addition of GO visibly thinned the
alginate walls and uplifted the porosity concluded from the observatory structure
variation via electronic scanning microscopy (Fig. 12¢, d), and specific surface area
changes via N, adsorption—desorption isotherms. The calcium alginate with GO was
~22.9 m* g~', two magnitudes high over the pure one ~0.4 m* g ', and so was the
alginic acid from 11.4 to 31.3 m* g~ '. In other words, GO immobilized alginates
were to expose additional functional sites outside for dye-targeting ion exchanging
(Fig. 12e). Besides, they also showed wide-pH adaptability (Table 4) as compared.
And all the adsorptions followed Langmuir-type adsorptions and PFO kinetics,
resulting from the chemical adsorptive mechanism.

Liu et al. [92] raised the proportion of GO in alginate to 1/10 and prepared
lyophilized GO-immobilizing alginate for the removal of MB. The maximal capacity
of alginate was 357.14 mg g~ predicted using Langmuir modeling, which was yet
quite distant from the experimental. As a contrast, the Freundlich model fitted the
isotherm better, implying a multilayered adsorptive manner. Even though the GO
increased much in content, the capacity (~221.7155 mg g~ ') was significantly lower
than that with wet beads by Sun et al. [87].

Similarly, Zhang et al. [88] incorporated GO into cellulose beads (GOCB) with a
mass ratio estimated at 1/1-1/10 by a modified sol-gel method. After GO and
cellulose were mixed with a strong alkali, the suspension was ultrasonically
transformed into a mixture colloid. The size of GO sheets was gradually reduced,
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and the intermolecular interactions were intensified. In the acid treatment, the
coalescence of GO and cellulose was further gelled into a solid one. GO was thereby
firmly entrapped inside. Again, the internal structure was changed with much
porosity. The removal of MG was over 96%, and the reusability reached five
times by simple filtration. Gan et al. [93] suggested that the presence of GO could
intensify the cross-linking interactions between GO and konjac glucomannan
(KGM), and therefore stabilize the network structures via the interactions such as
hydrogen bonding. To this end, dried hydrogel beads were made from GO and KGM
at a mass ratio ~1/32 and used for aqueous removal of cationic MB and anionic MO
(Table 4). Since the adsorptions followed the PSO kinetics and the Freundlich
isotherm, it is reasonable to understand dye molecules formed multilayers on bead
walls. However, the capacities for two dyes were found less than those by wet
hydrogel beads. Chang et al. [94] integrated GO homogeneously in polyacrylate
(PAA)-chitosan matrix to conceive tri-component freeze-dried hydrogel to remove
cationic MB and anionic FY3, for there naturally existed electrostatic interactions
between carboxyl groups of GO and PAA and amino groups of chitosan. Triggered
by gaseous acetic acid fumigation, the sol—gel transition was easily accomplished in
a componential homogeneity. During the process, the chitosan dissolved and
expanded. GO-chitosan cross-linking network was densified. The tensile strength
enhanced, and the swelling was also inhibited, beneficial to the dual adsorption
targeting oppositely charged dyes. The MB was found chemisorbed out
(296.5 £ 31.7 mg g~ "), while the FY3 was separated via simultaneously-occurring
chemisorption and physisorption (280.3 + 23.9 mg g~ '). However, the capacity
remained low, even when employing dried hydrogels with an optimized mass ratio
of GO, PAA, and chitosan at 1/200/200. GO played a role of great importance, as the
authors expected.

Besides, polymerization also acts as an immobilization. Huang et al. [95] intro-
duced high-internal-phase-emulsions to polymerize polyvinylpyrrolidone-modified
GO to form a macroporous polymer monolith (polyHIPEs/GO). It was found that
such GO improved the structural stability of macropores and imparted more organic
groups [95]. Increasing the GO would strengthen the electrostatic interaction and n—
7 interaction, resulting in a higher uptake of cationic and anionic dyes. Thus, either
polyHIPEs/GO or its aminated form (polyHIPEsxu2/GO) demonstrated enhanced
adsorption to the MB, RB, and anionic Eosin Y compared to the GO-free polymer.
Unlike those GO-rich adsorbents above, due to higher bulk density, such polymer
adsorbents did not show great superiority in the capacity per gram. The capacities of
polyHIPEs/GO for MB and RB were 1.2503 and 1.0541 mg g~ ', respectively, and
the aminated polyHIPEsnu2)/GO showed only 1.9673 mg g 'on eosin Y.

6 Conclusion and Outlook

Carbon adsorbents have long been used in water decontamination, given consider-
able capacity, relative durability, and cost-efficiency. However, adsorption technol-
ogies are still progressing due to the need for high-performance environmental
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remediation in rapid human civilization. On the one hand, as the material dimension
degrades, the micro/nano effect accounts for the prominence in adsorption, partly
owing to high surface energy that intensifies the interactions with alien ions/mole-
cules. On the other hand, traditional ways to adsorption have possibly developed to
an edge of transformation since that MER model featuring high capability becomes
available, especially when the 2D materials with structures bearing multiple
intertransformable functionalities emerge, resembling the GO.

It appears that the scalable synthesis of GO has been well solved. For now, there
has been no advance across the scientific community. In other words, whatever for
lab or industry, the present syntheses are mostly using harsh acids and/or corrosive
salts as summarized (Table 4). Then, post purification and recyclability are unavoid-
able and have-to-overcome issues. This reality explains the dilemma that the price
per kilogram remains so high that it has contained wide-spectrum environmental
applications, including the nano adsorbent. To this end, substantial breakthroughs
become urgent and desire more contributions by scientists from multi-disciplinary
fields.

Further, GO has proven itself high capability for cationic dye removal. With
additional surface treatments, it has been able to isolate anodic dyes or else. We
noticed that nearly all the studies were run in the SER model. This model features
insufficient functionalities as enabling sites for the targeted contaminant, especially
for the GO with additive modification. Although the MER model was schematically
proposed in 2012 as early and GO, an emerging high-performance adsorbent, had
proven its theoretical feasibility, no example of modified GO has ever worked with
the MER adsorption. Such a model is still thousands of miles away from prevalence.
As speculated, three primary reasons are in possible consideration.

First, the fact that GO-basis adsorbents and adsorptions are hard to replicate
precisely and to produce massively, besides being costly, is quite self-evident. As to
adsorbents such as AC and zeolite, constituting the second reason, they intrinsically
lack a variety of functionalities. This way, it is unrealistic or no driving force to
conduct MER adsorption for these adsorbents only through functionalities variation.
Therefore, different ways are needed, accompanying with researches. Third, the
MER, as mentioned in earlier reports, has exhibited critical dependence of the in situ
reductive mechanisms of GO for enhanced adsorption. They also deliver that an
appropriate reducing agent matters much. However, only a few cases have been
reported over this issue. Except for the reductive mechanism, there are other
analogous mechanisms concerning in situ oxidation or non-electron transfer mech-
anism, although relevant progress has not been at the stage. Nonetheless, at least for
GO, the in situ mechanism-based MER way is continuing to fascinate us as the
complexity of its structure—performance correlations reveals.
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