Eric Lichtfouse Editor

Sustainable
Agriculture
Reviews 40

N Springer



Sustainable Agriculture Reviews

Volume 40

Series Editor

Eric Lichtfouse

Aix-Marseille Université, CNRS, IRD, INRA
Coll France, CEREGE

Aix-en-Provence, France



Other Publications by Dr. Eric Lichtfouse

Books
Scientific Writing for Impact Factor Journals
https://www.novapublishers.com/catalog/product_info.php?products_id=42242

Environmental Chemistry
http://www.springer.com/978-3-540-22860-8

Sustainable Agriculture
Volume 1: http://www.springer.com/978-90-481-2665-1
Volume 2: http://www.springer.com/978-94-007-0393-3

Book series
Environmental Chemistry for a Sustainable World
http://www.springer.com/series/11480

Sustainable Agriculture Reviews
http://www.springer.com/series/8380

Journal
Environmental Chemistry Letters
http://www.springer.com/10311

Sustainable agriculture is a rapidly growing field aiming at producing food and energy in a
sustainable way for humans and their children. Sustainable agriculture is a discipline that
addresses current issues such as climate change, increasing food and fuel prices, poor-nation
starvation, rich-nation obesity, water pollution, soil erosion, fertility loss, pest control, and
biodiversity depletion.

Novel, environmentally-friendly solutions are proposed based on integrated knowledge
from sciences as diverse as agronomy, soil science, molecular biology, chemistry, toxicology,
ecology, economy, and social sciences. Indeed, sustainable agriculture decipher mechanisms
of processes that occur from the molecular level to the farming system to the global level at
time scales ranging from seconds to centuries. For that, scientists use the system approach
that involves studying components and interactions of a whole system to address scientific,
economic and social issues. In that respect, sustainable agriculture is not a classical, narrow
science. Instead of solving problems using the classical painkiller approach that treats only
negative impacts, sustainable agriculture treats problem sources.

Because most actual society issues are now intertwined, global, and fast-developing, sus-
tainable agriculture will bring solutions to build a safer world. This book series gathers
review articles that analyze current agricultural issues and knowledge, then propose alterna-
tive solutions. It will therefore help all scientists, decision-makers, professors, farmers and
politicians who wish to build a safe agriculture, energy and food system for future
generations.

More information about this series at http://www.springer.com/series/8380


https://www.novapublishers.com/catalog/product_info.php?products_id=42242
http://www.springer.com/978-3-540-22860-8
http://www.springer.com/978-90-481-2665-1
http://www.springer.com/978-94-007-0393-3
http://www.springer.com/series/11480
http://www.springer.com/series/8380
http://www.springer.com/10311
http://www.springer.com/series/8380

Eric Lichtfouse
Editor

Sustainable Agriculture
Reviews 40

@ Springer



Editor

Eric Lichtfouse

Aix-Marseille Université

CNRS, IRD, INRA, Coll France, CEREGE
Aix-en-Provence, France

ISSN 2210-4410 ISSN 2210-4429  (electronic)
Sustainable Agriculture Reviews
ISBN 978-3-030-33280-8 ISBN 978-3-030-33281-5 (eBook)

https://doi.org/10.1007/978-3-030-33281-5

© Springer Nature Switzerland AG 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-33281-5

Contents

1 Mycotoxins Occurrence, Toxicity and Detection Methods .. ........ 1
Mohamed Amine Gacem, Aminata Ould El Hadj-Khelil,
Badreddine Boudjemaa, and Hiba Gacem

2 Nanopesticides for Pest Control. . .............................. 43
Saheli Pradhan and Damodhara Rao Mailapalli

3 Synthesis of Nanofertilizers by Planetary Ball Milling . . . .......... 75
Chwadaka Pohshna, Damodhara Rao Mailapalli, and Tapas Laha

4 Materials and Technologies for the Removal
of Chromium from Aqueous Systems . . ......................... 113
Fayyaz Salih Hussain and Najma Memon

5 Water Quality Assessment Techniques . ......................... 179
Priti Saha and Biswajit Paul

6 Effect of Emerging Contaminants on Crops
and Mechanism of Toxicity ................................... 217
Bansh Narayan Singh, Akash Hidangmayum, Ankita Singh,
Akankhya Guru, Bhudeo Rana Yashu, and Gopal Shankar Singh



About the Editor

Left: Giving lectures and workshops on scientific writing. Right: Extracting soil organic compounds
using CHCl;-Methanol 3/1 v/v

Eric Lichtfouse, PhD, born in 1960, is an environmental chemist working at the
University of Aix-Marseille, France. He has invented carbon-13 dating, a method
allowing to measure the relative age and turnover of molecular organic compounds
occurring in different temporal pools of any complex media. He is teaching scien-
tific writing and communication, and has published the book Scientific Writing for
Impact Factors, which includes a new tool — the Micro-Article — to identify the
novelty of research results. He is founder and Chief Editor of scientific journals and
series in environmental chemistry and agriculture. He founded the European
Association of Chemistry and the Environment. He received the Analytical
Chemistry Prize by the French Chemical Society, the Grand Prize of the Universities
of Nancy and Metz, and a Journal Citation Award by the Essential Indicators.

vii



Contributors

Badreddine Boudjemaa Department of Biology, Faculty of science, University of
Amar Tlidji, Laghouat, Algeria

Aminata Ould El Hadj-Khelil Laboratory of Ecosystems Protection in Arid and
Semi-Arid Area, University of Kasdi Merbah, Ouargla, Algeria

Hiba Gacem Epidemiology Service and Preventive Medicine, Faculty of Medicine,
University of Djillali Liabes, Sidi-Bel-Abbes, Algeria

Mohamed Amine Gacem Laboratory of Ecosystems Protection in Arid and Semi-
Arid Area, University of Kasdi Merbah, Ouargla, Algeria

Department of Biology, Faculty of science, University of Amar Tlidji, Laghouat,
Algeria

Akankhya Guru Department of Plant Physiology, Institute of Agricultural
Sciences, Banaras Hindu University, Varanasi, Uttar Pradesh, India

Akash Hidangmayum Department of Plant Physiology, Institute of Agricultural
Sciences, Banaras Hindu University, Varanasi, Uttar Pradesh, India

Fayyaz Salih Hussain National Centre of Excellence in Analytical Chemistry,
University of Sindh, Jamshoro, Sindh, Pakistan

Tapas Laha Metallurgical and Materials Engineering Department, Indian Institute
of Technology Kharagpur, Kharagpur, West Bengal, India

Damodhara Rao Mailapalli Agricultural and Food Engineering Department,
Indian Institute of Technology Kharagpur, Kharagpur, West Bengal, India

Najma Memon National Centre of Excellence in Analytical Chemistry, University
of Sindh, Jamshoro, Sindh, Pakistan

Biswajit Paul Department of Environmental Science and Engineering, Indian
Institute of Technology (Indian School of Mines), Dhanbad, Jharkhand, India

ix



X Contributors

Chwadaka Pohshna Agricultural and Food Engineering Department, Indian
Institute of Technology Kharagpur, Kharagpur, West Bengal, India

Saheli Pradhan Agricultural and Food Engineering Department, Indian Institute
of Technology Kharagpur, Kharagpur, West Bengal, India

Priti Saha Department of Environmental Science and Engineering, Indian Institute
of Technology (Indian School of Mines), Dhanbad, Jharkhand, India

Ankita Singh Department of Plant Physiology, Institute of Agricultural Sciences,
Banaras Hindu University, Varanasi, Uttar Pradesh, India

Bansh Narayan Singh Institute of Environmental and Sustainable Development,
Banaras Hindu University, Varanasi, Uttar Pradesh, India

Department of Plant Physiology, Institute of Agricultural Sciences, Banaras Hindu
University, Varanasi, Uttar Pradesh, India

Gopal Shankar Singh Institute of Environmental and Sustainable Development,
Banaras Hindu University, Varanasi, Uttar Pradesh, India

Bhudeo Rana Yashu Department of Plant Physiology, Institute of Agricultural
Sciences, Banaras Hindu University, Varanasi, Uttar Pradesh, India



Chapter 1 )
Mycotoxins Occurrence, Toxicity b
and Detection Methods

Mohamed Amine Gacem, Aminata Ould El Hadj-Khelil,
Badreddine Boudjemaa, and Hiba Gacem

Abstract Mycotoxins and their derivatives constitute a toxic group of bioproducts
for human and animals’ health, they induce economic losses in cereals and stored
food products. The knowledge of the biosynthetic mechanisms of mycotoxins are
important to improve food quality. Polyketides are the first precursors, they are syn-
thesized by a variety of multifunctional enzymes named polyketide synthases. This
review discusses the occurrence of mycotoxin in food and human biological fluids,
the toxicities caused in vitro and in vivo in human and animals’ organs, and finally,
some conventional and recent detection methods for their detection and
quantification.

Keywords Mycotoxins - Occurrence of mycotoxin - Toxicities - Detection
methods
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1.1 Introduction

Mycotoxins are fungal secondary metabolites, some of which have pharmacologi-
cal activities and they are used in antibiotics production, growth promoters, or in
other classes of drugs (Sava et al. 2006). The majority of mycotoxins are polyketide
origin (Huffman et al. 2010), polyketides (PK) are natural metabolites found in sev-
eral compounds and sometimes have important biological activities (Gomes et al.
2013), their enzymatic mechanisms of biosynthesis is similar to fatty acids synthe-
sis (Huffman et al. 2010).

Mycotoxins are produced by several fungal genera (Greco et al. 2012) and are
present in a wide variety of foods, either before harvest or after industrial processing
(Almeida-Ferreira et al. 2013; Schaafsma and Hooker 2007; Persi et al. 2014,
Pizzolato Montanha et al. 2018). Their detections are also possible in water, drinks
and wine (De Jesus et al. 2018; Mata et al. 2015). They are a very diverse chemicals
group with a high toxicity for humans, animals and even plants (Peraica et al. 1999).
Their toxicities may be manifested in all vital human or animal organs inducing
nephrotoxicity (Palabiyik et al. 2013; Limonciel and Jennings 2014), genotoxicity
(Adgigitov et al. 1984; Barta et al. 1984; Theumer et al. 2018), teratogenicity (Celik
et al. 2000; Sur and Celik 2003), neurotoxicity (Ikegwuonu 1983; Mehrzad et al.
2017), hepatotoxicity (Gagliano et al. 2006; Gayathri et al. 2015), immunotoxicity
(Al-Anati and Petzinger 2006; Thuvander et al. 1995), membrane damage (Ciacci-
Zanella et al. 1998), gastrointestinal toxicity (Bouhet et al. 2004; Loiseau et al.
2007), cardiotoxicity (Constable et al. 2000), pulmonary toxicity (Smith et al.
1999), and sometimes leading to cancer development (Barrett 2005; Wu and Santella
2012; Magnussen and Parsi 2013).

The destruction of these mycotoxins is very difficult because of their crystalliza-
tion state or their high resistance under gamma radiation and high temperatures
(Calado et al. 2018), whereas, chemical products detoxifying cause other health
problems. The researchers have left the classic platforms of struggle, towards a new
strategy using lactic acid bacteria (Khanafari et al. 2007), yeasts (Armando et al.
2012), actinobacteria (El Khoury et al. 2017, 2018), medicinal plants (Brinda et al.
2013). New research in progress aims to develop a new nanoparticles and nanoma-
terials to fight against these mycotoxins and their production sources (Hernandez-
Meléndez et al. 2018).

This review provides an overview of mycotoxins occurrence in food and biologi-
cal fluids, the toxicities of some mycotoxins studied in vivo and in vitro, and the last
section deals with the conventional and nanotechnological methods applied in the
detection.
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1.2  Occurrence of Mycotoxin in Food

Ochratoxin, aflatoxin, fumonisin, zearalenone and other mycotoxins are present in
wheat and maize (Taheri et al. 2012; Almeida-Ferreira et al. 2013; Schaafsma and
Hooker 2007; Shephard et al. 2005), they are also present in fruit, oil seeds and
animal feeds that subsequently render them contaminated (Minervini and
Dell’ Aquila 2008), the biotransformation of mycotoxins in the animal body makes
them present in cow’s milk (Dehghan et al. 2014; Flores-Flores et al. 2015), meat
(Persi et al. 2014; Pizzolato Montanha et al. 2018) and even eggs (Giancarlo
et al. 2011).

Many drinks like wine and beer (De Jesus et al. 2018; Mateo et al. 2007), coffee
and tea (Garcia-Moraleja et al. 2015; Malir et al. 2014; Haas et al. 2013) are con-
taminated with mycotoxins. They are also present in bread produced from corn and
wheat (Juan et al. 2008), and fermented food products (Kaymak et al. 2018; Adekoya
etal. 2017). A recent study done on 84 samples identified the presence of mycotox-
ins in 99% of medicinal and aromatic plants, the percentage of damage depends on
the toxin itself and the plant species (Santos et al. 2009). Mycotoxins are also pres-
ent in herbal medicaments (Zhang et al. 2018). In bottle water, aflatoxin B2 was the
most frequently detected mycotoxin with a concentration followed by aflatoxin B1,
aflatoxin G1 and ochratoxin A (Mata et al. 2015). Table 1.1 shows some variety of
food contaminated by mycotoxins in different countries.

1.3 Factors Controlling Mycotoxins Genesis

Mycotoxins require factors and precursors stimulating their biosynthesis, aflatoxin
biosynthesis factors include nutritional factors such as nitrogen and carbon sources,
and environmental factors such as pH, temperature, water activity, osmotic pressure

.. etc. the knowledge of these factors is very important in order to combat these
poisons and their production sources. In culture medium, carbon and nitrogen are
the most prominent nutritional factors fot the synthesis of aflatoxin or one of their
metabolites, carbon is abundant in sugars such as glucose, sucrose, maltose, fruc-
tose, amino acids and proteins (Bennett et al. 1979). Plants, cereals and meats are
also rich in these compounds in a complex form and favouring the biosynthesis of
aflatoxins (Woloshuk et al. 1997). In A. parasiticus, researchers identified a group
of genes near to aflatoxin synthesis genes, and these genes able to degrade and use
sugars (Yu et al. 2000). Another gene named lipA produces substrates for aflatoxin
biosynthesis, to determine it activity, this gene is cloned in A. parasiticus and A. fla-
vus, the expression of this gene is induced by lipid substrates (Yu et al. 2003).
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1 Mycotoxins Occurrence, Toxicity and Detection Methods 9

The synthesis of aflatoxins is related also to the presence of nitrogen, this com-
pound is present in a wide variety of compounds such as aspartate, alanine, ammo-
nium sulfate, glutamate, glutamine, asparagine, yeast extract, casitone, peptone,
ammonium nitrate, ammonium nitrite (Reddy et al. 1971, 1979). Despite the
presence of nitrogen in nitrates, their presence suppresses the biosynthesis of afla-
toxins (Niehaus and Jiang 1989) by increasing the expression of a protein encoded
by aflR gene which subsequently binds to DNA and inhibits the biosynthesis (Chang
et al. 1995), tryptophan also inhibits aflatoxin formation in A. flavus (Wilkinson
et al. 2007). Some nitrogen regulatory genes are known such as nitrate reductase
gene niaD, niiA gene for nitrite reductase, and areA gene responsible for assimila-
tion (Chang et al. 1996).

It is well known that aflatoxin biosynthesis occurs in high water activities, but the
biosynthesis is also possible during drought or in the areas with low water activity
(Cotty and Jaime-Garcia 2007). In the biosynthetic mechanism, temperature has a
direct influence, optimal production is localized between 28 °C and 30 °C, above
37 °C, the biosynthesis is almost inhibited (O’Brian et al. 2007), the increase in the
temperature affects negatively the production by refusing the transcription of tran-
scriptional regulator gene (aflR) (Yu et al. 2011). Oxidative stress is another factor
that induces the formation and production of aflatoxin in A. parasitcus (Jayashree
and Subramanyam 2000). Regarding pH, the production of aflatoxin is optimal in
acidic environments whereas in alkaline media, the biosynthesis is inhibited. The
pacC gene is a factor responsible for pH homeostasis and transcription (Tilburn
et al. 1995), in alkaline media, it is possible that this pacC gene binds to aflatoxin
transcriptional genes and inhibits the synthesis (Espeso and Arst 2000).

It should be noted that ochratoxins biosynthesis is linked to biotic and abiotic
stress. The production of these mycotoxins is sensitive to environmental factors,
such as carbon and nitrogen levels (Medina et al. 2008; Hashem et al. 2015), in
A. nidulans, the AreA factor is necessary for permeases expression and catabolic
enzymes of nitrogen (Wong et al. 2007). Nutrients can also stimulate Ochratoxin A
(OTA) production such as bee pollen (Medina et al. 2004). Temperature, water
activity and pH also affect ochratoxin synthesis, for example, OTA production by
A. ochraceus and A. carbonarius in culture medium, is affected by water activity
and not by changes in pH (Kapetanakou et al. 2009), for A. niger, the aggregate of
cells allows them to grow over a wide range of pH (Esteban et al. 2006), another
study confirms that optimal conditions for OTA production differ between strains
(Passamani et al. 2014).

Few studies described the role of regulators in the transmission of environmental
signals to the genome in order to activate or inhibit the expression of mycotoxin
biosynthesis genes. In some fungal strains such as P. verrucosum, P. nordicum, and
A. carbonarius, difficult osmotic conditions activate the signal cascade of HOG
MAP kinase, which in turn activates various osmoregulatory genes (Stoll et al.
2013). OTA biosynthesis is also affected by oxidative stress (Moye-Rowley 2003),
under conditions of high oxidative stress, evoked by increasing concentrations of
Cu* in the medium; P. verrucosum produces citrinin, the latter normalizes the oxi-
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dative status of fungal cells leading to an adaptation in these environmental condi-
tions, the biosynthesis of citrinin is regulated by a cAMP/PKA signalling pathway
(Schmidt-Heydt et al. 2015).

The suppression of hdaA, encoding a histone deacetylase in A. nidulans (HDAC),
causes a subsequent increase in toxin production levels (Shwab et al. 2007). The
LaeA, VeA and VelB complex is studied in fungal strains to clarify the relationship
between light-dependent fungal morphology and sexual development for secondary
metabolism production, the complex is functional in the dark, in addition, the dele-
tion of laecA and veA in A. carbonarius caused a sharp reduction in conidial produc-
tion and a decrease in OTA production, correlated with a downregulation of
PKS-AcOTAnrps gene (Crespo-Sempere et al. 2013). In A. niger, OTA production
was strongly inhibited by red and blue light compared with dark incubation, with an
average reduction about 40-fold (Fanelli et al. 2012).

In addition to the proteins regulating genes transcription, other regulators are
involved in the regulation of secondary metabolism, among these, the most studied
are; pacC, the key factor for pH regulation in A. nidulans (Pefialva et al. 2008), dele-
tion of the entire pacC coding region leads to poor growth and conidiation (Tilburn
et al. 1995); CBC, which regulates the response to oxidation-reduction and iron
stress; CreA, involved in the regulation of carbon metabolism; AreA and AreB,
involved in nitrogen metabolism (Gallo et al. 2017).

Carbohydrates are an important source of carbon required for fumonisins bio-
synthesis In F. verticillioides, the ZFR1 gene controls the biosynthesis of FB,; by
regulating the genes involved in the perception or absorption of carbohydrates
(Bluhm et al. 2008), nitrogen is also necessary for the growth of F. verticillioides to
synthesize proteins and other compounds, the SGE1 gene increases and decreases
the expression of certain genes including many effector genes encoding cell surface
and transcription activator of fumonisin genes group (Brown et al. 2014).

Fumonisin production by F. verticillioides is dependent on water activity in the
substrate (Medina et al. 2013). The optimum temperature for fumonisin production
is 30 °C (Samapundo et al. 2005), but this temperature depends essentially on the
species and can change (Mogensen et al. 2009) Oxidative stress also plays an impor-
tant role in the modulation of fumonisin biosynthesis (Ferrigo et al. 2015). The pH
significantly influences the production of FBj, at a pH above 5, F. proliferatum
develops normally but FB; is little produced. At a pH below 5, there is less growth
but much more FB, produced. Below pH 2.5, growth and metabolism are slower
with very little FB; produced (Keller and Hohn 1997).

Some genes are involved in the regulation of fumonisin biosynthesis and they are
affected by environmental conditions. In F. verticillioides, the FST1 gene seems to
be linked to the expression of several gene networks, particularly those involved in
secondary metabolism, cell wall structure, production of conidia, virulence and
ROS resistance (Niu et al. 2015), the FUG1 gene represents a new class of fungal
transcription factors or genes that are otherwise involved in signal transduction, and
play a role in the pathogenicity and fumonisins biosynthesis (Ridenour and
Bluhm 2017).
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Carbon and nitrogen are essential for the biosynthesis of zearalenone, in G. zeae,
GzSNFI1 gene is responsible for the use of carbon, it grants other biological func-
tions in the sexual and asexual development of the species (Lee et al. 2009), while
areA gene is a factor of nitrogen use in the same species (Min et al. 2012). Some
mutant strain do not have Nit gene to assimilate nitrate but they are able to use
nitrite (Robert et al. 1992). The temperature and water activity affect directly the
synthesis of zearalenone, a large production by F. graminearum is observed at 25 °C
with a water activity equal to 0.97 (Montani et al. 1988), above 37 °C the production
of zearalenone is weakened (Jiménez et al. 1996). Under laboratory conditions, the
desirable yield of mycotoxins from F. graminearum is obtained at an average pH of
6.86 and an incubation temperature of 17.76 °C during 28 days (Wu et al. 2017). In
F. graminearum, the pacl gene is responsible for the regulation of metabolite syn-
thesis in the case of pH variations (Merhej et al. 2011), FglaeA gene is a factor
controlling metabolism, virulence and reproduction (Kim et al. 2013), FgVELB
gene is a factor developing resistance under osmotic stress conditions (Jiang
et al. 2012a).

1.4 Occurrence of Mycotoxins in Humans and Associated
Diseases

Mycotoxin-producing fungi are almost ubiquitous in agricultural products before,
during and/or after harvest, and may even be present during food processing pro-
cesses. Various diets taken by humans can be contaminated by a wide range of
mycotoxins, and following multiple studies in different countries of the world, these
mycotoxins are the cause of several diseases, other studies have even demonstrated,
in vitro and in vivo, the cytotoxicity mechanisms of these poisons.

The frequency and levels exposure of human to mycotoxins may be estimated by
measuring the levels of biomarker in urine (Solfrizzo et al. 2011). During the real-
ization of the Swedish National Nutrition Survey, the analysis done in 252 adult
participants, simultaneously exposed to mycotoxins, using LC-MS/MS-based mul-
tibiomarker approaches, demonstrated that 69% of studied population was exposed
to more than one toxin (Wallin et al. 2015). The detection of mycotoxins in biologi-
cal fluids and human tissues is possible, a study done in patients exposed to myco-
toxins with chronic fatigue syndrome (CFS) demonstrated that from 104 urine
samples taken from patients, 93% were positive for at least one mycotoxin. The
most frequently detected mycotoxin was OTA (83%), followed by macrocyclic
trichothecenes. The results of this study demonstrated that 90% of patients were
exposed to water-damaged buildings (WDB) (Brewer et al. 2013). Another study
done in patients exposed to mycotoxin-producing fungi in their environment dem-
onstrated that the levels of trichothecene in urine, sputum, biological tissues of the
lung, liver and brain, after biopsy, varies from undetectable to 18 ppb. In the same
tissue, aflatoxin and ochratoxin ranged from 1 to 5 ppb and from 2 to >10 ppb
respectively (Hooper et al. 2009).
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Application of multi-mycotoxin LC-MS/MS method for human urine analysis in
the study conducted in Transkei region in South Africa, known by the high rate of
esophageal cancer, demonstrated that morning urine of farmers participating in this
survey contained fumonisin B;, deoxynivalenol-15-glucuronide, zearalenone,
a-zearalenol, deoxynivaleno, f-zearalenol and OTA (Shephard et al. 2013), another
study with the same objective, carried out in a German population, was able to
determine six mycotoxins in their urine, namely; deoxynivalenol, DON-3-
glucuronide, zearalenone-14-O-glucuronide, toxin T-2, enniatin B and dihydrocitri-
none, with an average daily intake of 0.52 pg.kg™" (bw) for DON, which is greater
than the tolerable daily intake (Gerding et al. 2014). The study conducted by
Gerding and his team in 2015 approved the previous result, this latest study also
demonstrated that AFM, is detected in urine samples in a population of Bangladesh
and Haiti with a higher rate of OTA and dihydrocitrinone in Bangladesh samples
(Gerding et al. 2015). In Belgium, biomarker analysis showed a clear exposure of a
large segment of the Belgian population to DON, OTA and CIT (Heyndrickx et al.
2015). A more serious situation is observed, the detection of multiple mycotoxins is
recorded among HIV-positive people in Cameroon, demonstrating that this situation
is very serious for cases of very low immunity (Abia et al. 2013). The detection of
mycotoxins or their metabolites in the blood or blood serum is also possible by the
fast-multi-mycotoxin approach, the study of Osteresch and its collaborators detected
enniatin B, OTA and 2’R-OTA in dried blood and serum spots (Osteresch et al. 2017).

The detection of OTA and 2°’R-OTA in the blood of drinkers and non-coffee
drinkers demonstrated the presence of OTA in both groups with an average concen-
tration of 0.21 pg.1™!, whereas, 2’R-OTA was present only in coffee drinkers with a
maximum concentration of 0.414 pg.1™!, this result is explained by the formation of
2’R-OTA from OTA during roasting process (Cramer et al. 2015), in human blood,
2’R-OTA has a biological half-life seven times higher in comparison with OTA
(Sueck et al. 2018a), this long period of life in human blood is explained by the
affinity of both toxins to human serum albumin (HSA), which attenuates or even
suppresses the acute cellular toxicity of mycotoxins (Faisal et al. 2018a), however,
another study demonstrated that OTA has more binding affinity to ASH than 2’R-
OTA with binding percentages of 99.6% and 97.2% respectively, suggesting that
another human blood protein with a very high affinity for 2’R-OTA is responsible
for its accumulation in the blood, or the high bioavailability of 2’R-OTA compared
to OTA, or differences in the metabolism of this metabolite and its transport in tis-
sues (Sueck et al. 2018b).

Citrinin and its metabolite dihydrocitrinone are also detected in human urine, a
study done in a German population showed that the levels of these two metabolites
varied between 0.02 to 0.08 ng.ml~" and 0.05 to 0.51 ng.ml~! respectively (Ali et al.
2015a), the both mycotoxins are also detected in two populations in Bangladesh
(Ali et al. 2015b). Citrinin can also bind to human serum albumin, it main binding
site is in sub-domain ITA (Sudlow’s Site I), this binding forming the CIT-albumin
complex, it has beneficial effects by decreasing the cellular absorption of CIT and
consequently, the decrease of its toxicity (Podr et al. 2015).
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Zearalenone can also form with human serum albumin a complex of great bio-
logical interest (Po6r et al. 2017a), the both metabolites a-zearalenol and f-zearalenol
can also bind to ASH but with a lower affinity in comparison to zearalenone, this
low affinity may be due to the difference in position or binding site (Faisal et al.
2018b). Citreoviridine can also bind with ASH through hydrophobic bonds (Hou
et al. 2015), AFB; also forms stable bonds with ASH, the high affinity binding site
is Sudlow’s Site I of subdomain ITA, furthermore, the reactive epoxide metabolite
of AFB, forms covalent adducts with ASH (Podr et al. 2017b), a recent study done
in calf using multispectroscopic techniques, DNA fusion, viscosity measurements,
and molecular Docking techniques demonstrated that AFB; and AFG;, can bind with
thymic DNA (Ma et al. 2017). A study done in Malawi in 230 persons from a rural
population living in three districts (Kasungu, Mchinji, and Nkhotakota), receiving a
diet rich in groundnuts and maize, detected AFB;-lys adducts in 67% of blood, with
an average concentration of 20.5 + 23.4 pg.mg~' of albumin (Seetha et al. 2018).

This bioaccumulation in liquids, organs and tissues is reported worldwide, and
most mycotoxins have toxic effects at low concentrations (Escriva et al. 2017),
mycotoxicosis is among the adverse effects of mycotoxins, the exposure to these
fungal metabolites is mainly by ingestion, or also dermal and inhalation pathway
(Peraica et al. 1999), the diseases caused by mycotoxins are varied and affect a wide
range of animal species and human (Richard 2007), among proven diseases in vitro,
caused by exposure to mycotoxins; cutaneous toxicity and skin tumorigenesis in
several rodent models induced by oxidative stress (Doi and Uetsuka 2014).
Fumonisin also causes several diseases with variable toxicities by interference with
the sphingolipids biosynthesis in several organs (Bucci et al. 1998). Aflatoxin
induces hepatotoxicity, in addition, acute exposure to AFB, increases plasma and
hepatic cholesterol, triglyceride and phospholipid levels (Rotimi et al. 2017). The
Table 1.2 below shows the different toxicities caused by mycotoxins, its target
organs and the mode of action.

1.5 Conventional Methods for Mycotoxins Detection

Mycotoxin detection techniques classified as conventional techniques are very
expensive analytical methods and require qualified personnel for each method to
achieve the analyses, analytical instruments and products used in these techniques
are also expensive and very complicated without neglected their detection limits,
the samples analysed must be prepared beforehand in order to extract their contents
in mycotoxins. Food safety is a challenge which is not yet achieved in the world,
and following this crucial point, several official methods used in laboratories are
validated by the Association of Official Agricultural Chemists (AOAC) to improve
detection techniques. Protect the consumer and to ensure a good quality of food.
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1.5.1 Chromatographic-Based Techniques
1.5.1.1 Thin-Layer Chromatography

Thin layer chromatography can detect a wide range of mycotoxins after extraction
with different solvents and at different pH, it is applicable in different types of food,
after mycotoxin extraction (Gimeno 1979). In order to limit interference with lipids,
pigments and other food compound, this chromatographic screening technique has
undergone improvements, by using membrane cleaning (Roberts and Patterson
1975). Toluene, ethyl acetate and formic acid are the three solvents used for the
separation. The revelation of the chromatogram is carried out by exposing the plate
to pyridine or acetic anhydride vapors, or a mixture of both, the spots of the myco-
toxins appear fluorescent under UV light at 365 nm (Golifiski and Grabarkiewicz-
Szczesna 1984). AFB, is detected at concentrations ranging from 0.1 to 0.3 pg.kg™!
(Patterson and Roberts 1979), while for others, such as diacetoxyscirpenol, ochra-
toxin A, patulin, penitrem A, sterigmatocystin, toxin T-2 and zearalenone are
detected in a less reliable manner (Roberts and Patterson 1975).

1.5.1.2 High-Performance Thin-Layer Chromatography

After determining the role and toxicity of mycotoxins in human and animal organ-
ism, the chromatography technique has developed with more performance, high-
performance thin-layer chromatography (HPLC) and Reversed-phase liquid
chromatography (RPLC) coupled with a fluorescence detector are the two most
used instruments for mycotoxins detection (Orti et al. 1986), other machines are
currently running with wavelength variation, a fluorescence detector, and require an
extraction and immunoaffinity column (IAC) for clean-up (Pena et al. 2006; Chen
et al. 2017). Liquid chromatographic-tandem mass spectrometric method (LC-MS/
MS) is another instrument developed for the determination of mycotoxins biomark-
ers in human or animal urine, the sample preparation requires several steps of clean-
up (Solfrizzo et al. 2011), the latter technique is recommended for mycotoxin
biomarkers analysis in biological fluids (Gerding et al. 2014). Other technique are
developed such as liquid chromatography combined with heated electrospray ion-
ization triple quadrupole tandem mass spectrometry (LC-h-ESI-MS/MS) which has
been developed for the multiple detection of mycotoxin in plasma with LOD rang-
ing from <0.01 to 0.5 ng.ml~" (Devreese et al. 2012) and et Ultrasound-assisted
solid-liquid extraction and immunoaffinity column clean-up coupled with high per-
formance liquid chromatography and on-line post-column photochemical
derivatization-fluorescence  detection (USLE-IAC-HPLC-PCD-FLD) (Kong
et al. 2013).
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1.5.2 Microarrays for Mycotoxin Detection

Bio-analytical technology based on DNA microarrays are used for the detection and
selection of fungal mycotoxin-producing strains, this transcriptomic technique
based on hybridization is very effective for the identification of mycotoxin expres-
sion genes in complete sequences of fungal DNA (Emri et al. 2017), Several
microarray oligonucleotides are developed to determine the pathogens in a single
reaction, the fungal DNA must be amplified by universal primers and the PCR prod-
uct after clean-up will undergo hybridization with the microarray oligonucleotide
(Huang et al. 2006), there are microarray containing oligonucleotides of the biosyn-
thetic pathways of fumonisin, aflatoxin, ochratoxin and others, even recently identi-
fied biosynthetic genes can be added to these chips (Schmidt-Heydt and Geisen
2007). These DNA microarrays reveal high specificity and stability for pathogen
detection (Bouchara et al. 2009).

1.5.3 Enzyme-Linked Immunosorbent

This technique is based on the antigen-antibody immune reaction, the ELISA tech-
nique allows a highly sensitive and selective quantitative and/or qualitative analysis.
For the assay, an antigen or antibody is labelled with an enzyme, hence his name
comes from. The antigen is immobilized in a solid phase such as a microplate. In the
immunological reaction, the antigen reacted with the antibody which will subse-
quently be detected by a secondary antibody labelled with an enzyme developing a
color (chromogenic), the reaction time is estimated between 30 min and 1 h, at the
end of the reaction, the colored products are detected using a microplate reader
(Sakamoto et al. 2017). This assay technique has proved its effectiveness in detect-
ing and measuring mycotoxins even in foods (Liu et al. 1985; Gao et al. 2012).

1.5.4 Radioimmunoassay

This technique is applicable for the detection of mycotoxins such as toxin T-2 in the
liver, spleen and kidney (Hewetson et al. 1987), it can also detect T-2 toxin in bio-
logical fluids such as serum and urine with elimination of the extraction step that
preceded the analysis, the sensitivity of the technique was 1 ng per analysis or
10 ng.m1~! with a significant reaction (10.3%) of the toxin (Fontelo et al. 1983). RIA
can also be applied for the detection of T-2 toxin in milk with a sensitivity of 2.5 ppb
(Lee and Chu 1981). This radioimmunoassay (RIA), with the tracer [3H] AFB, has
proven effective for detecting AFB,;, AFM, and a major urinary metabolite of AFB,
in several species (Sizaret et al. 1982).
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1.6 Nanotechnology-Based Techniques for Mycotoxin
Detection

The manufacture of nanomaterials based on carbon or gold or other materials has
recognized in recent years an exponential progress, by the technological develop-
ment known in these nanomaterials, and their applications in different fields.
Developed nanoparticles can bind to different antibodies types, which are consid-
ered as molecular recognition receptors and can trap mycotoxins due to their speci-
ficity and sensitivity. Aptamers based on synthetic oligonucleotides also have a
specific affinity for mycotoxins detection. Some new methods are demonstrated in
the following paragraphs.

1.6.1 Quartz Crystal Microbalance Immunosensor (QCMI)

Quartz Crystal Microbalance Immunosensor (QCMI) are widely used in the bio-
logical field, the principle of the method is based on the piezoelectric properties of
quartz crystals that are used in their manufacture. These AT-cut crystals used in the
QCM transducers resonate at a fixed frequency when applying an electric current,
this frequency is relative to changes in the contact conditions with the surface of the
crystals due to an increase in mass during the immunoreaction with anti-mycotoxin
antibodies. This technique is able to detect mycotoxins by their direct immobiliza-
tions on sensor surfaces containing, for example -ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-Hydroxysuccinimide (NHS), this surface is able of be
regenerated 13 times after each analysis (Piringci et al. 2018), quartz crystals can
also be covered by gold nanoparticles (Vidal et al. 2009).

1.6.2 Surface Plasmon Resonance (SPR)

Surface plasmon resonance is one of the methods that provide rapid quantitative and
qualitative detection of mycotoxins with a detection limit of about 200 Da, this
method became popular in the 1990s following the commercialization of biosen-
sors. The principle of the method is based on the phenomenon of surface plasmon
resonance, the latter occurs between a very thin metal film (formed in gold) depos-
ited between two transparent support (prism) having a different refractive index, a
polarized incident light undergoes internal refraction in the prism which induces the
components of the electromagnetic field of light to penetrate the gold film, the inter-
action of this field with free oscillating electrons on the gold film will cause the
excitation of the plasmons and will cause the decrease of the intensity of the light
received by an optical detector, this system detects the changes in the refraction of
the surface layer in contact with the solution which is related to the molecules
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binding to the film (Hodnik and Anderluh 2009). The thin layer may contain gold
nanoparticles, as demonstrated in the study of Hossain and his group, in the latter,
the team was able to determine the T-2 toxin and T-2 toxin-3-glucoside in wheat
after their extractions, on a device containing antibodies conjugated with gold
nanoparticles (Hossain et al. 2018). SPR containing nanostructured films are called
imaging nanoplasmonics, they can even detect several mycotoxins in same times,
with regeneration surfaces after analysis (Joshi et al. 2016; Hossain and Maragos
2018). The technique undergone modifications and perfections such as indirect
competitive enzyme-linked immunosorbent assay (ic-ELISA) which demonstrated
its reliability (Dong et al. 2018).

1.6.3 Electrochemical Immuno-Sensor Based on Nanoparticle

Different Electrochemical Immunosensors are developed to determine a type of
mycotoxin, such as electrochemical Immunosensor based on polythionine/gold
nanoparticles for the determination of AFB,; (Owino et al. 2008), but following the
multi-presence of mycotoxins in foods, a design of an electrochemical immunosen-
sor is carried out for the simultaneous detection, during a single test, of two myco-
toxins namely; fumonisin B, (FB,) and deoxynivalenol (DON), two electrodes were
functionalized with gold nanoparticles and anti-FB, and anti-DON antibodies. After
incubation of the electrodes in the sample solution, the immunocomplex formation
generates an electrochemical signal which is then compared with the control signal
to quantify and calculate the concentration of mycotoxins, the LODs were 97 pg.
ml™" and 35 pg.ml™', respectively for FB, and DON. The stability of the electrodes
is marked good (Lu and Gunasekaran 2019). Another indirect competition enzyme
immunoassay technique is developed to determine the presence of AFB; in Palm
kernel cake, modified electrodes prepared from multi-walled carbon nanotubes and
chitosan are prepared, the attachment of AFB;-BSA antigens on the composites
surface is activated by N-ethyl-N’-(3-dimethylaminopropyl)-carbodiimide (EDC)
and N-hydroxysuccinimide (NHS). A competitive reaction takes place between
AFB, and the fixation site with producing a signal, the detection range of the elec-
trochemical immunosensor was between 0.0001 and 10 ng.ml~' with an LOD of
0.1 pg.ml™" (Azri et al. 2017). The application of these ultrasensitive methods
requires improvement and optimization of several parameters such as antigens con-
centration, blocking agents, incubation time, temperature and reagents pH, this opti-
mization is performed on the microplates by ELISA test (Azri et al. 2018). This
detection technique is a promising approach for mycotoxin screening because it is
simple, fast, extremely sensitive, specific and does not require pre-concentration of
sample, it can be applied for the detection of mycotoxins in a wide variety of foods
(Tan et al. 2009; Wang et al. 2017).
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1.6.4 Optical Waveguide Lightmode Spectroscopy

The OWLS technique is based on the precise calculation of the resonance angle of
a polarized laser light beam (632.8 nm), diffracted by a grating and coupled to a thin
waveguide. Determination of the thickness of the adsorbed or bonded material layer
is performed with great sensitivity from the effective refractive index determined
from the coupling angle of the resonance (Székdcs et al. 2009). This technique is
also applied for mycotoxins detection in a competitive and direct immunoassay
format. The improvement of the detection signal is relative to the surface of the
immune sensor formed by immobilization of gold nanoparticles (AuNPs) contain-
ing the conjugated antibodies or antigens, after fixation of the mycotoxins, an
immunodetection method has been developed for the analysis (Adanyi et al. 2018).
Comparison of the detection results of this method with the ELISA and HPLC test
demonstrated an excellent correlation indicating that the OWLS immunosensor has
a good potential for the rapid determination of mycotoxins (Majer-Baranyi
et al. 2016).

References

Abdallah MF, Krska R, Sulyok M (2018) Occurrence of ochratoxins, fumonisin B2, aflatoxins (B1
and B2), and other secondary fungal metabolites in dried date palm fruits from Egypt: a mini-
survey. J Food Sci 83:559-564. https://doi.org/10.1111/1750-3841.14046

Abia WA, Warth B, Sulyok M et al (2013) Bio-monitoring of mycotoxin exposure in Cameroon
using a urinary multi-biomarker approach. Food Chem Toxicol 62:927-934. https://doi.
org/10.1016/j.fct.2013.10.003

Adényi N, Nagy AG, Takics B et al (2018) Sensitivity enhancement for mycotoxin determination
by optical waveguide lightmode spectroscopy using gold nanoparticles of different size and
origin. Food Chem 267:10-14. https://doi.org/10.1016/j.foodchem.2018.04.089

Adekoya I, Njobeh P, Obadina A, Chilaka C, Okoth S, De Boevre M, De Saeger S (2017)
Awareness and prevalence of mycotoxin contamination in selected nigerian fermented foods.
Toxins 9:363. https://doi.org/10.3390/toxins9110363

Adekoya I, Obadina A, Adaku CC, De Boevre M, Okoth S, De Saeger S, Njobeh P (2018)
Mycobiota and co-occurrence of mycotoxins in South African maize-based opaque beer. Int J
Food Microbiol 270:22-30. https://doi.org/10.1016/j.ijfoodmicro.2018.02.001

Adgigitov F, Kosichenko LP, Popandopulo PG et al (1984) Frequency of chromosome aberrations
in bone marrow of monkeys and their F1 after aflatoxin B1 injection. Exp Pathol 26:163-169

Al-Anati L, Petzinger E (2006) Immunotoxic activity of ochratoxin A. J Vet Pharmacol Ther
29:79-90. https://doi.org/10.1111/j.1365-2885.2006.00718.x

Alexa E, Dehelean CA, Poiana MA et al (2013) The occurrence of mycotoxins in wheat from west-
ern Romania and histopathological impact as effect of feed intake. Chem Cent J 7:99. https://
doi.org/10.1186/1752-153X-7-99

Ali N, Blaszkewicz M, Degen GH (2015a) Occurrence of the mycotoxin citrinin and its metab-
olite dihydrocitrinone in urines of German adults. Arch Toxicol 89:573-578. https://doi.
0rg/10.1007/300204-014-1363-y

Ali N, Blaszkewicz M, Mohanto NC et al (2015b) First results on citrinin biomarkers in urines
from rural and urban cohorts in Bangladesh. Mycotoxin Res 31:9-16. https://doi.org/10.1007/
$12550-014-0217-z


https://doi.org/10.1111/1750-3841.14046
https://doi.org/10.1016/j.fct.2013.10.003
https://doi.org/10.1016/j.fct.2013.10.003
https://doi.org/10.1016/j.foodchem.2018.04.089
https://doi.org/10.3390/toxins9110363
https://doi.org/10.1016/j.ijfoodmicro.2018.02.001
https://doi.org/10.1111/j.1365-2885.2006.00718.x
https://doi.org/10.1186/1752-153X-7-99
https://doi.org/10.1186/1752-153X-7-99
https://doi.org/10.1007/s00204-014-1363-y
https://doi.org/10.1007/s00204-014-1363-y
https://doi.org/10.1007/s12550-014-0217-z
https://doi.org/10.1007/s12550-014-0217-z

1 Mycotoxins Occurrence, Toxicity and Detection Methods 27

Almeida-Ferreira GC, Barbosa-Tessmann IP, Sega R et al (2013) Occurrence of zearalenone in
wheat- and corn-based products commercialized in the State of Parand, Brazil. Braz J Microbiol
44:371-375. https://doi.org/10.1590/S1517-83822013005000037

Anthony J, Delucca JJ, Dunn LS et al (1982) Toxicity, mutagenicity and teratogenicity of bre-
vianamide, viomellein and xanthomegnin; secondary metabolites of penicillium viridicatum.
J Food Saf 4:165-168. https://doi.org/10.1111/j.1745-4565.1982.tb00440.x

Applegate TJ, Schatzmayr G, Prickel K et al (2009) Effect of aflatoxin culture on intestinal
function and nutrient loss in laying hens. Poult Sci 88:1235-1241. https://doi.org/10.3382/
Ps.2008-00494

Armando MR, Pizzolitto RP, Dogi CA et al (2012) Adsorption of ochratoxin A and zearalenone by
potential probiotic Saccharomyces cerevisiae strains and its relation with cell wall thickness.
J Appl Microbiol 113:256-264. https://doi.org/10.1111/j.1365-2672.2012.05331.x

Arzu Kogkaya E, Selmanoglu G, Ozsoy N et al (2009) Evaluation of patulin toxicity in
the thymus of growing male rats. Arh Hig Rada Toksikol 60:411-418. https://doi.
org/10.2478/10004-1254-60-2009-1973

Asghar MA, Igbal J, Ahmed A et al (2014) Occurrence of aflatoxins contamination in brown rice
from Pakistan. Iran J Public Health 43:291-299

Asghar MA, Ahmed A, Asghar MA (2018) Aflatoxin M1 in fresh milk collected from local mar-
kets of Karachi, Pakistan. Food Addit Contam Part B Surveill 11:167-174. https://doi.org/10.
1080/19393210.2018.1446459

Azri FA, Selamat J, Sukor R (2017) Electrochemical immunosensor for the detection of aflatoxin
B, in palm kernel cake and feed samples. Sensors 17:2776. https://doi.org/10.3390/s17122776

Azri FA, Sukor R, Selamat J et al (2018) Electrochemical immunosensor for detection of afla-
toxin B, based on indirect competitive ELISA. Toxins 10:196. https://doi.org/10.3390/
toxins10050196

Barrett JR (2005) Liver cancer and aflatoxin: New information from the kenyan outbreak. Environ
Health Perspect 113: A837-A838. https://doi.org/10.1289/ehp.113-a837

Barta I, Addmkova M, Markarjan D et al (1984) The mutagenic activity of aflatoxin B1 in the
Cricetulus griseus hamster and Macaca mulatta monkey. ] Hyg Epidemiol Microbiol Immunol
28:149-159

Bennett JW, Rubin PL, Lee LS et al (1979) Influence of trace elements and nitrogen sources on
versicolorin production by a mutant strain of Aspergillus parasiticus. Mycopathologia 69:161—
166. https://doi.org/10.1007/BF00452829

Berntsen HF, Wigestrand MB, Bogen IL et al (2013) Mechanisms of penitrem-induced cerebellar
granule neuron death in vitro: possible involvement of GABAA receptors and oxidative pro-
cesses. Neurotoxicology 35:129-136. https://doi.org/10.1016/j.neuro.2013.01.004

Berntsen HF, Bogen IL, Wigestrand MB et al (2017) The fungal neurotoxin penitrem A induces the
production of reactive oxygen species in human neutrophils at submicromolar concentrations.
Toxicology 392:64-70. https://doi.org/10.1016/j.tox.2017.10.008

Bluhm BH, Kim H, Butchko RA et al (2008) Involvement of ZFR1 of Fusarium verticillioides
in kernel colonization and the regulation of FST1, a putative sugar transporter gene required
for fumonisin biosynthesis on maize kernels. Mol Plant Pathol 9:203-211. https://doi.
org/10.1111/j.1364-3703.2007.00458.x

Bouchara JP, Hsieh HY, Croquefer S et al (2009) Development of an oligonucleotide array for
direct detection of fungi in sputum samples from patients with cystic fibrosis. J Clin Microbiol
47:142-152. https://doi.org/10.1128/JCeM.01668-08

Boudra H, Barnouin J, Dragacci S et al (2007) Aflatoxin M1 and ochratoxin A in raw bulk milk
from French dairy herds. J Dairy Sci 90:3197-3201. https://doi.org/10.3168/jds.2006-565

Bouhet S, Oswald IP (2007) The intestine as a possible target for fumonisin toxicity. Mol Nutr
Food Res 51:925-931. https://doi.org/10.1002/mnfr.200600266

Bouhet S, Hourcade E, Loiseau N et al (2004) The mycotoxin fumonisin B1 alters the proliferation
and the barrier function of porcine intestinal epithelial cells. Toxicol Sci 77:165-171. https://
doi.org/10.1093/toxsci/kfh006


https://doi.org/10.1590/S1517-83822013005000037
https://doi.org/10.1111/j.1745-4565.1982.tb00440.x
https://doi.org/10.3382/ps.2008-00494
https://doi.org/10.3382/ps.2008-00494
https://doi.org/10.1111/j.1365-2672.2012.05331.x
https://doi.org/10.2478/10004-1254-60-2009-1973
https://doi.org/10.2478/10004-1254-60-2009-1973
https://doi.org/10.1080/19393210.2018.1446459
https://doi.org/10.1080/19393210.2018.1446459
https://doi.org/10.3390/s17122776
https://doi.org/10.3390/toxins10050196
https://doi.org/10.3390/toxins10050196
https://doi.org/10.1289/ehp.113-a837
https://doi.org/10.1007/BF00452829
https://doi.org/10.1016/j.neuro.2013.01.004
https://doi.org/10.1016/j.tox.2017.10.008
https://doi.org/10.1111/j.1364-3703.2007.00458.x
https://doi.org/10.1111/j.1364-3703.2007.00458.x
https://doi.org/10.1128/JCeM.01668-08
https://doi.org/10.3168/jds.2006-565
https://doi.org/10.1002/mnfr.200600266
https://doi.org/10.1093/toxsci/kfh006
https://doi.org/10.1093/toxsci/kfh006

28 M. A. Gacem et al.

Brewer JH, Thrasher JD, Straus DC et al (2013) Detection of mycotoxins in patients with chronic
fatigue syndrome. Toxins 5:605-617. https://doi.org/10.3390/toxins5040605

Brinda R, Vijayanandraj S, Uma D et al (2013) Role of Adhatoda vasica (L.) Nees leaf extract in
the prevention of aflatoxin-induced toxicity in Wistar rats. J Sci Food Agric 30:2743-2748.
https://doi.org/10.1002/jsfa.6093

Brown DW, Busman M, Proctor RH (2014) Fusarium verticillioides SGE]1 is required for full
virulence and regulates expression of protein effector and secondary metabolite biosynthetic
genes. Mol Plant-Microbe Interact 27:809-823. https://doi.org/10.1094/MPMI-09-13-0281-R

Bucci TJ, Howard PC, Tolleson WH et al (1998) Renal effects of fumonisin mycotoxins in ani-
mals. Toxicol Pathol 26:160-164. https://doi.org/10.1177/019262339802600119

Calado T, Fernandez-Cruz ML, Cabo Verde S et al (2018) Gamma irradiation effects on ochratoxin
A: degradation, cytotoxicity and application in food. Food Chem 240:463-471. https://doi.
org/10.1016/j.foodchem.2017.07.136

Carlton WW, Stack ME, Eppley RM (1976) Hepatic alterations produced in mice by xanthomeg-
nin and viomellein, metabolites of Penicillium viridicatum. Toxicol Appl Pharmacol 38:455—
459. https://doi.org/10.1016/0041-008X(76)90151-4

Celik I, Oguz H, Demet O et al (2000) Embryotoxicity assay of aflatoxin produced by Aspergillus
parasiticus NRRL 2999. Br Poult Sci 41:401-409. https://doi.org/10.1080/713654961

Chang PK, Ehrlich KC, Yu J et al (1995) Increased expression of Aspergillus parasiticus aflR,
encoding a sequence-specific DNA-binding protein, relieves nitrate inhibition of aflatoxin bio-
synthesis. Appl Environ Microbiol 61:2372-2377

Chang PK, Ehrlich KC, Linz JE et al (1996) Characterization of the Aspergillus parasiticus niaD
and niiA gene cluster. Curr Genet 30:68-75

Chaudhari M, Jayaraj R, Bhaskar AS et al (2009) Oxidative stress induction by T-2 toxin causes
DNA damage and triggers apoptosis via caspase pathway in human cervical cancer cells.
Toxicology 262:153—161. https://doi.org/10.1016/j.tox.2009.06.002

Chavarria G, Granados-Chinchilla F, Alfaro-Cascante M et al (2015) Detection of aflatoxin M1 in
milk, cheese and sour cream samples from Costa Rica using enzyme-assisted extraction and
HPLC. Food Addit Contam Part B Surveill 8:128—135. https://doi.org/10.1080/19393210.201
5.1015176

Chen F, Luan C, Wang L et al (2017) Simultaneous determination of six mycotoxins in peanut
by high-performance liquid chromatography with a fluorescence detector. J Sci Food Agric
97:1805-1810. https://doi.org/10.1002/jsfa.7978

Ciacci-Zanella JR, Merrill AH Jr, Wang E et al (1998) Characterization of cell-cycle arrest by
fumonisin Bl in CV-1 cells. Food Chem Toxicol 36:791-804. https://doi.org/10.1016/
S0278-6915(98)00034-9

Constable PD, Smith GW, Rottinghaus GE et al (2000) Ingestion of fumonisin B 1-containing cul-
ture material decreases cardiac contractility and mechanical efficiency in swine. Toxicol Appl
Pharmacol 162:151-160. https://doi.org/10.1006/taap.1999.8831

Cotty PJ, Jaime-Garcia R (2007) Influences of climate on aflatoxin producing fungi and afla-
toxin contamination. Int J Food Microbiol 119:109-115. https://doi.org/10.1016/].
ijfoodmicro.2007.07.060

Cramer B, Osteresch B, Mufioz KA et al (2015) Biomonitoring using dried blood spots: detection
of ochratoxin A and its degradation product 2’R-ochratoxin A in blood from coffee drinkers.
Mol Nutr Food Res 59:1837-1843. https://doi.org/10.1002/mnfr.201500220

Crespo-Sempere A, Marin S, Sanchis V, Ramos AJ (2013) VeA and LaeA transcriptional factors
regulate ochratoxin aA biosynthesis in Aspergillus carbonarius. Int J Food Microbiol 166:479—
486. https://doi.org/10.1016/j.ijfoodmicro.2013.07.027

Datta SC, Ghosh JJ (1981) Effect of citreoviridin, a mycotoxin from Penicillium citreoviride, on
kinetic constants of acetylcholinesterase and ATPase in synaptosomes and microsomes from
rat brain. Toxicon 19:555-562. https://doi.org/10.1016/0041-0101(81)90014-3

Daxecker H, Raab M, Cichna M et al (2001) Determination of the effects of mycophenolic
acid on the nucleotide pool of human peripheral blood mononuclear cells in vitro by high-


https://doi.org/10.3390/toxins5040605
https://doi.org/10.1002/jsfa.6093
https://doi.org/10.1094/MPMI-09-13-0281-R
https://doi.org/10.1177/019262339802600119
https://doi.org/10.1016/j.foodchem.2017.07.136
https://doi.org/10.1016/j.foodchem.2017.07.136
https://doi.org/10.1016/0041-008X(76)90151-4
https://doi.org/10.1080/713654961
https://doi.org/10.1016/j.tox.2009.06.002
https://doi.org/10.1080/19393210.2015.1015176
https://doi.org/10.1080/19393210.2015.1015176
https://doi.org/10.1002/jsfa.7978
https://doi.org/10.1016/S0278-6915(98)00034-9
https://doi.org/10.1016/S0278-6915(98)00034-9
https://doi.org/10.1006/taap.1999.8831
https://doi.org/10.1016/j.ijfoodmicro.2007.07.060
https://doi.org/10.1016/j.ijfoodmicro.2007.07.060
https://doi.org/10.1002/mnfr.201500220
https://doi.org/10.1016/j.ijfoodmicro.2013.07.027
https://doi.org/10.1016/0041-0101(81)90014-3

1 Mycotoxins Occurrence, Toxicity and Detection Methods 29

performance liquid chromatography. Clin Chim Acta 310:81-87. https://doi.org/10.1016/
S0009-8981(01)00526-5

De Jesus CL, Bartley A, Welch AZ et al (2018) High incidence and levels of ochratoxin A in wines
sourced from the United States. Toxins 10:1. https://doi.org/10.3390/toxins 10010001

Dehghan P, Pakshir K, Rafiei H et al (2014) Prevalence of ochratoxin a in human milk in the
Khorrambid Town, Fars Province, South of Iran. Jundishapur J Microbiol 7:e11220. https://
doi.org/10.5812/jjm.11220

Del Palacio A, Mionetto A, Bettucci L et al (2016) Evolution of fungal population and mycotoxins
in sorghum silage. Food Addit Contam Part A Chem Anal Control Expo Risk Assess 33:1864—
1872. https://doi.org/10.1080/19440049.2016.1244732

Devnarain N, Tiloke C, Nagiah S et al (2017) Fusaric acid induces oxidative stress and apopto-
sis in human cancerous oesophageal SNO cells. Toxicon 126:4—11. https://doi.org/10.1016/j.
toxicon.2016.12.006

Devreese M, De Baere S, De Backer P et al (2012) Quantitative determination of several toxico-
logical important mycotoxins in pig plasma using multi-mycotoxin and analyte-specific high
performance liquid chromatography-tandem mass spectrometric methods. J Chromatogr A
1257:74-80. https://doi.org/10.1016/j.chroma.2012.08.008

Doi K, Uetsuka K (2014) Mechanisms of mycotoxin-induced dermal toxicity and tumorigenesis
through oxidative stress-related pathways. J Toxicol Pathol 27:1-10. https://doi.org/10.1293/
t0x.2013-0062

Domijan AM, Peraica M, Cvjetkovi¢ B et al (2005) Mould contamination and co-occurrence of
mycotoxins in maize grain in Croatia. Acta Pharma 55:349-356

Dong G, Pan'Y, Wang Y et al (2018) Preparation of a broad-spectrum anti-zearalenone and its pri-
mary analogues antibody and its application in an indirect competitive enzyme-linked immu-
nosorbent assay. Food Chem 247:8-15. https://doi.org/10.1016/j.foodchem.2017.12.016

El Khoury R, Mathieu F, Atoui A et al (2017) Ability of soil isolated actinobacterial strains to
prevent, bind and biodegrade ochratoxin A. Toxins 9:pii: E222. https://doi.org/10.3390/
toxins9070222

El Khoury R, Choque E, El Khoury A et al (2018) OTA prevention and detoxification by actino-
bacterial strains and activated carbon fibers: preliminary results. Toxins 24:pii: E137. https:/
doi.org/10.3390/toxins 10040137

El Marnissi B, Belkhou R, Morgavi DP et al (2012) Occurrence of aflatoxin M1 in raw milk
collected from traditional dairies in Morocco. Food Chem Toxicol 50:2819-2821. https://doi.
org/10.1016/j.fct.2012.05.031

Emri T, Zalka A, Pécsi I (2017) Detection of transcriptionally active mycotoxin gene clusters: DNA
microarray. Methods Mol Biol 1542:345-365. https://doi.org/10.1007/978-1-4939-6707-0_23

Escriva L, Font G, Manyes L et al (2017) Studies on the presence of mycotoxins in biological
samples: an overview. Toxins 9:251. https://doi.org/10.3390/toxins9080251

Espeso EA, Arst HN Jr (2000) On the mechanism by which alkaline pH prevents expression of an
acid-expressed gene. Mol Cell Biol 20:3355-3363

Esteban A, Abarca ML, Bragulat MR et al (2006) Effect of pH on ochratoxin A produc-
tion by Aspergillus niger aggregate species. Food Addit Contam 23:616-622. https://doi.
org/10.1080/02652030600599124

Faisal Z, Derddk D, Lemli B et al (2018a) Interaction of 2’R-ochratoxin A with serum albumins:
binding site, effects of site markers, thermodynamics, species differences of albumin-binding,
and influence of albumin on its toxicity in MDCK cells. Toxins 10:pii: E353. https://doi.
0rg/10.3390/toxins 10090353

Faisal Z, Lemli B, Szerencsés D et al (2018b) Interactions of zearalenone and its reduced metabo-
lites a-zearalenol and B-zearalenol with serum albumins: species differences, binding sites,
and thermodynamics. Mycotoxin Res 34:269-278. https://doi.org/10.1007/s12550-018-0321-6

Fanelli F, Schmidt-Heydt M, Haidukowski M et al (2012) Influence of light on growth, conidia-
tion and the mutual regulation of fumonisin B-2 and ochratoxin A biosynthesis by Aspergillus
niger. World Mycotoxin J 5:169-176. https://doi.org/10.3920/WMJ2011.1364


https://doi.org/10.1016/S0009-8981(01)00526-5
https://doi.org/10.1016/S0009-8981(01)00526-5
https://doi.org/10.3390/toxins10010001
https://doi.org/10.5812/jjm.11220
https://doi.org/10.5812/jjm.11220
https://doi.org/10.1080/19440049.2016.1244732
https://doi.org/10.1016/j.toxicon.2016.12.006
https://doi.org/10.1016/j.toxicon.2016.12.006
https://doi.org/10.1016/j.chroma.2012.08.008
https://doi.org/10.1293/tox.2013-0062
https://doi.org/10.1293/tox.2013-0062
https://doi.org/10.1016/j.foodchem.2017.12.016
https://doi.org/10.3390/toxins9070222
https://doi.org/10.3390/toxins9070222
https://doi.org/10.3390/toxins10040137
https://doi.org/10.3390/toxins10040137
https://doi.org/10.1016/j.fct.2012.05.031
https://doi.org/10.1016/j.fct.2012.05.031
https://doi.org/10.1007/978-1-4939-6707-0_23
https://doi.org/10.3390/toxins9080251
https://doi.org/10.1080/02652030600599124
https://doi.org/10.1080/02652030600599124
https://doi.org/10.3390/toxins10090353
https://doi.org/10.3390/toxins10090353
https://doi.org/10.1007/s12550-018-0321-6
https://doi.org/10.3920/WMJ2011.1364

30 M. A. Gacem et al.

Fanelli F, Cozzi G, Raiola A et al (2017) Raisins and currants as conventional nutraceuticals in
Italian market: natural occurrence of ochratoxin A. J Food Sci 82:2306-2312. https://doi.
org/10.1111/1750-3841.13854

Fang H, Wu Y, Guo J et al (2012) T-2 toxin induces apoptosis in differentiated murine embry-
onic stem cells through reactive oxygen species-mediated mitochondrial pathway. Apoptosis
17:895-907. https://doi.org/10.1007/s10495-012-0724-3

Fang H, Cong L, Zhi Y et al (2016) T-2 toxin inhibits murine ES cells cardiac differentiation and
mitochondrial biogenesis by ROS and p-38 MAPK-mediated pathway. Toxicol Lett 258:259—
266. https://doi.org/10.1016/j.toxlet.2016.06.2103

Ferrigo D, Raiola A, Bogialli S et al (2015) In vitro production of fumonisins by Fusarium verticil-
lioides under oxidative stress induced by H,0,. J Agric Food Chem 63:4879-4885. https://doi.
org/10.1021/acs.jafc.5b00113

Flajs D, Peraica M (2009) Toxicological properties of citrinin. Arh Hig Rada Toksikol 60:457-464.
https://doi.org/10.2478/10004-1254-60-2009-1992

Flores-Flores ME, Lizarraga E, Lopez de Cerain A et al (2015) Presence of mycotoxins in animal
milk: a review. Food Control 53:163—176. https://doi.org/10.1016/j.foodcont.2015.01.020

Fontelo PA, Beheler J, Bunner DL et al (1983) Detection of T-2 toxin by an improved radioim-
munoassay. Appl Environ Microbiol 45:640-643

Fraeyman S, Meyer E, Devreese M et al (2018) Comparative in vitro cytotoxicity of the emerg-
ing Fusarium mycotoxins beauvericin and enniatins to porcine intestinal epithelial cells. Food
Chem Toxicol 121:566-572. https://doi.org/10.1016/j.fct.2018.09.053

Fredlund E, Thim AM, Gidlund A et al (2009) Moulds and mycotoxins in rice from the Swedish
retail market. Food Addit Contam Part A Chem Anal Control Expo Risk Assess 26:527-533.
https://doi.org/10.1080/02652030802562912

Gagliano N, Donne ID, Torri C et al (2006) Early cytotoxic effects of ochratoxin A in rat liver:
a morphological, biochemical and molecular study. Toxicology 15:214-224. https://doi.
org/10.1016/.t0x.2006.06.004

Gallo A, Ferrara M, Perrone G (2017) Recent advances on the molecular aspects of ochratoxin A
biosynthesis. Curr Opin Food Sci 17:49-56. https://doi.org/10.1016/j.cofs.2017.09.011

Gammelsrud A, Solhaug A, Dendelé B et al (2012) Enniatin B-induced cell death and inflam-
matory responses in RAW 267.4 murine macrophages. Toxicol Appl Pharmacol 261:74-87.
https://doi.org/10.1016/j.taap.2012.03.014

Gao Y, Yang M, Peng C et al (2012) Preparation of highly specific anti-zearalenone antibodies by
using the cationic protein conjugate and development of an indirect competitive enzyme-linked
immunosorbent assay. Analyst 137:229-236. https://doi.org/10.1039/clan15487¢g

Gao X, Sun L, Zhang N et al (2017) Gestational zearalenone exposure causes reproductive
and developmental toxicity in pregnant rats and female offspring. Toxins 9:21. https://doi.
org/10.3390/toxins9010021

Garcia-Moraleja A, Font G, Maifies J et al (2015) Analysis of mycotoxins in coffee and risk
assessment in Spanish adolescents and adults. Food Chem Toxicol 86:225-233. https://doi.
org/10.1016/j.fct.2015.10.014

Garrido NS, Tha MH, Santos Ortolani MR et al (2003) Occurrence of aflatoxins M(1) and M(2) in
milk commercialized in Ribeirdo Preto-SP, Brazil. Food Addit Contam 20:70-73. https://doi.
org/10.1080/0265203021000035371

Gayathri L, Dhivya R, Dhanasekaran D et al (2015) Hepatotoxic effect of ochratoxin A and citri-
nin, alone and in combination, and protective effect of vitamin E: in vitro study in HepG2 cell.
Food Chem Toxicol 83:151-163. https://doi.org/10.1016/j.fct.2015.06.009

Gerding J, Cramer B, Humpf HU (2014) Determination of mycotoxin exposure in Germany using
an LC-MS/MS multibiomarker approach. Mol Nutr Food Res 58:2358-2368. https://doi.
org/10.1002/mnfr.201400406

Gerding J, Ali N, Schwartzbord J et al (2015) A comparative study of the human urinary myco-
toxin excretion patterns in Bangladesh, Germany, and Haiti using a rapid and sensitive LC-MS/
MS approach. Mycotoxin Res 31:127-136. https://doi.org/10.1007/s12550-015-0223-9


https://doi.org/10.1111/1750-3841.13854
https://doi.org/10.1111/1750-3841.13854
https://doi.org/10.1007/s10495-012-0724-3
https://doi.org/10.1016/j.toxlet.2016.06.2103
https://doi.org/10.1021/acs.jafc.5b00113
https://doi.org/10.1021/acs.jafc.5b00113
https://doi.org/10.2478/10004-1254-60-2009-1992
https://doi.org/10.1016/j.foodcont.2015.01.020
https://doi.org/10.1016/j.fct.2018.09.053
https://doi.org/10.1080/02652030802562912
https://doi.org/10.1016/j.tox.2006.06.004
https://doi.org/10.1016/j.tox.2006.06.004
https://doi.org/10.1016/j.cofs.2017.09.011
https://doi.org/10.1016/j.taap.2012.03.014
https://doi.org/10.1039/c1an15487g
https://doi.org/10.3390/toxins9010021
https://doi.org/10.3390/toxins9010021
https://doi.org/10.1016/j.fct.2015.10.014
https://doi.org/10.1016/j.fct.2015.10.014
https://doi.org/10.1080/0265203021000035371
https://doi.org/10.1080/0265203021000035371
https://doi.org/10.1016/j.fct.2015.06.009
https://doi.org/10.1002/mnfr.201400406
https://doi.org/10.1002/mnfr.201400406
https://doi.org/10.1007/s12550-015-0223-9

1 Mycotoxins Occurrence, Toxicity and Detection Methods 31

Ghali R, Khlifa KH, Ghorbel H et al (2010) Aflatoxin determination in commonly consumed foods
in Tunisia. J Sci Food Agric 90:2347-2351. https://doi.org/10.1002/jsfa.4069

Ghazi T, Nagiah S, Tiloke C et al (2017) Fusaric acid induces DNA damage and post-translational
modifications of p53 in human hepatocellular carcinoma (HepG2) cells. J Cell Biochem
118:3866-3874. https://doi.org/10.1002/jcb.26037

Giancarlo B, Elisabetta B, Edmondo C et al (2011) Determination of ochratoxin A in eggs and
target tissues of experimentally drugged hens using HPLC-FLD. Food Chem 126:1278-1282.
https://doi.org/10.1016/j.foodchem.2010.11.070

Gimeno A (1979) Thin layer chromatographic determination of aflatoxins, ochratoxins, sterig-
matocystin, zearalenone, citrinin, T-2 toxin, diacetoxyscirpenol, penicillic acid, patulin, and
penitrem A. J Assoc Off Anal Chem 62:579-585

Gokmen V, Acar J (1998) Incidence of patulin in apple juice concentrates produced in Turkey.
J Chromatogr A 815:99-102. https://doi.org/10.1016/S0021-9673(97)01280-6

Golinski P, Grabarkiewicz-Szczesna J (1984) Chemical confirmatory tests for ochratoxin A, citri-
nin, penicillic acid, sterigmatocystin, and zearalenone performed directly on thin layer chro-
matographic plates. J Assoc Off Anal Chem 67:1108-1110

Gomes ES, Schuch V, de Macedo Lemos EG (2013) Biotechnology of polyketides: new breath
of life for the novel antibiotic genetic pathways discovery through metagenomics. Braz
J Microbiol 44:1007-1034

Greco MV, Pardo AG, Ludemann V et al (2012) Mycoflora and natural incidence of
selected mycotoxins in rabbit and chinchilla feeds. Sci World J 2012:956056. https://doi.
org/10.1100/2012/956056

Greco M, Pardo A, Pose G (2015) Mycotoxigenic fungi and natural co-occurrence of mycotoxins
in rainbow trout (Oncorhynchus mykiss) feeds. Toxins 7:4595-4609. https://doi.org/10.3390/
toxins7114595

Haas D, Pfeifer B, Reiterich C et al (2013) Identification and quantification of fungi and myco-
toxins from Pu-erh tea. Int J Food Microbiol 166:316-322. https://doi.org/10.1016/j.
ijfoodmicro.2013.07.024

Hashem A, Fathi Abd-Allah E, Sultan Al-Obeed R et al (2015) Effect of carbon, nitrogen sources
and water activity on growth and ochratoxin production of Aspergillus carbonarius (Bainier)
Thom. Jundishapur J Microbiol 23:e17569. https://doi.org/10.5812/jjm.17569

Hayes AW, Williams WL (1978) Acute toxicity of aflatoxin B1 and rubratoxin B in dogs. J Environ
Pathol Toxicol 1:59-70

Heischmann S, Dzieciatkowska M, Hansen K et al (2017) The immunosuppressant mycophenolic
acid alters nucleotide and lipid metabolism in an intestinal cell model. Sci Rep 7:45088. https://
doi.org/10.1038/srep45088

Heller T, Asif AR, Petrova DT et al (2009) Differential proteomic analysis of lymphocytes treated
with mycophenolic acid reveals caspase 3-induced cleavage of rho GDP dissociation inhibitor
2. Ther Drug Monit 31:211-217. https://doi.org/10.1097/FTD.0b013e318196fb73

Henry MH, Wyatt R (2001) The toxicity of fumonisin B1, B2, and B3, individually and in combi-
nation, in chicken embryos. Poult Sci 80:401-407. https://doi.org/10.1093/ps/80.4.401

Hernandez-Meléndez D, Salas-Téllez E, Zavala-Franco A et al (2018) Inhibition effect of flower-
shaped zinc oxide nanostructures on growth and aflatoxin production of a highly toxigenic
strain of Aspergillus flavus link. Materials 11:1-13. https://doi.org/10.3390/mal1081265

Hewetson JF, Pace JG, Beheler JE (1987) Detection and quantitation of T-2 mycotoxin in rat
organs by radioimmunoassay. J Assoc Off Anal Chem 70:654-657

Heyndrickx E, Sioen I, Huybrechts B et al (2015) Human biomonitoring of multiple mycotoxins
in the Belgian population: results of the BIOMYCO study. Environ Int 84:82-89. https://doi.
org/10.1016/j.envint.2015.06.011

Hinton DM, Morrissey RE, Norred WP et al (1985) Effects of cyclopiazonic acid on the ultra-
structure of rat liver. Toxicol Lett 25:211-218. https://doi.org/10.1016/0378-4274(85)90084-0

Hodnik V, Anderluh G (2009) Toxin detection by surface plasmon resonance. Sensors 9:1339—
1354. https://doi.org/10.3390/s9031339


https://doi.org/10.1002/jsfa.4069
https://doi.org/10.1002/jcb.26037
https://doi.org/10.1016/j.foodchem.2010.11.070
https://doi.org/10.1016/S0021-9673(97)01280-6
https://doi.org/10.1100/2012/956056
https://doi.org/10.1100/2012/956056
https://doi.org/10.3390/toxins7114595
https://doi.org/10.3390/toxins7114595
https://doi.org/10.1016/j.ijfoodmicro.2013.07.024
https://doi.org/10.1016/j.ijfoodmicro.2013.07.024
https://doi.org/10.5812/jjm.17569
https://doi.org/10.1038/srep45088
https://doi.org/10.1038/srep45088
https://doi.org/10.1097/FTD.0b013e318196fb73
https://doi.org/10.1093/ps/80.4.401
https://doi.org/10.3390/ma11081265
https://doi.org/10.1016/j.envint.2015.06.011
https://doi.org/10.1016/j.envint.2015.06.011
https://doi.org/10.1016/0378-4274(85)90084-0
https://doi.org/10.3390/s9031339

32 M. A. Gacem et al.

Hooper DG, Bolton VE, Guilford FT et al (2009) Mycotoxin detection in human samples from
patients exposed to environmental molds. Int J Mol Sci 10:1465-1475. https://doi.org/10.3390/
ijms10041465

Hossain MZ, Maragos CM (2018) Gold nanoparticle-enhanced multiplexed imaging surface
plasmon resonance (iISPR) detection of Fusarium mycotoxins in wheat. Biosens Bioelectron
101:245-252. https://doi.org/10.1016/j.bi0s.2017.10.033

Hossain MZ, McCormick SP, Maragos CM (2018) An imaging surface plasmon resonance bio-
sensor assay for the detection of T-2 toxin and masked T-2 toxin-3-glucoside in wheat. Toxins
10:119. https://doi.org/10.3390/toxins 10030119

HouH, QuX, LiY etal (2015) Binding of citreoviridin to human serum albumin: multispectroscopic
and molecular docking. Biomed Res Int 2015:162391. https://doi.org/10.1155/2015/162391

Huang A, Li JW, Shen ZQ et al (2006) High-throughput identification of clinical pathogenic fungi
by hybridization to an oligonucleotide microarray. J Clin Microbiol 44:3299-3305. https://doi.
org/10.1128/JCM.00417-06

Huffman J, Gerber R, Du L (2010) Recent advancements in the biosynthetic mechanisms for
polyketide-derived mycotoxins. Biopolymers 93:764—776. https://doi.org/10.1002/bip.21483

Hymery N, Masson F, Barbier G et al (2014) Cytotoxicity and immunotoxicity of cyclopiazonic
acid on human cells. Toxicol In Vitro 28:940-947. https://doi.org/10.1016/].tiv.2014.04.003

Tacumin L, Chiesa L, Boscolo D et al (2009) Moulds and ochratoxin A on surfaces of artisanal and
industrial dry sausages. Food Microbiol 26:65-70. https://doi.org/10.1016/j.fm.2008.07.006

Ikegwuonu FI (1983) The neurotoxicity of aflatoxin B1 in the rat. Toxicology 28:247-259. https://
doi.org/10.1016/0300-483X(83)90121-X

Ivanova L, Egge-Jacobsen WM, Solhaug A et al (2012) Lysosomes as a possible target of enniatin
B-induced toxicity in Caco-2 cells. Chem Res Toxicol 25:1662-1674. https://doi.org/10.1021/
tx300114x

Jaskiewicz K, Close PM, Thiel PG et al (1988) Preliminary studies on toxic effects of cyclopia-
zonic acid alone and in combination with aflatoxin B1 in non-human primates. Toxicology
52:297-307. https://doi.org/10.1016/0300-483X(88)90134-5

Jayashree T, Subramanyam C (2000) Oxidative stress as a prerequisite for aflatoxin produc-
tion by Aspergillus parasiticus. Free Radic Biol Med 29:981-985. https://doi.org/10.1016/
S0891-5849(00)00398-1

Jia Z, Liu M, Qu Z et al (2014) Toxic effects of zearalenone on oxidative stress, inflammatory
cytokines, biochemical and pathological changes induced by this toxin in the kidney of preg-
nant rats. Environ Toxicol Pharmacol 37:580-591. https://doi.org/10.1016/j.etap.2014.01.010

JiaZ,Yin S, Liu M et al (2015) Modified halloysite nanotubes and the alleviation of kidney dam-
age induced by dietary zearalenone in swine. Food Addit Contam Part A Chem Anal Control
Expo Risk Assess 32:1312—1321. https://doi.org/10.1080/19440049.2015.1048748

Jiang J, YunY, Liu Y et al (2012a) FgVELB is associated with vegetative differentiation, secondary
metabolism and virulence in Fusarium graminearum. Fungal Genet Biol 49:653—-662. https://
doi.org/10.1016/j.fgb.2012.06.005

Jiang SZ, Yang ZB, Yang WR et al (2012b) Effect on hepatonephric organs, serum metabo-
lites and oxidative stress in post-weaning piglets fed purified zearalenone-contaminated
diets with or without Calibrin-Z. J Anim Physiol Anim Nutr 96:1147-1156. https://doi.
org/10.1111/5.1439-0396.2011.01233.x

Jiménez M, Mafiez M, Herndndez E (1996) Influence of water activity and temperature on the pro-
duction of zearalenone in corn by three Fusarium species. Int J Food Microbiol 29:417—421.
https://doi.org/10.1016/0168-1605(95)00073-9

Jonsson M, Jestoi M, Anthoni M et al (2016) Fusarium mycotoxin enniatin B: cytotoxic effects
and changes in gene expression profile. Toxicol In Vitro 34:309-320. https://doi.org/10.1016/j.
tiv.2016.04.017

Joshi S, Segarra-Fas A, Peters J et al (2016) Multiplex surface plasmon resonance biosensing
and its transferability towards imaging nanoplasmonics for detection of mycotoxins in barley.
Analyst 141:1307-1318. https://doi.org/10.1039/CSAN02512E


https://doi.org/10.3390/ijms10041465
https://doi.org/10.3390/ijms10041465
https://doi.org/10.1016/j.bios.2017.10.033
https://doi.org/10.3390/toxins10030119
https://doi.org/10.1155/2015/162391
https://doi.org/10.1128/JCM.00417-06
https://doi.org/10.1128/JCM.00417-06
https://doi.org/10.1002/bip.21483
https://doi.org/10.1016/j.tiv.2014.04.003
https://doi.org/10.1016/j.fm.2008.07.006
https://doi.org/10.1016/0300-483X(83)90121-X
https://doi.org/10.1016/0300-483X(83)90121-X
https://doi.org/10.1021/tx300114x
https://doi.org/10.1021/tx300114x
https://doi.org/10.1016/0300-483X(88)90134-5
https://doi.org/10.1016/S0891-5849(00)00398-1
https://doi.org/10.1016/S0891-5849(00)00398-1
https://doi.org/10.1016/j.etap.2014.01.010
https://doi.org/10.1080/19440049.2015.1048748
https://doi.org/10.1016/j.fgb.2012.06.005
https://doi.org/10.1016/j.fgb.2012.06.005
https://doi.org/10.1111/j.1439-0396.2011.01233.x
https://doi.org/10.1111/j.1439-0396.2011.01233.x
https://doi.org/10.1016/0168-1605(95)00073-9
https://doi.org/10.1016/j.tiv.2016.04.017
https://doi.org/10.1016/j.tiv.2016.04.017
https://doi.org/10.1039/C5AN02512E

1 Mycotoxins Occurrence, Toxicity and Detection Methods 33

Juan C, Pena A, Lino C et al (2008) Levels of ochratoxin A in wheat and maize bread from
the central zone of Portugal. Int J Food Microbiol 127:284-289. https://doi.org/10.1016/j.
ijfoodmicro.2008.07.018

Juan-Garcia A, Manyes L, Ruiz MJ et al (2013) Involvement of enniatins-induced cytotoxicity in
human HepG2 cells. Toxicol Lett 218:166—173. https://doi.org/10.1016/j.toxlet.2013.01.014

Juan-Garcia A, Ruiz MJ, Font G et al (2015) Enniatin Al, enniatin B1 and beauvericin on
HepG2: evaluation of toxic effects. Food Chem Toxicol 84:188-196. https://doi.org/10.1016/j.
fct.2015.08.030

Kachapulula PW, Akello J, Bandyopadhyay R et al (2018) Aflatoxin contamination of dried insects
and fish in Zambia. J Food Prot 81:1508-1518. https://doi.org/10.4315/0362-028X.JFP-17-527

Kapetanakou AE, Panagou EZ, Gialitaki M et al (2009) Evaluating the combined effect of water
activity, pH and temperature on ochratoxin A production by Aspergillus ochraceus and
Aspergillus carbonarius on culture medium and Corinth raisins. Food Control 20:725-732.
https://doi.org/10.1016/j.foodcont.2008.09.008

Katerere DR, Stockenstrom S, Thembo KM et al (2007) Investigation of patulin contamination
in apple juice sold in retail outlets in Italy and South Africa. Food Addit Contam 24:630-634.
https://doi.org/10.1080/02652030601137668

Kaufman SS, Tuma DJ, Park JH et al (1988) Effects of cytochalasin B on the synthesis and secre-
tion of plasma proteins by developing rat liver. J Pediatr Gastroenterol Nutr 7:107-114

Kaymak T, Koca E, Atak M et al (2018) Determination of aflatoxins and ochratoxin A in traditional
turkish cereal-based fermented food by multi-affinity column cleanup and LC fluorescence
detection: single-laboratory validation. ] AOAC Int 102(1):156—-163. https://doi.org/10.5740/
jaoacint.17-0490

Keller NP, Hohn TM (1997) Metabolic pathway gene clusters in filamentous fungi. Fungal Genet
Biol 21:17-29. https://doi.org/10.1006/fgbi.1997.0970

Khanafari A, Soudi H, Miraboulfathi M et al (2007) An in vitro investigation of aflatoxin Bl
biological control by Lactobacillus plantarum. Pak J Biol Sci 10:2553-2556. https://doi.
org/10.3923/pjbs.2007.2553.255

Kim HK, Lee S, Jo SM et al (2013) Functional roles of FglacA in controlling secondary metab-
olism, sexual development, and virulence in Fusarium graminearum. PLoS One 8:e68441.
https://doi.org/10.1371/journal.pone.006844 1

Klari¢ MS, Zeljezi¢ D, Rumora L et al (2012) A potential role of calcium in apoptosis and aberrant
chromatin forms in porcine kidney PK15 cells induced by individual and combined ochratoxin
a and citrinin. Arch Toxicol 86:97-107. https://doi.org/10.1007/s00204-011-0735-9

Kolber MA, Broschat KO, Landa-Gonzalez B (1990) Cytochalasin B induces cellular DNA frag-
mentation. FASEB J 4:3021-3027. https://doi.org/10.1096/fasebj.4.12.2394319

Kolf-Clauw M, Sassahara M, Lucioli J et al (2013) The emerging mycotoxin, enniatin B,
down-modulates the gastrointestinal toxicity of T-2 toxin in vitro on intestinal epithelial
cells and ex vivo on intestinal explants. Arch Toxicol 87:2233-2241. https://doi.org/10.1007/
500204-013-1067-8

Kollia E, Kanapitsas A, Markaki P (2014) Occurrence of aflatoxin B1 and ochratoxin A in dried
vine fruits from Greek market. Food Addit Contam Part B Surveill 7:11-16. https://doi.org/10
.1080/19393210.2013.825647

Kong WJ, Liu SY, Qiu F et al (2013) Simultaneous multi-mycotoxin determination in nutmeg by
ultrasound-assisted solid-liquid extraction and immunoaffinity column clean-up coupled with
liquid chromatography and on-line post-column photochemical derivatization-fluorescence
detection. Analyst 138:2729-2739. https://doi.org/10.1039/C3AN00059A

Koraichi F, Inoubli L, Lakhdari N et al (2013) Neonatal exposure to zearalenone induces long
term modulation of ABC transporter expression in testis. Toxicology 310:29-38. https://doi.
org/10.1016/j.tox.2013.05.002

Lee S, Chu FS (1981) Radioimmunoassay of T-2 toxin in biological fluids. J Assoc Off Anal Chem
64:684-688


https://doi.org/10.1016/j.ijfoodmicro.2008.07.018
https://doi.org/10.1016/j.ijfoodmicro.2008.07.018
https://doi.org/10.1016/j.toxlet.2013.01.014
https://doi.org/10.1016/j.fct.2015.08.030
https://doi.org/10.1016/j.fct.2015.08.030
https://doi.org/10.4315/0362-028X.JFP-17-527
https://doi.org/10.1016/j.foodcont.2008.09.008
https://doi.org/10.1080/02652030601137668
https://doi.org/10.5740/jaoacint.17-0490
https://doi.org/10.5740/jaoacint.17-0490
https://doi.org/10.1006/fgbi.1997.0970
https://doi.org/10.3923/pjbs.2007.2553.255
https://doi.org/10.3923/pjbs.2007.2553.255
https://doi.org/10.1371/journal.pone.0068441
https://doi.org/10.1007/s00204-011-0735-9
https://doi.org/10.1096/fasebj.4.12.2394319
https://doi.org/10.1007/s00204-013-1067-8
https://doi.org/10.1007/s00204-013-1067-8
https://doi.org/10.1080/19393210.2013.825647
https://doi.org/10.1080/19393210.2013.825647
https://doi.org/10.1039/C3AN00059A
https://doi.org/10.1016/j.tox.2013.05.002
https://doi.org/10.1016/j.tox.2013.05.002

34 M. A. Gacem et al.

Lee SH, Lee J, Lee S et al (2009) GzSNF1 is required for normal sexual and asexual develop-
ment in the ascomycete Gibberella zeae. Eukaryot Cell 8:116—127. https://doi.org/10.1128/
EC.00176-08

LiY, Zhang B, He X et al (2014) Analysis of individual and combined effects of ochratoxin A
and zearalenone on HepG2 and KK-1 cells with mathematical models. Toxins 6:1177-1192.
https://doi.org/10.3390/toxins6041177

Li H, Xing L, Zhang M et al (2018) The toxic effects of aflatoxin B1 and aflatoxin M1 on kid-
ney through regulating L-proline and downstream apoptosis. Biomed Res Int 2018:9074861.
https://doi.org/10.1155/2018/9074861

Limonciel A, Jennings P (2014) A review of the evidence that ochratoxin A is an Nrf2 inhibi-
tor: implications for nephrotoxicity and renal carcinogenicity. Toxins 6:371-379. https://doi.
org/10.3390/toxins6010371

Liu MT, Ram BP, Hart LP et al (1985) Indirect enzyme-linked immunosorbent assay for the myco-
toxin zearalenone. Appl Environ Microbiol 50:332-336

LiuJ, Wang L, Guo X et al (2014a) The role of mitochondria in T-2 toxin-induced human chondro-
cytes apoptosis. PLoS One 9:¢108394. https://doi.org/10.1371/journal.pone.0108394

Liu M, Gao R, Meng Q et al (2014b) Toxic effects of maternal zearalenone exposure on intestinal
oxidative stress, barrier function, immunological and morphological changes in rats. PLoS One
9:e106412. https://doi.org/10.1371/journal.pone.0106412

Liu M, Zhu D, Guo T et al (2018) Toxicity of zearalenone on the intestines of pregnant sows and
their offspring and alleviation with modified halloysite nanotubes. J Sci Food Agric 98:698—
706. https://doi.org/10.1002/jsfa.8517

Loiseau N, Debrauwer L, Sambou T et al (2007) Fumonisin B1 exposure and its selective effect on
porcine jejunal segment: sphingolipids, glycolipids and trans-epithelial passage disturbance.
Biochem Pharmacol 74:144—152. https://doi.org/10.1016/j.bcp.2007.03.031

Lu L, Gunasekaran S (2019) Dual-channel ITO-microfluidic electrochemical immunosensor for
simultaneous detection of two mycotoxins. Talanta 194:709-716. https://doi.org/10.1016/].
talanta.2018.10.091

MaL, Wang J, Zhang Y (2017) Probing the characterization of the interaction of aflatoxins B1 and
G1 with calf thymus DNA in vitro. Toxins 9:pii: E209. https://doi.org/10.3390/toxins9070209

Ma S, Zhao Y, Sun J et al (2018) miR449a/SIRT1/PGC-1a is necessary for mitochondrial biogen-
esis induced by T-2 toxin. Front Pharmacol 8:954. https://doi.org/10.3389/fphar.2017.00954

Magnussen A, Parsi MA (2013) Aflatoxins, hepatocellular carcinoma and public health. World
J Gastroenterol 19:1508-1512. https://doi.org/10.3748/wjg.v19.i10.1508

Majer-Baranyi K, Zalan Z, Mortl M et al (2016) Optical waveguide lightmode spectroscopy
technique-based immunosensor development for aflatoxin B1 determination in spice paprika
samples. Food Chem 211:972-977. https://doi.org/10.1016/j.foodchem.2016.05.089

Makowska K, Obremski K, Gonkowski S (2018) The impact of T-2 toxin on vasoactive intestinal
polypeptide-like immunoreactive (VIP-LI) nerve structures in the wall of the porcine stomach
and duodenum. Toxins 10:138. https://doi.org/10.3390/toxins 10040138

Makun HA, Dutton MF, Njobeh PB et al (201 1) Natural multi-occurrence of mycotoxins inrice from
Niger State, Nigeria. Mycotoxin Res 27:97-104. https://doi.org/10.1007/s12550-010-0080-5

Malir F, Ostry V, Pfohl-Leszkowicz A et al (2014) Transfer of ochratoxin A into tea and coffee
beverages. Toxins 6:3438-3453. https://doi.org/10.3390/toxins6123438

Mallebrera B, Juan-Garcia A, Font G et al (2016) Mechanisms of beauvericin toxicity and anti-
oxidant cellular defense. Toxicol Lett 246:28-34. https://doi.org/10.1016/j.toxlet.2016.01.013

Manyes L, Escrivd L, Ruiz MJ et al (2018) Beauvericin and enniatin B effects on a human lym-
phoblastoid Jurkat T-cell model. Food Chem Toxicol 115:127-135. https://doi.org/10.1016/j.
fct.2018.03.008

Maresca M, Mahfoud R, Pfohl-Leszkowicz A et al (2001) The mycotoxin ochratoxin A alters
intestinal barrier and absorption functions but has no effect on chloride secretion. Toxicol Appl
Pharmacol 176:54-63. https://doi.org/10.1006/taap.2001.9254


https://doi.org/10.1128/EC.00176-08
https://doi.org/10.1128/EC.00176-08
https://doi.org/10.3390/toxins6041177
https://doi.org/10.1155/2018/9074861
https://doi.org/10.3390/toxins6010371
https://doi.org/10.3390/toxins6010371
https://doi.org/10.1371/journal.pone.0108394
https://doi.org/10.1371/journal.pone.0106412
https://doi.org/10.1002/jsfa.8517
https://doi.org/10.1016/j.bcp.2007.03.031
https://doi.org/10.1016/j.talanta.2018.10.091
https://doi.org/10.1016/j.talanta.2018.10.091
https://doi.org/10.3390/toxins9070209
https://doi.org/10.3389/fphar.2017.00954
https://doi.org/10.3748/wjg.v19.i10.1508
https://doi.org/10.1016/j.foodchem.2016.05.089
https://doi.org/10.3390/toxins10040138
https://doi.org/10.1007/s12550-010-0080-5
https://doi.org/10.3390/toxins6123438
https://doi.org/10.1016/j.toxlet.2016.01.013
https://doi.org/10.1016/j.fct.2018.03.008
https://doi.org/10.1016/j.fct.2018.03.008
https://doi.org/10.1006/taap.2001.9254

1 Mycotoxins Occurrence, Toxicity and Detection Methods 35

Marin DE, Braicu C, Gras MA et al (2017) Low level of ochratoxin A affects genome-wide expres-
sion in kidney of pig. Toxicon 136:67-77. https://doi.org/10.1016/j.toxicon.2017.07.004

Massey TE, Smith GB, Tam AS (2000) Mechanisms of aflatoxin B1 lung tumorigenesis. Exp Lung
Res 26:673-683. https://doi.org/10.1080/01902140150216756

Mata AT, Ferreira JP, Oliveira BR et al (2015) Bottled water: analysis of mycotoxins by LC-MS/
MS. Food Chem 176:455-464. https://doi.org/10.1016/j.foodchem.2014.12.088

Mateo R, Medina A, Mateo EM et al (2007) An overview of ochratoxin A in beer and wine. Int
J Food Microbiol 20:79-83. https://doi.org/10.1016/].ijfoodmicro.2007.07.029

Matumba LU, Van Poucke CU, Biswick T et al (2014) A limited survey of mycotoxins in traditional
maize based opaque beers in Malawi. Food Control 36:253-256. https://doi.org/10.1016/j.
foodcont.2013.08.032

Mayura K, Smith EE, Clement BA et al (1987) Developmental toxicity of diacetoxyscirpenol in
the mouse. Toxicology 45:245-255. https://doi.org/10.1016/0300-483X(87)90016-3

Medina A, Gonzélez G, Saez JM et al (2004) Bee pollen, a substrate that stimulates ochratoxin
A production by Aspergillus ochraceus Wilh. Syst Appl Microbiol 27:261-267. https://doi.
0rg/10.1078/072320204322881880

Medina A, Mateo EM, Valle-Algarra FM et al (2008) Influence of nitrogen and carbon sources
on the production of ochratoxin A by ochratoxigenic strains of Aspergillus spp. isolated from
grapes. Int J Food Microbiol 122:93-99. https://doi.org/10.1016/j.ijfoodmicro.2007.11.055

Medina A, Schmidt-Heydt M, Cardenas-Chavez DL et al (2013) Integrating toxin gene expres-
sion, growth and fumonisin B1 and B2 production by a strain of Fusarium verticillioides
under different environmental factors. J R Soc Interface 10:20130320. https://doi.org/10.1098/
15if.2013.0320

Mehrzad J, Malvandi AM, Alipour M et al (2017) Environmentally relevant level of aflatoxin B1
elicits toxic pro-inflammatory response in murine CNS-derived cells. Toxicol Lett 279:96-106.
https://doi.org/10.1016/j.toxlet.2017.07.902

Merhej J, Richard-Forget F, Barreau C (2011) The pH regulatory factor Pacl regulates Tri gene
expression and trichothecene production in Fusarium graminearum. Fungal Genet Biol
48:275-284. https://doi.org/10.1016/j.fgb.2010.11.008

Min K, Shin Y, Son H et al (2012) Functional analyses of the nitrogen regula-
tory gene areA in Gibberella zeae. FEMS Microbiol Lett 334:66-73. https://doi.
org/10.1111/j.1574-6968.2012.02620.x

Minervini F, Dell’ Aquila ME (2008) Zearalenone and reproductive function in farm animals. Int
J Mol Sci 9:2570-2584. https://doi.org/10.3390/ijms9122570

Minervini F, Fornelli F, Flynn KM (2004) Toxicity and apoptosis induced by the mycotoxins niva-
lenol, deoxynivalenol and fumonisin B1 in a human erythroleukemia cell line. Toxicol In Vitro
18:21-28. https://doi.org/10.1016/S0887-2333(03)00130-9

Mogensen JM, Nielsen KF, Samson RA et al (2009) Effect of temperature and water activity on the
production of fumonisins by Aspergillus niger and different Fusarium species. BMC Microbiol
9:281. https://doi.org/10.1186/1471-2180-9-281

Montani ML, Vaamonde G, Resnik SL et al (1988) Influence of water activity and tempera-
ture on the accumulation of zearalenone in corn. Int J Food Microbiol 6:1-8. https://doi.
0rg/10.1016/0168-1605(88)90078-5

Moye-Rowley WS (2003) Regulation of the transcriptional response to oxidative stress in
fungi: similarities and differences. Eukaryot Cell 2:381-389. https://doi.org/10.1128/
EC.2.3.381-389.2003

Mudge DW, Atcheson BA, Taylor PJ et al (2004) Severe toxicity associated with a markedly
elevated mycophenolic acid free fraction in a renal transplant recipient. Ther Drug Monit
26:453-455

Mudili V, Siddaih CN, Nagesh M et al (2014) Mould incidence and mycotoxin contamination in
freshly harvested maize kernels originated from India. J Sci Food Agric 94:2674-2683. https://
doi.org/10.1002/jsfa.6608


https://doi.org/10.1016/j.toxicon.2017.07.004
https://doi.org/10.1080/01902140150216756
https://doi.org/10.1016/j.foodchem.2014.12.088
https://doi.org/10.1016/j.ijfoodmicro.2007.07.029
https://doi.org/10.1016/j.foodcont.2013.08.032
https://doi.org/10.1016/j.foodcont.2013.08.032
https://doi.org/10.1016/0300-483X(87)90016-3
https://doi.org/10.1078/072320204322881880
https://doi.org/10.1078/072320204322881880
https://doi.org/10.1016/j.ijfoodmicro.2007.11.055
https://doi.org/10.1098/rsif.2013.0320
https://doi.org/10.1098/rsif.2013.0320
https://doi.org/10.1016/j.toxlet.2017.07.902
https://doi.org/10.1016/j.fgb.2010.11.008
https://doi.org/10.1111/j.1574-6968.2012.02620.x
https://doi.org/10.1111/j.1574-6968.2012.02620.x
https://doi.org/10.3390/ijms9122570
https://doi.org/10.1016/S0887-2333(03)00130-9
https://doi.org/10.1186/1471-2180-9-281
https://doi.org/10.1016/0168-1605(88)90078-5
https://doi.org/10.1016/0168-1605(88)90078-5
https://doi.org/10.1128/EC.2.3.381-389.2003
https://doi.org/10.1128/EC.2.3.381-389.2003
https://doi.org/10.1002/jsfa.6608
https://doi.org/10.1002/jsfa.6608

36 M. A. Gacem et al.

Mupunga I, Lebelo SL, Mngqawa P et al (2014) Natural occurrence of aflatoxins in pea-
nuts and peanut butter from Bulawayo, Zimbabwe. J Food Prot 77:1814—1818. https://doi.
org/10.4315/0362-028X.JFP-14-129

Niehaus WG Jr, Jiang WP (1989) Nitrate induces enzymes of the mannitol cycle and suppresses
versicolorin synthesis in Aspergillus parasiticus. Mycopathologia 107:131-137. https://doi.
org/10.1007/BF00707550

Niide O, Suzuki Y, Yoshimaru T et al (2006) Fungal metabolite gliotoxin blocks mast cell activa-
tion by a calcium- and superoxide-dependent mechanism: implications for immunosuppressive
activities. Clin Immunol 118:108-116. https://doi.org/10.1016/j.clim.2005.08.012

Nishie K, Cole RJ, Dorner JW (1985) Toxicity and neuropharmacology of cyclopiazonic acid.
Food Chem Toxicol 23:831-839. https://doi.org/10.1016/0278-6915(85)90284-4

Nishie K, Cole RJ, Dorner JW (1988) Toxicity of citreoviridin. Res Commun Chem Pathol
Pharmacol 59:31-52

Niu C, Payne GA, Woloshuk CP (2015) Transcriptome changes in Fusarium verticillioides caused
by mutation in the transporter-like gene FST1. BMC Microbiol 15:90. https://doi.org/10.1186/
s12866-015-0427-3

Njoroge SM, Matumba L, Kanenga K et al (2016) A case for regular aflatoxin monitoring in peanut
butter in sub-Saharan Africa: lessons from a 3-year survey in Zambia. J Food Prot 79:795-800.
https://doi.org/10.4315/0362-028 X .JFP-15-542

Nkwe DO, Taylor JE, Siame BA (2005) Fungi, aflatoxins, fumonisin Bl and zearalenone contami-
nating sorghum-based traditional malt, wort and beer in Botswana. Mycopathologia 160:177—
186. https://doi.org/10.1007/s11046-005-6867-9

O’Brian GR, Georgianna DR, Wilkinson JR et al (2007) The effect of elevated temperature on
gene transcription and aflatoxin biosynthesis. Mycologia 99:232-239

Okutan H, Aydin G, Ozcelik N (2004) Protective role of melatonin in ochratoxin a toxicity in rat
heart and lung. J Appl Toxicol 24:505-512. https://doi.org/10.1002/jat.1010

Omar SS (2016) Aflatoxin M1 levels in raw milk, pasteurised milk and infant formula. Ital J Food
Saf 5:5788. https://doi.org/10.4081/ijfs.2016.5788

Orti DL, Hill RH Jr, Liddle JA et al (1986) High performance liquid chromatography of mycotoxin
metabolites in human urine. J Anal Toxicol 100:41-45

Osteresch B, Viegas S, Cramer B et al (2017) Multi-mycotoxin analysis using dried blood
spots and dried serum spots. Anal Bioanal Chem 409:3369-3382. https://doi.org/10.1007/
$00216-017-0279-9

Osweiler GD, Ross PF, Wilson TM et al (1992) Characterization of an epizootic of pulmonary
edema in swine associated with fumonisin in corn screenings. J Vet Diagn Investig 4:53-59.
https://doi.org/10.1177/104063879200400112

Owino JH, Arotiba OA, Hendricks N et al (2008) Electrochemical immunosensor based on poly-
thionine/gold nanoparticles for the determination of aflatoxin B,. Sensors 8:8262-8274. https://
doi.org/10.3390/s8128262

Ozsoy N, Selmanoglu G, Kockaya EA et al (2008) Effect of patulin on the interdigitating dendritic
cells (IDCs) of rat thymus. Cell Biochem Funct 26:192—-196. https://doi.org/10.1002/cbf.1431

Palabiyik SS, Erkekoglu P, Zeybek ND et al (2013) Protective effect of lycopene against ochra-
toxin A induced renal oxidative stress and apoptosis in rats. Exp Toxicol Pathol 65:853-861.
https://doi.org/10.1016/j.etp.2012.12.004

Paradells S, Rocamonde B, Llinares C et al (2015) Neurotoxic effects of ochratoxin A on the
subventricular zone of adult mouse brain. J Appl Toxicol 35:737-751. https://doi.org/10.1002/
jat.3061

Passamani FR, Hernandes T, Lopes NA et al (2014) Effect of temperature, water activity, and
pH on growth and production of ochratoxin A by Aspergillus niger and Aspergillus carbon-
arius from Brazilian grapes. J Food Prot 77:1947-1952. https://doi.org/10.4315/0362-028X.
JFP-13-495


https://doi.org/10.4315/0362-028X.JFP-14-129
https://doi.org/10.4315/0362-028X.JFP-14-129
https://doi.org/10.1007/BF00707550
https://doi.org/10.1007/BF00707550
https://doi.org/10.1016/j.clim.2005.08.012
https://doi.org/10.1016/0278-6915(85)90284-4
https://doi.org/10.1186/s12866-015-0427-3
https://doi.org/10.1186/s12866-015-0427-3
https://doi.org/10.4315/0362-028X.JFP-15-542
https://doi.org/10.1007/s11046-005-6867-9
https://doi.org/10.1002/jat.1010
https://doi.org/10.4081/ijfs.2016.5788
https://doi.org/10.1007/s00216-017-0279-9
https://doi.org/10.1007/s00216-017-0279-9
https://doi.org/10.1177/104063879200400112
https://doi.org/10.3390/s8128262
https://doi.org/10.3390/s8128262
https://doi.org/10.1002/cbf.1431
https://doi.org/10.1016/j.etp.2012.12.004
https://doi.org/10.1002/jat.3061
https://doi.org/10.1002/jat.3061
https://doi.org/10.4315/0362-028X.JFP-13-495
https://doi.org/10.4315/0362-028X.JFP-13-495

1 Mycotoxins Occurrence, Toxicity and Detection Methods 37

Patterson DS, Roberts BA (1979) Mycotoxins in animal feedstuffs: sensitive thin layer chromato-
graphic detection of aflatoxin, ochratoxin A, sterigmatocystin, zearalenone, and T-2 toxin.
J Assoc Off Anal Chem 62:1265-1267

Pena A, Seifrtovd M, Lino C et al (2006) Estimation of ochratoxin A in portuguese population:
new data on the occurrence in human urine by high performance liquid chromatography
with fluorescence detection. Food Chem Toxicol 44:1449-1454. https://doi.org/10.1016/j.
ct.2006.04.017

Pefialva MA, Tilburn J, Bignell E et al (2008) Ambient pH gene regulation in fungi: making con-
nections. Trends Microbiol 16:291-300. https://doi.org/10.1016/j.tim.2008.03.006

Peng KY, Chen CY (2009) Prevalence of aflatoxin M1 in milk and its potential liver cancer risk in
Taiwan. J Food Prot 72:1025-1029. https://doi.org/10.4315/0362-028X-72.5.1025

Peraica M, Radi¢ B, Luci¢ A et al (1999) Toxic effects of mycotoxins in humans. Bull World Health
Organ 77:754-766. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2557730/pdf/10534900.
pdf

Persi N, Pleadin J, Kovacevi¢ D et al (2014) Ochratoxin A in raw materials and cooked meat
products made from OTA-treated pigs. Meat Sci 96:203-210. https://doi.org/10.1016/j.
meatsci.2013.07.005

Piringci SS, Ertekin O, Laguna DE et al (2018) Label-free QCM immunosensor for the detection
of ochratoxin A. Sensors 18:1161. https://doi.org/10.3390/s18041161

Pizzolato Montanha F, Anater A, Burchard JF et al (2018) Mycotoxins in dry-cured meats: a
review. Food Chem Toxicol 111:494-502. https://doi.org/10.1016/j.fct.2017.12.008

Pleadin J, Zadravec M, Brni¢ D et al (2017) Moulds and mycotoxins detected in the regional
speciality fermented sausage ‘slavonski kulen’ during a 1-year production period. Food Addit
Contam Part A Chem Anal Control Expo Risk Assess 34:282-290. https://doi.org/10.1080/19
440049.2016.1266395

Poapolathep A, Poapolathep S, Klangkaew N et al (2008) Detection of deoxynivalenol
contamination in wheat products in Thailand. J Food Prot 71:1931-1933. https://doi.
org/10.4315/0362-028X-71.9.1931

Poér M, Lemli B, Balint M et al (2015) Interaction of citrinin with human serum albumin. Toxins
7:5155-5166. https://doi.org/10.3390/toxins7124871

Podér M, Kunsagi-Maté S, Bdlint M et al (2017a) Interaction of mycotoxin zearalenone with
human serum albumin. J Photochem Photobiol B 170:16-24. https://doi.org/10.1016/].
jphotobiol.2017.03.016

Podr M, Badlint M, Hetényi C et al (2017b) Investigation of non-covalent interactions of afla-
toxins (B1, B2, G1, G2, and M1) with serum albumin. Toxins 9:339. https://doi.org/10.3390/
toxins9110339

Poostforoushfard A, Pishgar AR, Berizi E et al (2017) Patulin contamination in apple products mar-
keted in Shiraz, Southern Iran. Curr Med Mycol 3:32-35. https://doi.org/10.29252/cmm.3.4.32

Porter JK, Bacon CW, Wray EM et al (1995) Fusaric acid in Fusarium moniliforme cultures, corn,
and feeds toxic to livestock and the neurochemical effects in the brain and pineal gland of rats.
Nat Toxins 3:91-100. https://doi.org/10.1002/nt.2620030206

Prosperini A, Juan-Garcia A, Font G et al (2013) Beauvericin-induced cytotoxicity via ROS pro-
duction and mitochondrial damage in Caco-2 cells. Toxicol Lett 222:204-211. https://doi.
org/10.1016/j.toxlet.2013.07.005

Raab M, Daxecker H, Karimi A et al (2001) In vitro effects of mycophenolic acid on the nucleotide
pool and on the expression of adhesion molecules of human umbilical vein endothelial cells.
Clin Chim Acta 310:89-98. https://doi.org/10.1016/S0009-8981(01)00527-7

Rahimi E, Bonyadian M, Rafei M et al (2010) Occurrence of aflatoxin M1 in raw milk of five
dairy species in Ahvaz, Iran. Food Chem Toxicol 48:129-131. https://doi.org/10.1016/].
ct.2009.09.028

Reddy TV, Viswanathan L, Venkitasubramanian TA (1971) High aflatoxin production on a chemi-
cally defined medium. Appl Microbiol 22:393-396


https://doi.org/10.1016/j.fct.2006.04.017
https://doi.org/10.1016/j.fct.2006.04.017
https://doi.org/10.1016/j.tim.2008.03.006
https://doi.org/10.4315/0362-028X-72.5.1025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2557730/pdf/10534900.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2557730/pdf/10534900.pdf
https://doi.org/10.1016/j.meatsci.2013.07.005
https://doi.org/10.1016/j.meatsci.2013.07.005
https://doi.org/10.3390/s18041161
https://doi.org/10.1016/j.fct.2017.12.008
https://doi.org/10.1080/19440049.2016.1266395
https://doi.org/10.1080/19440049.2016.1266395
https://doi.org/10.4315/0362-028X-71.9.1931
https://doi.org/10.4315/0362-028X-71.9.1931
https://doi.org/10.3390/toxins7124871
https://doi.org/10.1016/j.jphotobiol.2017.03.016
https://doi.org/10.1016/j.jphotobiol.2017.03.016
https://doi.org/10.3390/toxins9110339
https://doi.org/10.3390/toxins9110339
https://doi.org/10.29252/cmm.3.4.32
https://doi.org/10.1002/nt.2620030206
https://doi.org/10.1016/j.toxlet.2013.07.005
https://doi.org/10.1016/j.toxlet.2013.07.005
https://doi.org/10.1016/S0009-8981(01)00527-7
https://doi.org/10.1016/j.fct.2009.09.028
https://doi.org/10.1016/j.fct.2009.09.028

38 M. A. Gacem et al.

Reddy TV, Viswanathan L, Venkitasubramanian TA (1979) Factors affecting aflatoxin production
by Aspergillus parasiticus in a chemically defined medium. J Gen Microbiol 114:409—413.
https://doi.org/10.1099/00221287-114-2-409

Redouane-Salah S, Morgavi DP, Arhab R et al (2015) Presence of aflatoxin M1 in raw, reconsti-
tuted, and powdered milk samples collected in Algeria. Environ Monit Assess 187:375. https:/
doi.org/10.1007/s10661-015-4627-y

Richard JL (2007) Some major mycotoxins and their mycotoxicoses—an overview. Int J Food
Microbiol 20:3-10. https://doi.org/10.1016/j.ijfoodmicro.2007.07.019

Ridenour JB, Bluhm BH (2017) The novel fungal-specific gene FUG1 has a role in pathogenicity
and fumonisin biosynthesis in Fusarium verticillioides. Mol Plant Pathol 18:513-528. https://
doi.org/10.1111/mpp.12414

Rimando AM, Porter JK (1997) Fusaric acid increases melatonin levels in the wean-
ling rat and in pineal cell cultures. J Toxicol Environ Health 50:275-284. https://doi.
org/10.1080/009841097160483

Robert L, Bowden F, John FL (1992) Nitrate-nonutilizing mutants of Gibberella zeae (Fusarium
graminearum) and their use in determining vegetative compatibility. Exp Mycol 16:308-315.
https://doi.org/10.1016/0147-5975(92)90007-E

Roberts BA, Patterson DS (1975) Detection of twelve mycotoxins in mixed animal feedstuffs,
using a novel membrane cleanup procedure. J Assoc Off Anal Chem 58:1178-1181

Rotimi OA, Rotimi SO, Duru CU et al (2017) Acute aflatoxin B1 — induced hepatotoxicity alters
gene expression and disrupts lipid and lipoprotein metabolism in rats. Toxicol Rep 4:408-414.
https://doi.org/10.1016/j.toxrep.2017.07.006

Sakamoto S, Putalun W, Vimolmangkang S et al (2017) Enzyme-linked immunosorbent assay
for the quantitative/qualitative analysis of plant secondary metabolites. J Nat Med 72:32—42.
https://doi.org/10.1007/s11418-017-1144-z

Samapundo S, Devliehgere F, De Meulenaer B et al (2005) Effect of water activity and tem-
perature on growth and the relationship between fumonisin production and the radial growth
of Fusarium verticillioides and Fusarium proliferatum on corn. J Food Prot 68:1054-1059.
https://doi.org/10.4315/0362-028X-68.5.1054

Sangare-Tigori B, Moukha S, Kouadio HJ et al (2006) Co-occurrence of aflatoxin B1, fumoni-
sin B1, ochratoxin A and zearalenone in cereals and peanuts from Cote d’Ivoire. Food Addit
Contam 23:1000-1007

Santos L, Marin S, Sanchis V et al (2009) Screening of mycotoxin multicontamination in medicinal
and aromatic herbs sampled in Spain. J Sci Food Agric 89:1802—1807. https://doi.org/10.1002/
jsfa.3647

Sava V, Reunova O, Velasquez A et al (2006) Can low level exposure to ochratoxin-A cause parkin-
sonism? J Neurol Sci 249:68-75. https://doi.org/10.1016/j.jns.2006.06.006

Sava V, Mosquera D, Song S et al (2018) Rubratoxin B elicits antioxidative and
DNA repair responses in mouse brain. Gene Expr 11:211-219. https://doi.
org/10.3727/000000003783992261

Schaafsma AW, Hooker DC (2007) Climatic models to predict occurrence of Fusarium tox-
ins in wheat and maize. Int J Food Microbiol 119:116-125. https://doi.org/10.1016/j.
ijfoodmicro.2007.08.006

Schmidt-Heydt M, Geisen R (2007) A microarray for monitoring the production of mycotoxins
in food. Int J Food Microbiol 117:131-140. https://doi.org/10.1016/j.ijfoodmicro.2007.01.014

Schmidt-Heydt M, Stoll D, Schiitz P et al (2015) Oxidative stress induces the biosynthesis of citri-
nin by Penicillium verrucosum at the expense of ochratoxin. Int J Food Microbiol 192(192):1—
6. https://doi.org/10.1016/j.ijfoodmicro.2014.09.008

Schoevers EJ, Santos RR, Colenbrander B et al (2012) Transgenerational toxicity of Zearalenone
in pigs. Reprod Toxicol 34:110-119. https://doi.org/10.1016/j.reprotox.2012.03.004

Schoneberg T, Martin C, Wettstein FE et al (2016) Fusarium and mycotoxin spectra in Swiss bar-
ley are affected by various cropping techniques. Food Addit Contam Part A Chem Anal Control
Expo Risk Assess 33:1608-1619. https://doi.org/10.1080/19440049.2016.1219071


https://doi.org/10.1099/00221287-114-2-409
https://doi.org/10.1007/s10661-015-4627-y
https://doi.org/10.1007/s10661-015-4627-y
https://doi.org/10.1016/j.ijfoodmicro.2007.07.019
https://doi.org/10.1111/mpp.12414
https://doi.org/10.1111/mpp.12414
https://doi.org/10.1080/009841097160483
https://doi.org/10.1080/009841097160483
https://doi.org/10.1016/0147-5975(92)90007-E
https://doi.org/10.1016/j.toxrep.2017.07.006
https://doi.org/10.1007/s11418-017-1144-z
https://doi.org/10.4315/0362-028X-68.5.1054
https://doi.org/10.1002/jsfa.3647
https://doi.org/10.1002/jsfa.3647
https://doi.org/10.1016/j.jns.2006.06.006
https://doi.org/10.3727/000000003783992261
https://doi.org/10.3727/000000003783992261
https://doi.org/10.1016/j.ijfoodmicro.2007.08.006
https://doi.org/10.1016/j.ijfoodmicro.2007.08.006
https://doi.org/10.1016/j.ijfoodmicro.2007.01.014
https://doi.org/10.1016/j.ijfoodmicro.2014.09.008
https://doi.org/10.1016/j.reprotox.2012.03.004
https://doi.org/10.1080/19440049.2016.1219071

1 Mycotoxins Occurrence, Toxicity and Detection Methods 39

Seetha A, Monyo ES, Tsusaka TW et al (2018) Aflatoxin-lysine adducts in blood serum of the
Malawian rural population and aflatoxin contamination in foods (groundnuts, maize) in the
corresponding areas. Mycotoxin Res 34:195-204. https://doi.org/10.1007/s12550-018-0314-5

Segvi¢ Klari¢ M, Medi¢ N, Hulina A et al (2014) Disturbed Hsp70 and Hsp27 expression and
thiol redox status in porcine kidney PK15 cells provoked by individual and combined och-
ratoxin a and citrinin treatments. Food Chem Toxicol 71:97-105. https://doi.org/10.1016/].
fct.2014.06.002

Selmanoglu G, Kogkaya EA (2004) Investigation of the effects of patulin on thyroid and tes-
tis, and hormone levels in growing male rats. Food Chem Toxicol 42:721-727. https://doi.
org/10.1016/j.£ct.2003.12.007

Shah HU, Simpson TJ, Alam S et al (2010) Mould incidence and mycotoxin contamination in
maize kernels from Swat Valley, North West Frontier Province of Pakistan. Food Chem Toxicol
48:1111-1116. https://doi.org/10.1016/j.fct.2010.02.004

Sheik Abdul N, Nagiah S, Chuturgoon AA (2016) Fusaric acid induces mitochondrial stress
in human hepatocellular carcinoma (HepG2) cells. Toxicon 119:336-344. https://doi.
org/10.1016/j.toxicon.2016.07.002

Sheik Abdul N, Nagiah S, Chuturgoon AA (2019) Fusaric acid induces NRF2 as a cytoprotective
response to prevent NLRP3 activation in the liver derived HepG2 cell line. Toxicol In Vitro
55:151-159. https://doi.org/10.1016/j.tiv.2018.12.008

Shephard GS, van der Westhuizen L, Gatyeni PM et al (2005) Do fumonisin mycotoxins occur in
wheat? J Agric Food Chem 53:9293-9296. https://doi.org/10.1021/jf052101s

Shephard GS, Burger HM, Gambacorta L et al (2013) Multiple mycotoxin exposure determined
by urinary biomarkers in rural subsistence farmers in the former Transkei, South Africa. Food
Chem Toxicol 62:217-225. https://doi.org/10.1016/j.fct.2013.08.040

ShinozukaJ, Li G, Kiatipattanasakul W et al (1997) T-2 toxin-induced apoptosis in lymphoid organs
of mice. Exp Toxicol Pathol 49:387-392. https://doi.org/10.1016/S0940-2993(97)80124-8

Shinozuka J, Suzuki M, Noguchi N et al (1998) T-2 toxin-induced apoptosis in hematopoietic tis-
sues of mice. Toxicol Pathol 26:674—681. https://doi.org/10.1177/019262339802600512

Shwab EK, Bok JW, Tribus M et al (2007) Histone deacetylase activity regulates chemical diver-
sity in Aspergillus. Eukaryot Cell 6:1656-1664. https://doi.org/10.1128/EC.00186-07

Sineque AR, Macuamule CL, Dos Anjos FR (2017) Aflatoxin B1 contamination in chicken livers
and gizzards from industrial and small abattoirs, measured by ELISA technique in Maputo,
Mozambique. Int J Environ Res Public Health 14:951. https://doi.org/10.3390/ijerph14090951

Sizaret P, Malaveille C, Montesano R et al (1982) Detection of aflatoxins and related metabolites
by radioimmunoassay. J Natl Cancer Inst 69:1375-1381

Smith TK, MacDonald EJ (1991) Effect of fusaric acid on brain regional neurochemistry and vom-
iting behavior in swine. J Anim Sci 69:2044-2049. https://doi.org/10.2527/1991.6952044x

Smith GW, Constable PD, Tumbleson ME et al (1999) Sequence of cardiovascular changes lead-
ing to pulmonary edema in swine fed culture material containing fumonisin. Am J Vet Res
60:1292-1300

Smith MC, Hymery N, Troadec S et al (2017) Hepatotoxicity of fusariotoxins, alone and in com-
bination, towards the HepaRG human hepatocyte cell line. Food Chem Toxicol 109:439-451.
https://doi.org/10.1016/j.fct.2017.09.022

Solfrizzo M, Gambacorta L, Lattanzio VM et al (2011) Simultaneous LC-MS/MS determination
of aflatoxin M1, ochratoxin A, deoxynivalenol, de-epoxydeoxynivalenol, a and p-zearalenols
and fumonisin B1 in urine as a multi-biomarker method to assess exposure to mycotoxins. Anal
Bioanal Chem 401:2831-2841. https://doi.org/10.1007/s00216-011-5354-z

Sorenson WG, Simpson J (1986) Toxicity of penicillic acid for rat alveolar macrophages in vitro.
Environ Res 41:505-513. https://doi.org/10.1016/S0013-9351(86)80145-1

Stockmann-Juvala H, Mikkola J, Naarala J et al (2004a) Fumonisin Bl-induced toxicity and
oxidative damage in U-118MG glioblastoma cells. Toxicology 202:173-183. https://doi.
org/10.1016/j.tox.2004.05.002


https://doi.org/10.1007/s12550-018-0314-5
https://doi.org/10.1016/j.fct.2014.06.002
https://doi.org/10.1016/j.fct.2014.06.002
https://doi.org/10.1016/j.fct.2003.12.007
https://doi.org/10.1016/j.fct.2003.12.007
https://doi.org/10.1016/j.fct.2010.02.004
https://doi.org/10.1016/j.toxicon.2016.07.002
https://doi.org/10.1016/j.toxicon.2016.07.002
https://doi.org/10.1016/j.tiv.2018.12.008
https://doi.org/10.1021/jf052101s
https://doi.org/10.1016/j.fct.2013.08.040
https://doi.org/10.1016/S0940-2993(97)80124-8
https://doi.org/10.1177/019262339802600512
https://doi.org/10.1128/EC.00186-07
https://doi.org/10.3390/ijerph14090951
https://doi.org/10.2527/1991.6952044x
https://doi.org/10.1016/j.fct.2017.09.022
https://doi.org/10.1007/s00216-011-5354-z
https://doi.org/10.1016/S0013-9351(86)80145-1
https://doi.org/10.1016/j.tox.2004.05.002
https://doi.org/10.1016/j.tox.2004.05.002

40 M. A. Gacem et al.

Stockmann-Juvala H, Mikkola J, Naarala J et al (2004b) Oxidative stress induced by fumonisin
B1 in continuous human and rodent neural cell cultures. Free Radic Res 38:933-942. https://
doi.org/10.1080/10715760412331273205

Stoll D, Schmidt-Heydt M, Geisen R (2013) Differences in the regulation of ochratoxin A by
the HOG pathway in Penicillium and Aspergillus in response to high osmolar environments.
Toxins 5:1282-1298. https://doi.org/10.3390/toxins5071282

Sueck F, Cramer B, Czeschinski P et al (2018a) Human study on the kinetics of 2’R-ochratoxin A
in the blood of coffee drinkers. Mol Nutr Food Res 63(4):e1801026. https://doi.org/10.1002/
mnfr.201801026

Sueck F, Poor M, Faisal Z et al (2018b) Interaction of ochratoxin A and its thermal degrada-
tion product 2’R-ochratoxin A with human serum albumin. Toxins 10:pii: E256. https://doi.
org/10.3390/toxins 10070256

Sugiyama K, Hiraoka H, Sugita-Konishi Y (2008) Aflatoxin M1 contamination in raw bulk milk
and the presence of aflatoxin B1 in corn supplied to dairy cattle in Japan. Shokuhin Eiseigaku
Zasshi 49:352-355. https://doi.org/10.3358/shokueishi.49.352

Sur E, Celik I (2003) Effects of aflatoxin B1 on the development of the bursa of Fabricius and
blood lymphocyte acid phosphatase of the chicken. Br Poult Sci 44:558-566. https://doi.org/1
0.1080/00071660310001618352

Sutton P, Newcombe NR, Waring P et al (1994) In vivo immunosuppressive activity of gliotoxin, a
metabolite produced by human pathogenic fungi. Infect Immun 62:1192-1198

Székdcs A, Adanyi N, Székdcs I et al (2009) Optical waveguide light-mode spectroscopy immu-
nosensors for environmental monitoring. Appl Opt 48:B151-B158. https://doi.org/10.1364/
A0.48.00B151

Taheri N, Semnani S, Roshandel G et al (2012) Aflatoxin contamination in wheat flour samples
from golestan province, northeast of iran. Iran J Public Health 41:42-47

Tan Y, Chu X, Shen GL et al (2009) A signal-amplified electrochemical immunosensor for
aflatoxin B(1) determination in rice. Anal Biochem 387:82-86. https://doi.org/10.1016/].
ab.2008.12.030

Taye W, Ayalew A, Chala A et al (2016) Aflatoxin B1 and total fumonisin contamination and their
producing fungi in fresh and stored sorghum grain in East Hararghe, Ethiopia. Food Addit
Contam Part B Surveill 9:237-245. https://doi.org/10.1080/19393210.2016.1184190

Tchana AN, Moundipa PF, Tchouanguep FM (2010) Aflatoxin contamination in food and body
fluids in relation to malnutrition and cancer status in Cameroon. Int J Environ Res Public
Health 7:178-188. https://doi.org/10.3390/ijerph7010178

Theumer MG, Henneb Y, Khoury L et al (2018) Genotoxicity of aflatoxins and their precursors in
human cells. Toxicol Lett 287:100—-107. https://doi.org/10.1016/j.toxlet.2018.02.007

Thuvander A, Breitholtz-Emanuelsson A, Olsen M (1995) Effects of ochratoxin A on the mouse
immune system after subchronic exposure. Food Chem Toxicol 33:1005-1011. https://doi.
org/10.1016/0278-6915(95)00075-5

Tilburn J, Sarkar S, Widdick DA et al (1995) The Aspergillus PacC zinc finger transcription fac-
tor mediates regulation of both acid-and alkaline-expressed genes by ambient pH. EMBO
J 14:779-790. https://doi.org/10.1002/j.1460-2075.1995.tb07056.x

Vargas EA, Preis RA, Castro L et al (2001) Co-occurrence of aflatoxins B1, B2, G1, G2, zeara-
lenone and fumonisin B1 in Brazilian corn. Food Addit Contam 18:981-986. https://doi.
org/10.1080/02652030110046190

Vidal JC, Duato P, Bonel L et al (2009) Use of polyclonal antibodies to ochratoxin A with a quartz-
crystal microbalance for developing real-time mycotoxin piezoelectric immunosensors. Anal
Bioanal Chem 394:575-582. https://doi.org/10.1007/s00216-009-2736-6

Wallin S, Gambacorta L, Kotova N et al (2015) Biomonitoring of concurrent mycotoxin expo-
sure among adults in Sweden through urinary multi-biomarker analysis. Food Chem Toxicol
83:133-139. https://doi.org/10.1016/j.fct.2015.05.023


https://doi.org/10.1080/10715760412331273205
https://doi.org/10.1080/10715760412331273205
https://doi.org/10.3390/toxins5071282
https://doi.org/10.1002/mnfr.201801026
https://doi.org/10.1002/mnfr.201801026
https://doi.org/10.3390/toxins10070256
https://doi.org/10.3390/toxins10070256
https://doi.org/10.3358/shokueishi.49.352
https://doi.org/10.1080/00071660310001618352
https://doi.org/10.1080/00071660310001618352
https://doi.org/10.1364/AO.48.00B151
https://doi.org/10.1364/AO.48.00B151
https://doi.org/10.1016/j.ab.2008.12.030
https://doi.org/10.1016/j.ab.2008.12.030
https://doi.org/10.1080/19393210.2016.1184190
https://doi.org/10.3390/ijerph7010178
https://doi.org/10.1016/j.toxlet.2018.02.007
https://doi.org/10.1016/0278-6915(95)00075-5
https://doi.org/10.1016/0278-6915(95)00075-5
https://doi.org/10.1002/j.1460-2075.1995.tb07056.x
https://doi.org/10.1080/02652030110046190
https://doi.org/10.1080/02652030110046190
https://doi.org/10.1007/s00216-009-2736-6
https://doi.org/10.1016/j.fct.2015.05.023

1 Mycotoxins Occurrence, Toxicity and Detection Methods 41

Wang GH, Xue CY, Chen F et al (2009) Effects of combinations of ochratoxin A and T-2 toxin
on immune function of yellow-feathered broiler chickens. Poult Sci 88:504-510. https://doi.
org/10.3382/ps.2008-00329

Wang C, Qian J, An K et al (2017) Magneto-controlled aptasensor for simultaneous electrochemi-
cal detection of dual mycotoxins in maize using metal sulfide quantum dots coated silica as
labels. Biosens Bioelectron 89:802—-809. https://doi.org/10.1016/j.bios.2016.10.010

Wang J, Yang C, Yuan Z et al (2018) Toxin exposure induces apoptosis in TM3 cells by inhibiting
mammalian target of rapamycin/serine/threonine protein kinase(mTORC2/AKT) to promote
Ca2+production. Int J Mol Sci 19:3360. https://doi.org/10.3390/ijms 19113360

Wangikar PB, Dwivedi P, Sinha N et al (2005) Effects of aflatoxin B1 on embryo fetal development
in rabbits. Food Chem Toxicol 43:607-615. https://doi.org/10.1016/j.fct.2005.01.004

Waring P, Beaver J (1996) Gliotoxin and related epipolythiodioxopiperazines. Gen Pharmacol
27:1311-1316. https://doi.org/10.1016/S0306-3623(96)00083-3

Watson SA, Hayes AW (1981) Binding of rubratoxin B to mouse hepatic microsomes and in vitro
effects of the mycotoxin on polysome binding to microsomal membranes as measured by the
activity of an enzyme catalyzing disulphide interchange. Toxicon 19:509-516. https://doi.
0rg/10.1016/0041-0101(81)90009-X

Weaver GA, Kurtz HJ, Bates FY et al (1981) Diacetoxyscirpenol toxicity in pigs. Res Vet Sci
31:131-135. https://doi.org/10.1016/S0034-5288(18)32480-9

Wilkinson JR, Yu J, Bland JM et al (2007) Amino acid supplementation reveals differential
regulation of aflatoxin biosynthesis in Aspergillus flavus NRRL 3357 and Aspergillus par-
asiticus SRRC 143. Appl Microbiol Biotechnol 74:1308-1319. https://doi.org/10.1007/
$00253-006-0768-9

Woloshuk CP, Cavaletto JR, Cleveland TE (1997) Inducers of aflatoxin biosynthesis from colonized
maize kernels are generated by an amylase activity from Aspergillus flavus. Phytopathology
87:164-169. https://doi.org/10.1094/PHYTO.1997.87.2.164

Wong KH, Hynes MJ, Todd RB et al (2007) Transcriptional control of nmrA by the bZIP tran-
scription factor MeaB reveals a new level of nitrogen regulation in Aspergillus nidulans. Mol
Microbiol 66:534-551. https://doi.org/10.1111/j.1365-2958.2007.05940.x

Wu HC, Santella R (2012) The role of aflatoxins in hepatocellular carcinoma. Hepat Mon 12:e7238.
https://doi.org/10.5812/hepatmon.7238

Wu L, Qiu L, Zhang H et al (2017) Optimization for the production of deoxynivalenoland zeara-
lenone by Fusarium graminearum using response surface methodology. Toxins 9:pii: ES7.
https://doi.org/10.3390/toxins9020057

Wu TS, Cheng YC, Chen PJ et al (2019) Exposure to aflatoxin B1 interferes with locomotion and
neural development in zebrafish embryos and larvae. Chemosphere 217:905-913. https://doi.
org/10.1016/j.chemosphere.2018.11.058

Xue CY, Wang GH, Chen F et al (2010) Immunopathological effects of ochratoxin A and T-2 toxin
combination on broilers. Poult Sci 89:1162—1166. https://doi.org/10.3382/ps.2009-00609

Yang L, Yu Z, Hou J et al (2016) Toxicity and oxidative stress induced by T-2 toxin and HT-2 toxin
in broilers and broiler hepatocytes. Food Chem Toxicol 87:128-137. https://doi.org/10.1016/j.
fct.2015.12.003

Yang L, Tu D, Zhao Z et al (2017) Cytotoxicity and apoptosis induced by mixed mycotoxins (T-2
and HT-2 toxin) on primary hepatocytes of broilers in vitro. Toxicon 129:1-10. https://doi.
org/10.1016/j.toxicon.2017.01.001

Yang L, Tu D, Wang N et al (2019) The protective effects of DL-Selenomethionine against T-2/
HT-2 toxins-induced cytotoxicity and oxidative stress in broiler hepatocytes. Toxicol In Vitro
54:137-146. https://doi.org/10.1016/j.tiv.2018.09.016

Yarru LP, Settivari RS, Antoniou E et al (2009) Toxicological and gene expression analysis of
the impact of aflatoxin B1 on hepatic function of male broiler chicks. Poult Sci 88:360-371.
https://doi.org/10.3382/ps.2008-00258


https://doi.org/10.3382/ps.2008-00329
https://doi.org/10.3382/ps.2008-00329
https://doi.org/10.1016/j.bios.2016.10.010
https://doi.org/10.3390/ijms19113360
https://doi.org/10.1016/j.fct.2005.01.004
https://doi.org/10.1016/S0306-3623(96)00083-3
https://doi.org/10.1016/0041-0101(81)90009-X
https://doi.org/10.1016/0041-0101(81)90009-X
https://doi.org/10.1016/S0034-5288(18)32480-9
https://doi.org/10.1007/s00253-006-0768-9
https://doi.org/10.1007/s00253-006-0768-9
https://doi.org/10.1094/PHYTO.1997.87.2.164
https://doi.org/10.1111/j.1365-2958.2007.05940.x
https://doi.org/10.5812/hepatmon.7238
https://doi.org/10.3390/toxins9020057
https://doi.org/10.1016/j.chemosphere.2018.11.058
https://doi.org/10.1016/j.chemosphere.2018.11.058
https://doi.org/10.3382/ps.2009-00609
https://doi.org/10.1016/j.fct.2015.12.003
https://doi.org/10.1016/j.fct.2015.12.003
https://doi.org/10.1016/j.toxicon.2017.01.001
https://doi.org/10.1016/j.toxicon.2017.01.001
https://doi.org/10.1016/j.tiv.2018.09.016
https://doi.org/10.3382/ps.2008-00258

42 M. A. Gacem et al.

Yin S, Zhang Y, Gao R et al (2014) The immunomodulatory effects induced by dietary zearalenone
in pregnant rats. Immunopharmacol Immunotoxicol 36:187-194. https://doi.org/10.3109/089
23973.2014.909847

Young KL, Villar D, Carson TL et al (2003) Tremorgenic mycotoxin intoxication with penitrem
a and roquefortine in two dogs. J Am Vet Med Assoc 222:52-3, 35. https://doi.org/10.2460/
javma.2003.222.52

Yu J, Chang P, Bhatnagar D et al (2000) Cloning of a sugar utilization gene cluster in
Aspergillus parasiticus. Biochim Biophys Acta 1493:211-214. https://doi.org/10.1016/
S0167-4781(00)00148-2

Yu J, Mohawed SM, Bhatnagar D et al (2003) Substrate-induced lipase gene expression and afla-
toxin production in Aspergillus parasiticus and Aspergillus flavus. J Appl Microbiol 95:1334—
1342. https://doi.org/10.1046/j.1365-2672.2003.02096.x

Yu J, Fedorova ND, Montalbano BG et al (2011) Tight control of mycotoxin biosynthesis gene
expression in Aspergillus flavus by temperature as revealed by RNA-Seq. FEMS Microbiol
Lett 322:145-149. https://doi.org/10.1111/j.1574-6968.2011.02345.x

Yuan G, Wang Y, Yuan X et al (2014) T-2 toxin induces developmental toxicity and apoptosis in
zebrafish embryos. J Environ Sci 26:917-925. https://doi.org/10.1016/S1001-0742(13)60510-0

Zhang X, LiJ, Zong N et al (2014) Ochratoxin A in dried vine fruits from Chinese markets. Food
Addit Contam Part B Surveill 7:157-161. https://doi.org/10.1080/19393210.2013.867365

Zhang L, Dou X-W, Zhang C et al (2018) A review of current methods for analysis of mycotoxins
in herbal medicines. Toxins 10:65. https://doi.org/10.3390/toxins 10020065

Zheng W, Wang B, Si M et al (2018a) Zearalenone altered the cytoskeletal structure via ER stress-
autophagy- oxidative stress pathway in mouse TM4 Sertoli cells. Sci Rep 8:3320. https://doi.
0rg/10.1038/341598-018-21567-8

Zheng WL, Wang BJ, Wang L et al (2018b) ROS-mediated cell cycle arrest and apoptosis induced
by zearalenone in mouse sertoli cells via ER stress and the ATP/AMPK pathway. Toxins 10:24.
https://doi.org/10.3390/toxins 10010024

Zhou C, Zhang Y, Yin S et al (2015) Biochemical changes and oxidative stress induced
by zearalenone in the liver of pregnant rats. Hum Exp Toxicol 34:65-73. https://doi.
0rg/10.1177/0960327113504972

Zhuang Z, Yang D, Huang Y et al (2013) Study on the apoptosis mechanism induced by T-2 toxin.
PLoS One 8:e83105. https://doi.org/10.1371/journal.pone.0083105

Zinedine A, Fernandez-Franzén M, Maies J et al (2017) Multi-mycotoxin contamination of
couscous semolina commercialized in Morocco. Food Chem 214:440-446. https://doi.
org/10.1016/j.foodchem.2016.07.098


https://doi.org/10.3109/08923973.2014.909847
https://doi.org/10.3109/08923973.2014.909847
https://doi.org/10.2460/javma.2003.222.52
https://doi.org/10.2460/javma.2003.222.52
https://doi.org/10.1016/S0167-4781(00)00148-2
https://doi.org/10.1016/S0167-4781(00)00148-2
https://doi.org/10.1046/j.1365-2672.2003.02096.x
https://doi.org/10.1111/j.1574-6968.2011.02345.x
https://doi.org/10.1016/S1001-0742(13)60510-0
https://doi.org/10.1080/19393210.2013.867365
https://doi.org/10.3390/toxins10020065
https://doi.org/10.1038/s41598-018-21567-8
https://doi.org/10.1038/s41598-018-21567-8
https://doi.org/10.3390/toxins10010024
https://doi.org/10.1177/0960327113504972
https://doi.org/10.1177/0960327113504972
https://doi.org/10.1371/journal.pone.0083105
https://doi.org/10.1016/j.foodchem.2016.07.098
https://doi.org/10.1016/j.foodchem.2016.07.098

®

Check for
updates

Chapter 2
Nanopesticides for Pest Control

Saheli Pradhan and Damodhara Rao Mailapalli

Abstract The excessive use of pesticides results in poor targeted delivery and off-
target waste accumulation that induces mutation in genetic make-up in the target
pest, followed by pesticidal resistance. As a consequence, most of the pesticides are
lost because of pesticide drift, leading to environment hazards. The active compo-
nents released from the pesticide formulations are either biodegraded or hydrolysed
in the environment. They can even contaminate the surroundings by leaching.
Therefore, an urgent attention is required to protect resources. Nanopesticides
appear as an alternative because they can be used as ‘smart delivery systems’ for the
release of the pesticides in timely but controlled manner, for a desired time-span.
This would reduce the risk of environmental pollution and its associated hazards.
Physicochemical properties of nanopesticides along with their efficacy against tar-
get and non-target organisms need to be studied. Since nanomaterials might exhibit
non-specific toxicity to both targeted and non-targeted organisms, toxicological
analyses should be performed.

Keywords Nanopesticide - Insect resistance - Mortality - Pest control -
Nanoencapsulation - Nanocarriers - Targeted delivery - Toxicity - Nanomaterials -
Crop protection

2.1 Introduction

In this current era of precision farming and sustainable agricultural practices, aug-
mentation of food production for the ever-increasing global population’s demand is
one of the prime concerns. It is really a hard task to increase the crop yield by moni-
toring interrelated environmental variables with minimum, controlled, and balanced
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target actions in accordance with every situation. Henceforth, when the population
and its demand for food have been growing apace under a deregulated regime, max-
imum crop yield with minimum waste would be the main focus of agricultural sus-
tainability (Chhipa 2017; Ayoub et al. 2017). Due to the limitation of occurrences of
natural resources (land, water, soil fertility), synthetic pesticide has been applied
abruptly without following proper rules and regulations, which causes serious envi-
ronmental disturbances. Since the cost of the pesticides has also increased at an
alarming rate, which has become less affable to the farmers. However, it is essential
to control the pest in order to maximize output by conserving the protective resources
without affecting the surrounding environment under the sustainable agricultural
practices (Lichtfouse et al. 2005; Rahaie and Rahaie 2015; Srivastava et al. 2018).
Nevertheless, system application of chemical pesticide is important to achieve the
primary objectives of food and energy. However, conventional application of syn-
thetic pesticides leads to ground water contamination causing environmental pollu-
tion. The toxic substances released and/or degraded from the pesticides have
degenerated in the environment via biodegradation, photo-degradation, and hydro-
lysis; even they have also contaminated the surroundings by leaching or in the run-
off by rainfall leading to eutrophication as shown in Fig. 2.1. Due to all of these
issues, only 1% or less than 1% of the applied pesticide reaches the targeted sites
and remaining residues adversely interact with the non-target organisms
(Memarizadeh et al. 2014a, b). In order to combat these problems, the use of botani-
cal extracts, synthetic specialized pesticides and genetically modified disease-
resistant crops have also been introduced in farming for the past five decades.
Although the food production has much been improved, the quality of the food and
soil fertility have been compromised. Pathogen and pest resistance appear to be
developing, along with a sharp decline in soil biodiversity (Ghormade et al. 2011).
To address the potential implications of chemical pesticides to the non-targeted
organisms and environment, a careful insight should be taken into account. A bal-
ance technology has to be introduced in the farming which must have the least nega-
tive impact on the surrounding environment. Besides, it should be highly
species-specific, yet cost-effective to farmers. Therefore, development of novel tar-
geted pesticide with low toxicity to non-target species and low pesticidal residues is
very much in demand for sustainable agricultural practices (Liu et al. 2014).
Engineered nanomaterials (ENMs) with their characteristic properties like small
size and large surface to volume ratio, greater permeability, thermal stability, solu-
bility, and biodegradability are becoming more widely accepted for use in the agri-
cultural sector (Nair et al. 2008; Lin et al. 2014; Ranjan et al. 2018). Because of the
unique properties of nanoparticles, these materials can be utilized to encapsulate the
agrochemicals in a more stable and safer ways to improve crop yield and productiv-
ity in a sustainable manner. By using these nanoparticles efficiently, damage to the
environment and human health may be minimized (Yata et al. 2018). There have
been a lot of reports regarding the application of ENMs in agricultural sectors, such
as the development of nanofertilizers and nanopesticides; as the effective remedial
measure in the detection of pesticides (Zhu et al. 2008; Lin and Xing 2007; Noji
et al. 2011; Pradhan et al. 2013a, b, 2014, 2015; Ghafariyan et al. 2013; Chandra



2 Nanopesticides for Pest Control 45

Surrounding air poliution Health problem to Farmers affected
the seller directly

-

Farmers buying pesticides &
applying in field

Commercialization
Pesticides enter into food chain of l

=

Pesticide manufacture company

the consumer leading to serious
heaith hazards

— VR RN BN RN
Water potiution G S GG B -0 W S WY
l uﬂi\lid 'R

TRE GRS PO et

— -—‘:j_)},'ﬁ\iﬁ\lﬂ‘ﬂﬁ'ﬁﬂ\iﬁ
LT T T T T T T T

Ground water

Individual plant

Water pollution
Appearance of
pesticide resistance
Toxicity to plants Hazard to

aquatic ecosysiem

Fig. 2.1 Effect of pesticides in the environment. Conventional application of synthetic pesticides
leads to plant toxicity as well as ground water contamination, causing environmental pollution.
Pesticides are transformed via biodegradation, photo-degradation, and hydrolysis

et al. 2014; Kim et al. 2015; Servin et al. 2015; Dubey and Mailapalli 2016), heavy
metals and chemical contaminants (Yu et al. 2007; Liu et al. 2008; Qu et al. 2009;
Kang et al. 2010; Kumaravel and Chandrasekaran 2011; Zhao et al. 2011; Guo et al.
2015; Talbert et al. 2016), as a detoxifying agent of harmful pollutants (Seitz et al.
2012; Xu et al. 2014; Pang et al. 2015; Hou et al. 2016). Proper utilization of
nanopesticides is an important aspect of agricultural practices, however, over appli-
cation of nanopesticides might result in one of the unintentional diffuse inputs of
ENMs into the environment. Thereafter, a thoughtful evaluation of risk and benefit
associated to the ENMs is essential prior to commercialization. Besides, detailed
documentation of synthetic procedures and testing protocols of nanopesticides is
essential for future reference. Unfortunately, only a handful of reports are available
in this regard. This article reviews some of the strategic ways that nanomaterials
may be utilized as a suitable alternative to commercial pesticides (Fig. 2.2). In order
to understand the possible application and any additions to the modes of action
when using nanopesticides, a short overview of present scenario of the conventional
pesticides is also reviewed. To get a comprehensive structure of present-day
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Fig. 2.2 Comparison of the effect of current commercial pesticides and alternative nano-pesticides
on pests. Indiscriminate use of commercial pesticides results in unpremeditated pesticidal resis-
tance. Nanopesticides could be effectively used on the targeted and non-targeted pests, without
hampering the immediate ecosystem. Nanopesticides could be a suitable alternative for the com-
mercial pesticides, since they show slow yet targeted delivery of the desired pesticides to the target
organisms

nanopesticides, works of past 10 years are also being documented. Finally, a critical
analysis of the present and future generations of pesticides is elucidated to get a bet-
ter picture of sustainable agricultural practices.

2.2 Classification and Traditional Applications of Pesticides

Insects, which make up approximately the two-thirds of the known species of ani-
mals, can feed on almost all kinds of plants, like crop plants, forest trees, medicinal
plants, herbs, and weeds. They not only destroy agricultural crops but also stored



2 Nanopesticides for Pest Control 47

grains and eventually deteriorate the quality of the food. Insects that cause more
than 5% of the damage to the crop and/or its food grains are called pests (Rai and
Ingle 2012). Any compound that is designed to prevent, destroy, repel or mitigate
any pests is called pesticide. Along with that, they can act as the plant regulator,
defoliants or desiccant. Under the rules and regulations of International Pest
Management (IPM), they should be environment-friendly and cost-effective to the
farmers. On the basis of the chemical structure and mode of action, pesticides are
classified into different subgroups (Pereira et al. 2015; Sparks and Nauen 2015).
Details of the each of the groups are summarized in Table 2.1. It is very important
to understand the mode of action of the chemical compounds in order to evaluate
their activity against the target pests without undesirable economic damage. Pest
control strategy must be carefully incorporated into the crop management system
without minimum risks to the beneficial and non-target organism and environment.

Application of pesticides into sustainable long-term crop protection had been in
practice and continually developing for thousands of years. It is believed that
Sumerians applied sulfur compounds in order to protect crops from insect and mite
attacks 4500 years ago (Unsworth 2010). Pyrethrum, a compound extracted from
the dried flower of Chrysanthemum cinerariaefolium was used as an insecticide
approximately 2000 years ago. Traditionally, salt water or sea water was used in
ancient India as a g. However, during World War II, there was an urgent need to
enhance food production. During 1940s, many synthetic pesticides like dichloro
diphenyl trichloroethane (DDT) and 2,4-dichlorophenoxyacetic acid (2, 4-D) were
developed (Gupta 2007). A new era of food revolution was developed, where there
was no limited concern of chemical pesticides to the environment and human health.
Starting from that time, pesticides have been applied to the field as sprays as a part
of proper cropping methods like crop rotation, land, water and post-harvest manage-
ment (Yu et al. 2017). They are initially sprayed to deposit onto the crop foliage and
then reach the target site of the pest attack via diffusion, uptake and/or transfer
processes, leading to pest poisoning or contact attack (Nuruzzaman et al. 2016).
However, continuous use of chemical pesticides has bolstered the evolution of pes-
ticide resistance in the targeted pest along with the risk of bio-magnification. The
active constituent present in chemical pesticide often interfere the metabolic path-
way by inhibiting the enzymatic activities (Pandey et al. 2016). The sensitivity of
high yielding crops to diseases, insects and biotic factors has protracted the use of
chemical pesticides.

2.3 Emergence of Biopesticides for Biological Control

Use of chemical pesticides has continued to persist in the agricultural sectors for
decades and persistence, and biomagnification of some of these complex com-
pounds in the environment remained on the back burner. Later on, scientists had
tried to imbibe a new approach, called “biological control of the pest”, where natu-
ral enemies of the major pests had been introduced to the farming in order to destroy
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Table 2.1 Classification of pesticides according to Insect Resistance Action Committee (IRAC)
on the basis of mode of action of the pesticides. This classification system includes all chemical,
biological or other materials, used to control insects and acarines on crops and/or the environment.
It is an useful manual for the selection of insecticides and acaricides for insect resistance

management
Name of the Target site of
Group | pesticides Chemical nature Mode of action | action
1 Organophosphate | They are ester of phosphoric acid Acetyl choline | Nerve and
(,:l' esterase muscle
R—P—OR; inhibitor
OR»
Carbamate They are derived from carbamic
acid; functional groups present in
this compound are carbamate group,
carbamate esters and carbamic acids
R
OJ\H,CHE
I Cyclodienes Compound derived from GABA gated
Hexachlorocyclopentadiene, an chlorine
organochloride pesticide channel
a o antagonist
Cl— i :\< —~Cl
Cl Cl
Fiproles Compound belongs to the
phenylpyrazole chemical family
[ CFy
NC /N'N:QI
FiC— % :
I Pyrethrins Organic compounds normally Voltage gated
derived from Chrysanthemum sodium channel
cinerariifolium o modulator
0
3J> a b
e}
N
R
DDT and analogs | They are the crystalline
organochloride
Cly

(continued)
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Name of the Target site of
Group | pesticides Chemical nature Mode of action | action
v Neonicotinoids A class of neuro-active insecticides | Nicotinic acetyl
chemically similar to nicotine choline receptor
agonist
N NH g
~
N, -no,
| =N
cl
Butenolides A class of lactones with a four-

carbon heterocyclic ring structure

v Spinosyns

Nicotinic acetyl
choline receptor
allosteric

VI Avermectins They are a 16-membered

|

macrocyclic lactone
.

Milbemycins A group of macrolides chemically
related to the avermectins

CC activators

(continued)


https://en.wikipedia.org/wiki/Insecticide
https://en.wikipedia.org/wiki/Nicotine
https://en.wikipedia.org/wiki/Nicotine
https://en.wikipedia.org/wiki/Lactone
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Heterocycle
https://en.wikipedia.org/wiki/Lactone
https://en.wikipedia.org/wiki/Macrolide
https://en.wikipedia.org/wiki/Avermectin
https://en.wikipedia.org/wiki/Avermectin
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Name of the Target site of
Group | pesticides Chemical nature Mode of action | action
VII | Pymetrozine A chemical compound derived from | Modulation of
the group of pyridine — azomethines | chordotonal
\/"/\Nj organs
YN‘N“‘ =
N.{:i o
Flonicamid Derived from the group of
nicotinoids
O CF;
o
NCTNTY] “:
N
VII | Nereistoxin Toxins derived from Nicotinic acetyl
analog 4-N,N-dimethylamino-1,2- choline receptor
dithiolane blockers
o
S \
IX Formamidines EH Octopamine
NHz receptor
X Oxadiazines An unsaturated six-membered Voltage gated
heterocycle sodium channel
blocker
XI Diamides Two amide groups are present Ryanodine
receptor
allosteric
XII Juvenoids Juvenile hormone analogue Juvenile Growth and
hormone development
receptor agonist
Fenoxycarb A carbamate insect growth regulator
0
QO™
Pyriproxyfen A pyridine-based pesticide
&
E“\"L"’[\”‘@ QO
*]
XII | Oxazoles Parent compound of heterocyclic MGI

aromatic organic compounds

HF\?—H

H

(continued)


https://de.wikipedia.org/wiki/Chemische_Verbindung
https://de.wikipedia.org/wiki/Pyridin
https://de.wikipedia.org/wiki/Azomethin
https://de.wikipedia.org/wiki/Azomethin
https://nl.wikipedia.org/w/index.php?title=Nicotinoïde&action=edit&redlink=1
https://nl.wikipedia.org/w/index.php?title=Nicotinoïde&action=edit&redlink=1
https://en.wiktionary.org/wiki/unsaturated
https://en.wiktionary.org/wiki/heterocycle
https://en.wikipedia.org/wiki/Pyridine
https://en.wikipedia.org/wiki/Heterocyclic_compound
https://en.wikipedia.org/wiki/Aromatic
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Organic_compound

2 Nanopesticides for Pest Control

Table 2.1 (continued)

51

Name of the Target site of
Group | pesticides Chemical nature Mode of action | action
XIV | Benzoylureas Chemical derivatives of N-benzoyl- | Chitin synthesis
N'-phenylurea inhibitor
F o JoL /@fﬂ
NN
F
XV Cyromazine A triazine insect growth regulator Chitin synthesis
inhibitor
NH
|1 N
HZN)\N/)\NHE
XVI | Diacylhydrazine Ecdysone
receptor agonist
XVII | Tetramic acid Acetyl CoA
carboxylase
respiratory
organ
XVIII | Diafenthiuron A chemical compound from the ATP synthase
group of thioureas
<
XIX | Chlorfenapyr A pro-insecticide derived from a Oxidative
class of microbially produced phosphorylation
compounds known as halogenated | uncoupler
pyrroles
Q
Fy N‘rﬂ
WCI
Er
CN
XX Rotenone Non-selective pesticide Mitochondrial
electron
transport I
inhibitors
XXI | Phosphine A group of organophosphorus Mitochondrial
compounds with the formula R;P electron
(R = organic derivative) transport IV
inhibitors

(continued)


https://en.wikipedia.org/wiki/Derivative_(chemistry)
https://en.wikipedia.org/wiki/N-Benzoyl-N'-phenylurea
https://en.wikipedia.org/wiki/N-Benzoyl-N'-phenylurea
https://en.wikipedia.org/wiki/N-Benzoyl-N'-phenylurea
https://en.wikipedia.org/wiki/Triazine
https://de.wikipedia.org/wiki/Chemische_Verbindung
https://de.wikipedia.org/wiki/Thioharnstoff
https://de.wikipedia.org/wiki/Thioharnstoff
https://en.wikipedia.org/wiki/Halogen
https://en.wikipedia.org/wiki/Pyrrole
https://en.wikipedia.org/wiki/Pyrrole
https://en.wikipedia.org/wiki/Organophosphorus_compound
https://en.wikipedia.org/wiki/Organophosphorus_compound
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Table 2.1 (continued)

Name of the Target site of
Group | pesticides Chemical nature Mode of action | action
XXII | B-Ketonitrile Mitochondrial
derivatives electron
transport I1
inhibitors
XXII | Bacillus A Gram-positive, soil-dwelling Midgut
thuringiensis bacterium, commonly used as a membrane

biological pesticide
XXIV | Miscellaneous - -
(alkyl halides,
borates)
XXV | Unknown mode |- -
of action
(Azadiractin,

benzoximate,
dicofol)

the pest population causing economic injury (Seiber et al. 2014). Since these organ-
isms are self-perpetuating and do not interfere the activity of non-target organisms,
this approach of pest control immediately gained acceptability. However, the use of
biological control demands skilled professionals. The biological control pests may
become susceptible to insect resistance in the germplasm and introgression of
unwanted harmful traits from them.

2.4 Transgenic Approach

A transgenic approach is more species-specific, where insecticidal proteins, such as
Bacillus thuringiensis endotoxin, plant protease inhibitors, chitinase, lectin, and
biotin-binding proteins have been designed to be produced in the insect-resistant
transgenic plants (Thungrabeab and Tongma 2007). The rapid emergence of insec-
ticidal resistance to such endotoxins along with the collateral interaction with the
non-targeted environment and micro-environment limits the application of this
approach. Sub-optimal expression of such endotoxin, mutation of the targeted gene
of the insect pest, loss of the target midgut protease and change of the membrane
integrity of the target organisms may be additional reasons for such an outbreak.
Henceforth, there is an urgent need for exploring another possible avenue to obviate
direct and/or indirect effect of the agricultural pest.


https://en.wikipedia.org/wiki/Gram-positive
https://en.wikipedia.org/wiki/Bacterium
https://en.wikipedia.org/wiki/Biological_pesticide
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2.4.1 RNAi Technology: Sequence-Specific Silencing
of Targeted Gene

RNA interference (RNAi) technology is the new-age technology for controlling
pest population through post-translational silencing by dsRNA mediated down-
regulation of specific genes by breaking down its subsequent messenger RNA
(mRNA) (Mamta and Rajam 2017). RNAi pathway entails development of small
interfering molecules like small interfering RNA (siRNA) and miRNA, with the
help of dicer enzymes. These molecules are loaded onto RNA induced silencing
complex (RISC) comprising Argonaute protein (AGO). RISC then directs the inter-
fering molecules to the active site where homology-based cleavage of targeted
mRNA occurs. Insects can eventually take up SiRNA directly from the environment
and transfer the signal from cell to cell. Injecting or feeding the bacteria expressing
dsRNA has been adopted to silence different target genes. In host-RNAi interaction,
the host plant is engineered with hairpin RNAi vector to synthesize dSRNA against
the targeted gene of the insect pest. Upon feeding on plant parts, dSRNA enters into
the insect gut, leading to the induction of RNAi machinery and then silencing the
gene of choice in the insect pest (Kitzmann et al. 2013; Gillet et al. 2017). However,
the lifetime of the dsRNA entirely depends upon its own persistence in the hemo-
lymph of the pest, where nucleic acid degrading enzymes, i.e., nuclease are found
abundantly and they are prone to degrade the substrate of choice. The major draw-
backs of this approach are its poor solubility and uptake into insect cell vicinity
along with the sensitivity of the dsSRNA to the nuclease, which limits them to be
expressive and therefore exhibits functional redundancy at the time of gene silenc-
ing (Joga et al. 2016; Katoch et al. 2013). An ideal pest control strategy should be
employed which would be economic, environmental and farmer friendly. It should
be species-specific and negate all the limitation of previously mentioned pest con-
trol programmes.

2.5 Development of Nanopesticides

Nanopesticide is referred to those tiny molecules which are solely constituent of
pest control derivatives and/or entraps the active constituent of pesticide into a pro-
tective nanocarrier (Kookana et al. 2014). It must ensure the improvement of preci-
sion farming through “smart field management”. Because of its higher surface to
volume ratio and quantum effects due to small size, unusual phase transformation,
and stabilization (Bakshi et al. 2015; Kuswandi 2018), ENMs can minimize photo-
degradation and improvise physicochemical stability of the materials (de Oliveira
et al. 2014). Therefore, a new diffusion-, erosion- and swelling controlled nano-
device can be customized in order to deliver active pesticidal component to the tar-
geted agricultural pest with enhanced durability and efficiency; without any
environmental contamination hazards (Choudhury et al. (2012); Chowdhury et al.
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2017). Depending upon the nature of the pesticidal structure and chemical constitu-
ents, different types of nano pesticidal formulations have been reported which is
documented in Table 2.2.

The primary objective of the development of nanopesticide is to maximize the
entomotoxicity of the targeted drugs by increasing solubility of the insoluble and/or
sparingly soluble pesticides in the vicinity of the site of action; slow yet controlled
release of the active constituent of pesticides without any premature degradation
(Atta et al. 2015; Villasefior and Rios 2018). In order to circumscribe such environ-
mental burden, different approaches of nanopesticides have been reported in litera-
ture; although most of the works have been carried out at very preliminary levels.
Nonetheless, this could be used as a baseline for the future researchers related to
crop protection management.

2.6 Pesticidal Delivery by Nanoencapsulation

2.6.1 p-Cyclodextrin (f-CD) Grafted Magnetic Nanoparticles
Loaded with Diuron

Another group of pesticide, diuron, has also been loaded into hydrophobic cavities
of hydrophilic oligosaccharide, B-cyclodextrin grafted magnetic nanoparticles (Kah
and Hofmann 2014). This newly designed compound has shown better water solu-
bility, the feasibility of controlled release of diuron, and to have increased the bio-
availability of the active compound to the site of action. This particle also has been
found to be toxic to soil microbes when analyzed both micro-colorimetrically and
enzymatically. Similarly, another pesticidal compound, ricinoleic acid has been
encapsulated into carboxymethyl chitosan matrix to achieve spherical shaped,
water-soluble nanopesticides (Feng and Zhang 2011).

2.6.2 Fluorescent-Tagged 2,4-Dichlorophenoxyacetic Acid
Nanoparticles

Different pesticides, like 2,4-dichlorophenoxyacetic acid have been fluorescent-
tagged and then trapped into organic nanoparticles of perylene-3-butylmethanol
(Atta et al. 2015). 2,4-dichlorophenoxyacetic acid has been fluorescent-tagged in
order to understand morphological changes developed inside the plant after NP
application. Bioassay experiments have carried out in order to study the herbicidal
activity of the nanoformulation in the model plants.
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2.6.3 Poly(Citric Acid)-Poly(Ethylene Glycol)-Poly(Citric Acid)
Encapsulated Indoxacarb Nanoparticles

Photodegradable and biocompatible nano indoxacarb has synthesized by encapsu-
lating poly (citric acid)-poly (ethylene glycol)-poly (citric acid) (PCA-PEG-PCA)
dendritic copolymers with nano titanium oxide and without titanium oxide
(Memarizadeh et al. 2014a, b). Particles are 10—12 nm in size as observed by trans-
mission electron microscopic analysis (TEM). Nano indoxacarb has shown better
protection and stability under normal and UV light compared to its bulk counter-
part. The nanoformulation has shown better insecticidal activity against fifth instar
larvae of Glyphodes pyloalis in leaf dip bioassay.

2.6.4 Poly-lactic Acid Encapsulated Abam Nanoparticles

Another group of pesticide, abamectin (Abam), has been functionalized with bio-
polymer, poly-lactic acid (PLA) in order to enhance better adhesion to the foliage of
cucumber and effective utilization of the application of the rate of Abam (Yu et al.
2017). Abam is a mixture of abamectins and utilized widely in order to control a
wide range of pests of agronomic, vegetable and fruit crops. However, short half-
time and restricted utilization rate are the major drawbacks which facilities to
encapsulate this pesticide in a biodegradable polymeric matrix. That is why Abam-
poly-lactic acid nanoparticle has shown better adhesion property on the cucumber
foliage since it interacts strongly with the foliage with hydrogen, electrostatic and
covalent bonds.

2.6.5 Thiamethoxam Nanoparticles

Another hydrophobic drug of neonicotinoid group, thiamethoxam, also has been
encapsulated into cationic dendrimer in order to resolve the problem of low solubil-
ity and efficacy against Homoptera pests, such as aphids, leathoppers, and plant-
hoppers (Liu et al. 2015). Nanoparticles has been added to insect diet and fed to
second instar larvae of Heliothis armigera. The mortality rate of nanoparticle treat-
ment has elevated much fold compared to the control, which enables this novel
nanoparticle to come out as a novel pesticide.
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2.6.6 Essential Oil Encapsulated Poly Ethylene Glycol
Nanoparticle

The essential oil has been encapsulated into biopolymer matrix of poly ethylene
glycol (PEQG) to evaluate entomotoxicity against stored product pests, Tribolium
castaneum and Rhizopertha dominica (Gonzélez et al. 2014). Nanoparticles are
approximately 235 nm in size with less than 75% of loading efficiency. The pest
population has been shown to decline significantly after nanoparticle treatment,
however, no chemical deformities have been observed. Increased mortality rate
after nanoparticle treatment develops mostly due to contact toxicity and altered
nutritional physiology of the stored product pests (Gonzdlez et al. 2014).

Similarly, pyrethrin formulated water-in-oil emulsion has been tested against tar-
get pest, viz., Aphis gossypii, and non-target predators, larvae of Coccinella septem-
punctata L., and fourth instar nymph of Macrolophus pygmaeus (Papanikolaou
etal. 2017). Nanoformulation of pyrethrin has shown increased toxicity to the target
pest, while retaining their neutral behavioral effect on the non-target pests.

2.6.7 Chitosan-Rotenone Nanoparticle

Another important herbicide, rotenone, also has loaded into hydrophilic oleoyl-
carboxymethyl chitosan (Kamari et al. 2016). NPs become water-soluble with a
critical micellar concentration of 0.096 mg/mL. The micellar structures are self-
aggregated, spherical in shape and 35.5-66.4 nm in size with the encapsulation effi-
ciency of 97%. The particle has been shown to have slow release rates and in a
controlled manner, releasing within 50 h of loading.

2.6.8 Atrazine Nanoparticle

Atrazine is known to be used as a control agent against post-emergence of broad
leaf and grassy weeds. The residual problem associated with rotenone accurses the
application of the herbicide and restricts the choice of crop rotation. Application of
silver nanoparticle (Ag nanoparticle) modified magnetite nanoparticle stabilized
with carboxy methyl cellulose (CMC) has shown 88% degradation of atrazine under
controlled environmental condition might be an effective remedial measure of bio-
remediation over a short span of time (Mehrazar et al. 2015). When Atrazine-loaded
polycaprolactone nanoparticles have tested on mustard plants, there has been ten-
fold increase in effectiveness in the control of mustard plants (Oliveira et al. 2015).
However, atrazine has been found to be toxic to non-target plant, i.e., maize.
Nanoatrazine formulation has been tested in the maize plants in this regard, in order
to know whether it shows the same phytotoxicity to the maize plants. There has
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been no or little change in the maize plants compared to control plants with post-
nanoparticle treatment. Henceforth, it can be concluded that atrazine loaded poly-
caprolactone nanoparticle does not impair any phytotoxicity to the non-target plant
as it does to the target plant and thus might come out as a better alternative of weed
control agent in the near future.

2.7 Delivery of Pesticides by Nanocarriers

Pesticide loaded nanocarriers are designed to be formulated in such a way that act
as a “smart device for crop control management”, which is expected to contain pes-
ticide with plant binding properties that eventually resists drift loss. Pesticide should
be released to the targeted pest in a controlled, timely manner. Pesticidal toxicity is
mostly dependent upon the constituent and concentration of the active component
of the pesticide and also the size of the particle entrapped in it. The nanocarrier can
potentially modify the biological distribution and persistence of the chemical of
choice, relative to the micro-sized particle of same constituents. Several studies
have been reported in accordance with this hypothesis, where the pesticide of choice
has been introduced to the nanosized biocompatible carrier in order to develop
novel surface-tuned engineered nanopesticides. Metsulfuron methyl loaded pectin
NPs has been reported to have greater herbicidal efficacy against Chenopodium
alba plant (Kumar et al. 2017). Particles are 50-90 nm in size with zeta potential
value of —35.9 mV. This nano-herbicide has found to be safe when tested in the cell
lines. It has observed that application of metsulfuron methyl loaded pectin nanopar-
ticles might minimize the herbicidal application with improved efficacy and better
environmental safety.

2.7.1 Silica-Fipronil Nanoparticle

Fipronil, a systemic insecticide, restricts its application in the crop protection man-
agement because of its low solubility, volatility, and mobility in the soil leading to
groundwater contamination. On the other hand, silica is amorphous biocompatible
material that could be used as the nanocarrier for the pesticide delivery in the agri-
cultural field. Fipronil loaded silica nanoparticles (8—44 nm) showed 73% encapsu-
lation efficiency along with prolonged sustained release in vitro (Wibowo et al.
2014). When tested against subterranean termite, Coptotermes acinaciformis, nearly
100% mortality has been observed with prolonged insecticidal effect as compared
with commercial fipronil. This resulted in improved area-wide control of the large
population of termite colonies.
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2.7.2 Solid Lipid Nanoparticles Loaded Atrazine and Simazine
Nanoparticles

Solid lipid nanoparticles (SLNPs) loaded atrazine and simazine herbicides have
been synthesized and characterized along with the evaluation of in vitro release
kinetics and herbicidal efficacy analyses (de Oliveira et al. 2015). Newly synthe-
sized NPs showed better solubility with prolonged release of active constituent
without any premature degradation. Particles have found to be more effective in the
target organism, Raphanus raphanistrum, and do not show any inhibitory effects to
non-target plant, Zea mays.

2.7.3 «a-Pinene and Linalool Loaded Silica Nanoparticles

Terpene compounds like a-pinene and linalool are known to have insect antifeedant
and toxic properties to the herbivorous insects. They have been incorporated into
silica nanoparticles in order to increase their shelf life, suspension stability, and
bioactivity. They have been tested against tobacco cutworm (Spodoptera litura) and
castor semilooper (Achaea janata) under laboratory condition (Rani et al. 2014).

2.7.4 Graphene Oxide -Cu,..Se-Chlorpyrifos Nanoparticle

Specialized nanoparticles like copper selenide grafted in nano-graphene oxide has
been synthesized by the arrested precipitation method and the composite (graphene
oxide-Cu,.Se) has been loaded with the pesticide chlorpyrifos by a solvent evapora-
tion method (Sharma et al. 2017). The final product, i.e., graphene oxide
-Cu,_,Se-chlorpyrifos, has been designed to overcome the problem of drift loss by
runoff. When sprayed on cauliflower leaf, the composite is shown to have more
adhesion to the leaf surface (57%) compared to the commercial chp (34%) as
observed from the standard gas chromatography- mass spectroscopic assay. This is
mainly due to the strong carbon-carbon binding of the composite to the foliar sur-
face of the cauliflower. Along with this, the irregularly layered lamellar surface of
graphene oxide and the protuberance developed on the graphene oxide layer at time
of coating might support the composite to anchor for longer time on the leaf surface.
In addition, the piercing effect by sharp graphene oxide surface provides an extra
support to resist runoff of the chlorpyrifos from the leaf surface. The nanocomposite
has shown greater mortality (80%) compared to conventional chp (50%) when
tested against diuron pest, Pieris rapae. After treatment, the nanoparticle treated
larvae have shown reduction in size and developmental disorder followed by death.
The reason for such a high entomotoxicity may be due to the ability of the nanocom-
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posite to withstand the runoff, enhanced drug uptake and controlled chlorpyrifos
delivery at the site of the action.

2.7.5 Paraquat Loaded Chitosan-Sodium Tripolyphosphate
Nanoparticle

Another group of the researcher has developed a nano-vehicle to deliver paraquat, a
fast-acting non-selective contact herbicide, in targeted maize plant and non-targeted
mustard plant (Grillo et al. 2014). Paraquat has bound with chitosan-sodium tripoly-
phosphate nanocarrier by electrostatic interaction in such a way that a fraction of the
paraquat remains unassociated with the chitosan-sodium tripolyphosphate nano-
matrix. This free part of the component provides initial eradication of the weeds
with subsequent control provided by slower release from nanoparticles. The synthe-
sized nanoparticles are more or stable, spherical in shape and 390-420 nm in size.
When tested in maize plants, leaf necrosis has been observed (Grillo et al. 2014).
This may be due to the strong interaction of active part of the nanocomposite to the
targeted site of the leaf. However, a less pronounced effect of the nanocomposite has
been shown in the non-target mustard plant, which may indicate species-specific
characteristics for the nanocomposite.

2.7.6 Beauvercin Loaded Chitosan Nanoparticle

An insecticidal cyclodepsipeptide, beauvercin, has been loaded to chitosan nanopar-
ticle by ionic gelation method (Bharani et al. 2014) to test its efficacy against
Spodoptera litura under the controlled environment. Particles are 160-230 nm in
size with loading efficiency of 82% and entrapment efficiency of 85%. When tested
against the targeted pest, nanoparticle showed the detrimental effect on the entire
life cycle, though early larval instar stage has found to be the most susceptible one.

2.7.7 Botanical Insecticides

Plant secondary metabolites like alkaloids, phenolics, and terpenoids, have been
used as plant defense agents and/or insect repellents for many years. Because of the
complex structure, botanical extracts exhibit toxicity to the target organisms impair-
ing developmental changes including sterility, reduction in growth and altered
behaviour (de Oliveira et al. 2014). There are several reports showcasing the ento-
motoxic nature of the botanic extracts of siam weed, tobacco, castor oil plants,
Azadirachta indica etc (Boursier et al. 2011; Gomez-Estaca et al. 2012; Amoabeng
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etal. 2014; Kim and Lee 2014). These have been used from the ancient ages against
various pests, like, Plutella xylostella, Brevicoryne brassiceae, Bemisia tabaci,
Spodoptera litoralis. However, a majority of the plant metabolites are been encap-
sulated in micro- and/or nano domain, since these metabolites are poor in the physi-
cochemical stability, high volatility, and thermal instability.

Keeping this in mind, several research groups have aimed to design micro and/or
nanocapsules of secondary plant metabolites in order to make it environmental
friendly yet target specific. Entrapment of botanical extracts into the nanocapsules
potentially can improve biological distribution and persistence of the active compo-
nent at the site of action (Forim et al. 2013). Since size can amplify the pharmaco-
kinetics of the particle in terms of adsorption, uptake, and translocation, metabolism,
and excretion, encapsulation of the botanical extract is believed to preclude entomo-
toxicity to the target pest (Da Costa et al. 2014).

2.7.7.1 Azadiractin Nanoparticle

Farim et al. (2013) has developed poly(€-caprolactone) (PCL) encapsulated azadi-
ractin nanoparticle and tested against P xylostella by spray drying process. Particles
are 245 nm in size, spherical in shape with 98% of encapsulation efficiency. The
synthesized product has been found to be stable under UV radiation and has shown
100% mortality against treated diamond black moth. Similarly, Da Costa et al.
(2014) has also designed azadiractin encapsulated nanocapsules and tested against
bean weevil, Zabrotes subfasciatus. Nanoparticle has shown to have only 20% deg-
radation after 14 days and to be more effective and stable than the commercial
product.

2.7.7.2 Rotenone Nanoparticle

Rotenone, a botanical insecticide extracted from the roots of rhizomes of legumi-
nous family, has been restricted in use because of its water insolubility, instability
under UV light and extreme toxicity to non-target organisms like fishes. Martin
et al. (2013) has encapsulated rotenone into biodegradable polymers like sodium
alginate, polyethylene glycol, and poly-vinyl pyrrolidone. Particles are more or less
spherical in shape, 600—1.5 pm in size with 98-100% of encapsulation efficiency.

2.7.7.3 Carvacrol Nanoparticle

Carvacrol, a phenolic monoterpenoid extracted from the thymes and oregano, is
known to have bactericidal and insecticidal activities. It has been loaded into
chitosan-pentasodium tripolyphosphate matrix in order to investigate the release
kinetics prior to analysis (Woranuch and Yoksan 2013). Encapsulated particles are
40-80 nm in size, spherical in shape, cationic in nature. They show Fickian diffu-
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sion mechanism, since 53%, 23%, 33% of active components are released from the
nanoencapsulation complexes for acetate, phosphate and alkaline phosphate buffer
respectively as demonstrated in 30 days of in vitro study.

2.7.7.4 Eugenol Nanoparticle

Eugenol is extracted from plants of Myrtaceae family like Syzygium aromaticum.
Eugenol has encapsulated into PCL, $-CD, and 2-hydroxypropyl- f-CD (2-HP-
B-CD) irrespectively (Choi et al. 2009). Particles are 320 nm in size with the encap-
sulation efficiency of 89.1-100%.

2.7.8 Encapsulation of Essential Oil

Lai et al. (2006) has loaded essential oil of Artemisia arborescens into solid lipid
nanoparticles. Particles are 200 nm in size and stable for 2 months. Solid lipid
nanoparticles help to reduce the evaporation of the essential oil which might increase
the potential of the oil for use as a botanical pesticide in agriculture. Similarly, Yang
et al. (2009) has encapsulated essential oil of garlic into polyethylene glycol via
fusion-dispersion method and tested against adult beetles under controlled condi-
tions. Nanoparticles are spherical in shape and 240 nm in size with 80% of encap-
sulation efficiency. Nanoparticles have shown better entomotoxicity (80% mortality)
compared to essential oil (11% mortality). Likewise, Abreu et al. (2012) have devel-
oped chitosan-pepper-rosmarin encapsulation complex (335-558 nm). When tested
against Aedes aegypti, 75% mortality has been observed after 48 h of treatment,
whereas 90% mortality has documented after 72 h of treatment.

2.8 Elemental and Specialized Nanoparticles
as Nanopesticides

The main characteristics of nanopesticides are the small size and high surface area
by volume ratio which allow chemical reactions to be performed more efficiently
and precisely in the biological domain. These promote a high diffusion rate of an
active component of the nanopesticide; enhanced elasticity; surface free energy; and
compressibility (even at elevated temperature) (Chen et al. 2009). Simultaneously,
nanoparticle-mediated adsorption enhances the crystal growth and decreases sur-
face free energy resulting the nanopesticides to be more stable (Zhang et al. 2009).
Therefore, several specialized nanopesticides with novel properties have been syn-
thesized within the last 5 years in order to reduce the high agricultural burden.
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2.8.1 Silica Nanoparticle

Amorphous silica nanoparticle is considered as a biocompatible and biosafe material
as approved by US Food and Drug Administration (Ayoub et al. 2017). Therefore it
could be used as a good pest control agent against cotton leaf worm (Spodoptera lit-
toralis). Particles have shown better entomotoxicity compared to commercial silica,
as tested following topical application, residual or surface contact and immersion
feeding bioassay protocols. A high mortality rate has been observed after nanopar-
ticle treatment; 29.6% after 1st day treatment to 96% after the 3rd day of exposure.
Nanoparticles treated pupa have shown malformed structures and even adult emer-
gence has found to be restricted (Ayoub et al. 2017). The main reason for such a
response is mainly due to impairment of the digestive tract and surface enlargement
of the insect integument resulting in dehydration. Reduction in both carbohydrate
and protein content of the nanoparticles treated larvae results in pupal malformation;
as a consequence of this, treated insects are unlikely to be genetically selected.

2.8.2 Silver Nanoparticles and Nanoalumina

Silver nanoparticles (14-28 nm), synthesized from pomegranate peel extract, have
tested against Spodoptera litura as well as on SF-21 cell line (Bharani and
Namasivayam 2017). Effective growth reduction in dose-dependent manner has
been observed in nanoparticles-treated cell line. Besides, the mortality rate of silver
nanoparticles treated pests has been found to be varied between 16.4% and 86.4%,
8.41% and 78.4%, 4.3% and 61.3%, 3.7% and 58.2% for the second, third, fourth,
fifth and sixth instars of larvae respectively, at 10-100 pg of silver nanoparticles
concentrations. A similar type of dose dependency has been observed when a
mixture of silver nanoparticles, zinc oxide (ZnO) nanoparticles and titanium oxide
nanoparticles (TiO, NP) has been applied to the S /ifura (Rouhani et al. 2012). There
has been a reduced larval, pupal period, adult emergence and adult longevity with
respect to control. A similar effect has been seen when nano alumina (150 nm),
synthesized by the glycine-nitrate combustion process, has been tested on store
grain pests, viz., Sitophilus oryzae, Rhyzopertha dominica. A greater mortality rate
has been observed in S oryzae than R dominica (Buteler et al. 2015). A similar pat-
tern of results has been observed, when silver nanoparticle, biosynthesized from the
foliar extract of Ficus religiosa and F benghalensis, has been tested on insecticidal
resistant gram caterpillar, Helicoverpa armigera (Kantrao et al. 2017). A decrease
in larval weight and longevity has been observed after nanoparticles treatment. The
silver nanoparticles have shown to inhibit the gut protease activity at higher concen-
tration. Silver nanoparticle facilitates the conformational changes in the gut prote-
ase due to exposure of more tyrosine residue into the gut digestive cocktails leading
to no substrate available for the binding of the protease (Kantrao et al. 2017). This
might lead to the innovation of new pest control management strategy in the course
of sustainable agricultural practices.
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2.8.3 Iron Oxide Nanoparticle

Iron oxide nanoparticles have tested on Bt-transgenic cotton plant along with the
conventional cotton plant for 10 days to understand the physiological and insecti-
cidal activities of the nanoparticles on the targeted model plants (Nhan et al. 2016).
Nanoparticles treated transgenic plants have shown reduction in plant height and
root length, whereas nanoparticle has promoted root hair growth and biomass in
non-transgenic plants. Interestingly, Bt toxin content in both leaves and roots of the
transgenic plants has been found to be elevated after nanoparticles treatment. Iron
oxide nanoparticles are taken up by the roots and subsequently transported to the
shoot in both transgenic and non-transgenic plants as observed in transmission elec-
tron microscope.

Calcium carbonate nanoparticles have come out as a potent nanopesticide, as it
has shown the detrimental effect on California red scale (Aonidiella auranti) and
oriental fruit flies (Bactrocera dorsalis) with respect to colloidal calcium carbonate
(Hua et al. 2015). Nickel nanoparticles have isolated from the methanolic extract of
Cocos nucifera and tested against Callasobruchus maculate (Elango et al. 2016).
About 97.31% of mortality has been observed and the result is favourably better
than commercially available standard azadiractin.

2.8.4 Gold-Ferbam Nanoparticles

Ferbam, a non-systematic pesticide, has been conjugated with gold nanoparticles
and sprayed on the upper surface of the tea leaves (Hou et al. 2016).It was observed
that 30 nm gold nanoparticle-ferbam penetrates more rapidly compared to the com-
mercial ferbam to a depth of 190 pm.

Herein, we have discussed the unprecedented advantages of nanopesticides in
the agricultural perspectives. However, little attention has been paid to the mode of
action studies of these nanoparticles with respect to insect physiology. In the inver-
tebrate system, pH of the gut digestive cocktail ranges from 6 to 11 (Khandelwal
et al. 2015). This is the reason why the majority of the commercial pesticides fail to
retain their insecticidal properties for a long time. They are prone to degrade in the
milieu leading to the development of resistant to the targeted pest. ‘Smart” pH-
responsive targeted nanopesticide can easily cross the barrier of pH gradient inside
the insect gut and resides in the oxidation-reduction state in the gut environment for
a certain period of time (Khandelwal et al. 2015). Inside the gut, nanoparticle inevi-
tably interacts with the serine protease (active at alkaline pH) or cysteine protease
(active in acidic pH) and forms a “corona” like structure that protects from the
undesirable degradation (Nel et al. 2009). Physicochemical properties of nanopar-
ticles (size, shape, surface charge, hydrophobicity and surface chemistry) mostly
affect the selectivity and specificity of the nanoparticles-protein interaction inside
the gut environment. As a whole, this interaction of nanoparticles with the protease
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enzymes within the gut microenvironment determines the release, retention, and
toxicity of the nanopesticides.

2.9 Actual Concerns about Nanopesticides

The main concern with these new-age pesticides arises whether engineered nanopes-
ticides cause specific interaction within the ecosystem and therefore renders adverse
effect in plants as well as on the ecosystem and/or disturbs the equilibrium of the
food chain (Kah et al. 2013; Dev et al. 2018; Kaphle et al. 2018). Presence of engi-
neered nanomaterials in the human tissues might develop adverse effects like devel-
opmental abnormalities, infertility, and disturbance in brain and muscle activity,
stress and endocrine-related problems in mammalian systems (Meredith et al. 2016;
Kumar et al. 2017). Proper physiochemical characterizations have to be documented
for the safe manufacturing practices and product testing prior to the commercializa-
tion in order to avoid any undesirable side-effects on the environment as well as
human health (Sardoiwala et al. 2018; Chowdhury et al. 2017). Therefore, it is
essential to quantify as well as qualify the risks associated with the application of
pesticides in the environment beforehand. Rules and regulation of pest management
systems must be reformed in respect to newly developed nano-pesticidal com-
pounds in the light of: (i) potential risk of the newly developed compounds to the
mammalian system and environment, (ii) if not the existing model system is ade-
quate to analyse all the criteria, new model system and/or new protocols and guide-
lines must be introduced, (iii) detailed characterization of the compound must be
published by the agrochemical industries, so that farmers should be aware of the
chemical and take precautions before its application. It is very important to note that
engineered nanomaterials often undergo chemical modifications on the basis of dis-
persion and agglomeration over time. However, the concentration of the nanoparti-
cles as well as several environmental factors like pH, ionic strength of the medium
play important role in it. Thus, documentation of physicochemical characterization
of nanopesticides at different levels of the environmental life cycle and detailed
analysis of fate and effect studies are mandatory for the betterment of agricultural
sustainable practices.

2.10 Conclusion

Introduction of engineered nanomaterials as nanopesticides into the agricultural
practice provides unprecedented advantages over past crop protection tactics.
Whether traditional methods of crop protection (crop rotation) or application of dif-
ferent types of plant protection products like chemical pesticides, botanical extracts,
biological control agents and/or transgenic and genetic engineering approaches,
agricultural pests inevitably quell the challenges and revert back to their original
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state of action. In accordance with the current scenario, it is highly recommended to
design a novel class of compounds with a unique mode of action so that they can
circumscribe all the hindrances reinforced by the agricultural pest. In this regard,
nanopesticides have shown detrimental effects against target pathogens and protects
the agricultural crops from further attack pathogen. However, it is essential to note
that toxicological aspect of the newly synthesized pesticides should be carefully
evaluated prior to commercialization. Integration of nanopesticides into the multi-
ple pest suppression and crop protection techniques must be carried out for the
development of sustainable long-term crop protection management.

Acknowledgement This work was generously supported by major grant from the Food security-
MHRD, Government of India (Grant No: 4-25/2013-TS-1) for providing financial support.

References

Abreu FOMS, Oliveira EF, Paula HCB, de Paula RCM (2012) Chitosan/cashew gum nanogels
for essential oil encapsulation. Carbohydr Polym 89:1277-1282. https://doi.org/10.1016/].
carbpol.2012.04.048

Amoabeng BW, Gurr GM, Gitau CW, Stevenson PC (2014) Cost: benefit analysis of botanical
insecticide use in cabbage: implications for smallholder farmers in developing countries. Crop
Prot 57:71-76. https://doi.org/10.1016/j.cropro.2013.11.019

Atta S, Bera M, Chattopadhyay T, Paul A, Ikbal M, Maiti MK, Singh NDP (2015) Nano-pesticide
formulation based on fluorescent organic photoresponsive nanoparticles: for controlled release
of 2,4-D and real time monitoring of morphological changes induced by 2,4-D in plant sys-
tems. RSC Adv 5:86990-86996. https://doi.org/10.1039/C5RA17121K

Ayoub HA, Khairy M, Rashwan FA, Abdel-Hafez HF (2017) Synthesis and characterization of
silica nanostructures for cotton leaf worm control. J Nanostruct Chem 7:91-100. https://doi.
org/10.1007/s40097-017-0229-2

Bakshi S, He Z, Harris WG (2015) Natural nanoparticles: implications for environment and human
health. Crit Rev Environ Sci Technol 45:861-904. https://doi.org/10.1080/10643389.2014.92
1975

Bharani RSA, Namasivayam SKR (2017) Biogenic silver nanoparticles mediated stress on devel-
opmental period and gut physiology of major lepidopteran pest Spodoptera litura (Fab.)
(Lepidoptera: Noctuidae)—an eco-friendly approach of insect pest control. J Environ Chem
Eng 5:453-467

Bharani RSA, Namasivayam SKR, Shankar SS (2014) Biocompatible chitosan nanoparticles
incorporated pesticidal protein Beauvericin (Csnp-Bv) preparation for the improved Pesticidal
activity against major groundnut defoliator Spodoptera Litura (Fab.) (Lepidoptera; Noctuidae).
Int J ChemTech Res 6:5007-5012

Boursier CM, Bosco D, Coulibaly A, Negre M (2011) Are traditional neem extract preparations
as efficient as a commercial formulation of azadirachtin a? Crop Prot 30:318-322. https://doi.
org/10.1016/j.cropro.2010.11.022

Buteler M, Sofie SW, Weaver DK, Driscoll D, Muretta J, Stadler T (2015) Development of nano-
alumina dust as insecticide against Sitophilus oryzae and Rhyzopertha dominica. Int J Pest
Manage 61:80-89. https://doi.org/10.1080/09670874.2014.1001008

Chandra S, Pradhan S, Mitra S, Patra P, Bhattacharya A, Pramanik P, Goswami A (2014) High
throughput electron transfer from aminated carbon dots to the chloroplast: a rationale of
enhanced photosynthesis. Nanoscale 6:3647-3655. https://doi.org/10.1039/c3nr06079a


https://doi.org/10.1016/j.carbpol.2012.04.048
https://doi.org/10.1016/j.carbpol.2012.04.048
https://doi.org/10.1016/j.cropro.2013.11.019
https://doi.org/10.1039/C5RA17121K
https://doi.org/10.1007/s40097-017-0229-2
https://doi.org/10.1007/s40097-017-0229-2
https://doi.org/10.1080/10643389.2014.921975
https://doi.org/10.1080/10643389.2014.921975
https://doi.org/10.1016/j.cropro.2010.11.022
https://doi.org/10.1016/j.cropro.2010.11.022
https://doi.org/10.1080/09670874.2014.1001008
https://doi.org/10.1039/c3nr06079a

2 Nanopesticides for Pest Control 69

Chen B, Zhang H, Dunphy-Guzman KA, Spagnoli D, Kruger MB, Muthu DVS, Kunz M, Fakra S,
Hu JZ, Guo QZ, Banfield JF (2009) Size-dependent elasticity of nanocrystalline titania. Phys
Rev B 79:125406. https://doi.org/10.1103/PhysRevB.79.125406

Chhipa H (2017) Nanofertilizers and nanopesticides for agriculture. Environ Chem Lett 15:15-22.
https://doi.org/10.1007/s10311-016-0600-4

Choi MJ, Soottitantawat A, Nuchuchua O, Min SG, Ruktanonchai U (2009) Physical and light
oxidative properties of eugenol encapsulated by molecular inclusion and emulsion—diffusion
method. Food Res Int 42:148-156. https://doi.org/10.1016/j.foodres.2008.09.011

Choudhury SR, Pradhan S, Goswami A (2012) Preparation and characterisation of acephate nano-
encapsulated complex. Nanosci Methods 1:9-15. https://doi.org/10.1080/17458080.2010.533
443

Chowdhury P, Gogoi M, Borchetia S, Bandyopadhyay T (2017) Nanotechnology applications
and intellectual property rights in agriculture. Environ Chem Lett 15:413-419. https://doi.
0rg/10.1007/s10311-017-0632-4

Christofoli M, Costa ECC, Bicalho KU, Domingues VC, Peixoto MF, Alves CCF, Aratjo WL,
Cazal CM (2015) Insecticidal effect of nanoencapsulated essential oils from Zanthoxylum
rhoifolium (Rutaceae) in Bemisia tabaci populations. Ind Crop Prod 70:301-308. https://doi.
org/10.1016/j.indcrop.2015.03.025

Da Costa JT, Forim MR, Costa ES, De Souza JR, Mondego JM, Boica Junior AL (2014) Effects of
different formulations of neem oil-based products on control Zabrotes subfasciatus (Coleoptera:
Bruchidae) on beans. J Stored Prod Res 56:49-53. https://doi.org/10.1016/].jspr.2013.10.004

Dev A, Srivastava AK, Karmakar S (2018) Nanomaterial toxicity for plants. Environ Chem Lett
16:85-100. https://doi.org/10.1007/s10311-017-0667-6

Dubey A, Mailapalli DR (2016) Nanofertilisers, nanopesticides, nanosensors of pest and nanotox-
icity in agriculture. Sustain Agric Rev. Chapter 07 19:307-330

Elango G, Roopan SM, Dhamodaran KI, Elumalai K, Al-Dhabi NA, Arasu MV (2016) Spectroscopic
investigation of biosynthesized nickel nanoparticles and its larvicidal, pesticidal activities.
J Photochem Photobiol B 162:162-167. https://doi.org/10.1016/j.jphotobiol.2016.06.045

Farim MR, Costa ES, da Silva MF, Das GF, Fernandes JB, Mondego JM, Boica Junior AL (2013)
Development of a new method to prepare nano—/microparticles loaded with extracts of
Azadirachta indica, their characterization and use in controlling Plutella xylostella. J Agric
Food Chem 61:9131-9139. https://doi.org/10.1021/jf403187y

Feng B, Zhang Z (2011) Carboxymethy chitosan grafted Ricinoleic acid group for Nanopesticide
carriers. Adv  Mater Res 36:1783-1788. https://doi.org/10.4028/www.scientific.net/
AMR.236-238.1783

Ghafariyan MH, Malakouti MJ, Dadpour MR, Stroeve P, Mahmoudi M (2013) Effects of magne-
tite nanoparticles on soybean chlorophyll. Environ Sci Technol 47:10645-10652. https://doi.
org/10.1021/es402249b

Ghormade V, Deshpande MV, Paknikar KM (2011) Perspectives for nano-biotechnology enabled
protection and nutrition of plants. Biotechnol Adv 29:792-803. https://doi.org/10.1016/].
biotechadv.2011.06.007

Gillet FX, Garcia RA, Macedo LLPP, Albuquerque EVS, Silva MCM, Grossi-de-Sa MF (2017)
Investigating engineered ribonucleoprotein particles to improve oral RNAi delivery in crop
insect pests. Front Physiol 8:1-14. https://doi.org/10.3389/fphys.2017.00256

Gomez-Estaca J, Balaguer MP, Gavara R, Hernandez-Munoz P (2012) Formation of zein nanopar-
ticles by electrohydrodynamic atomization: effect of the main processing variables and suit-
ability for encapsulating the food coloring and active ingredient curcumin. Food Hydrocoll
28:82-91. https://doi.org/10.1016/j.foodhyd.2011.11.013

Gonzilez JOW, Gutiérrez MM, Ferrero AA, Band BB (2014) Essential oils nanoformulations
for stored-product pest control — characterization and biological properties. Chemosphere
100:130-138. https://doi.org/10.1016/j.chemosphere.2013.11.056

Grillo R, Pereira AES, Nishisaka CS, de Lima R, Oehlke K, Greiner R, Fraceto LF (2014)
Chitosan/tripolyphosphate nanoparticles loaded with paraquat herbicide: an environmentally


https://doi.org/10.1103/PhysRevB.79.125406
https://doi.org/10.1007/s10311-016-0600-4
https://doi.org/10.1016/j.foodres.2008.09.011
https://doi.org/10.1080/17458080.2010.533443
https://doi.org/10.1080/17458080.2010.533443
https://doi.org/10.1007/s10311-017-0632-4
https://doi.org/10.1007/s10311-017-0632-4
https://doi.org/10.1016/j.indcrop.2015.03.025
https://doi.org/10.1016/j.indcrop.2015.03.025
https://doi.org/10.1016/j.jspr.2013.10.004
https://doi.org/10.1007/s10311-017-0667-6
https://doi.org/10.1016/j.jphotobiol.2016.06.045
https://doi.org/10.1021/jf403187y
https://doi.org/10.4028/www.scientific.net/AMR.236-238.1783
https://doi.org/10.4028/www.scientific.net/AMR.236-238.1783
https://doi.org/10.1021/es402249b
https://doi.org/10.1021/es402249b
https://doi.org/10.1016/j.biotechadv.2011.06.007
https://doi.org/10.1016/j.biotechadv.2011.06.007
https://doi.org/10.3389/fphys.2017.00256
https://doi.org/10.1016/j.foodhyd.2011.11.013
https://doi.org/10.1016/j.chemosphere.2013.11.056

70 S. Pradhan and D. R. Mailapalli

safer alternative for weed control. J Hazard Mater 278:163—171. https://doi.org/10.1016/j.
jhazmat.2014.05.079

Guo P, Sikdar D, Huang X, Si KJ, Xiong W, Gong S, Yap LW, Premaratne M, Cheng W (2015)
Plasmonic core-shell nanoparticles for SERS detection of the pesticide thiram: size- and
shape-dependent Raman enhancement. Nanoscale 7:2862-2868. https://doi.org/10.1039/
C4NRO06429A

Gupta PK (2007) Toxicity of herbicides. In: Gupta RC (ed) Veterinary toxicology: basic and clinic
principles. Elsevier, Boston, pp 567-586

Hou R, Zhang Z, Pang S, Yang T, Clark JM, He L (2016) Alteration of the nonsystemic behavior
of the pesticide ferbam on tea leaves by engineered gold nanoparticles. Environ Sci Technol
50:6216-6223. https://doi.org/10.1021/acs.est.6b01336

Hua K, Wang H, Chung R, Hsu J (2015) Calcium carbonate nanoparticles can enhance plant
nutrition and insect pest tolerance. J Pestic Sci 40:208-213. https://doi.org/10.1584/jpestics.
D15-025

Joga MR, Zotti MJ, Smagghe G, Christiaens O (2016) RNAI efficiency, systemic properties, and
novel delivery methods for pest insect control: what we know so far. Front Physiol 7:1-14.
https://doi.org/10.3389/fphys.2016.00553

Kah M, Hofmann T (2014) Nanopesticide research: current trends and future priorities. Environ
Int 63:224-235. https://doi.org/10.1016/j.envint.2013.11.015

Kah M, Beulke S, Tiede K, Hofmann T (2013) Nanopesticides: state of knowledge, environmental
fate, and exposure modeling. Crit Rev Environ Sci Technol 43:1823-1867. https://doi.org/10.
1080/10643389.2012.671750

Kamari A, Aljafree NFA, Yusoff SNM (2016) Oleoyl-carboxymethyl chitosan as a new carrier
agent for the rotenone pesticide. Environ Chem Lett 14:417-422. https://doi.org/10.1007/
s10311-016-0550-x

Kang TF, Wang F, Lu LP, Zhang Y, Liu TS (2010) Methy! parathion sensors based on gold nanopar-
ticles and Nafion film modified glassy carbon electrodes. Sensor Actuat B-Chem 145:104—109.
https://doi.org/10.1016/j.snb.2009.11.038

Kantrao S, Ravindra MA, Akbar SMD, Jayanthi PDK, Venkataraman A (2017) Effect of biosynthe-
sized silver nanoparticles on growth and development of Helicoverpa armigera (Lepidoptera:
Noctuidae): interaction with midgut protease. J Asia Pac Entomol 20:583-589. https://doi.
org/10.1016/j.aspen.2017.03.018

Kaphle A, Navya PN, Umapathi A, Daima HK (2018) Nanomaterials for agriculture, food and
environment: applications, toxicity and regulation. Environ Chem Lett 16:43-58. https://doi.
org/10.1007/s10311-017-0662-y

Katoch R, Sethi A, Thakur N, Murdock LL (2013) RNAIi for insect control: current perspec-
tive and future challenges. Appl Biochem Biotechnol 171:847-873. https://doi.org/10.1007/
$12010-013-0399-4

Khandelwal N, Doke DS, Khandare JJ, Jawale PV, Biradar AV, Giri AP (2015) Bio-physical evalu-
ation and in vivo delivery of plant proteinase inhibitor immobilized on silica nanospheres.
Colloids Surf B Biointerfaces 130:84-92. https://doi.org/10.1016/j.colsurfb.2015.03.060

Kim SI, Lee DW (2014) Toxicity of basil and orange essential oils and their components against
two coleopteran stored products insect pests. J Asia Pac Entomol 17:13-17. https://doi.
org/10.1016/j.aspen.2013.09.002

Kim J, Oh'Y, Yoon H, Hwang I, Chang Y (2015) Iron nanoparticle-induced activation of plasma
membrane H+-ATPase promotes stomatal opening in Arabidopsis thaliana. Environ Sci
Technol 49:1113-1119. https://doi.org/10.1021/es504375t

Kitzmann P, Schwirz J, Schmitt-Engel C, Bucher G (2013) RNAi phenotypes are influ-
enced by the genetic background of the injected strain. BMC Genome:14. https:/doi.
org/10.1186/1471-2164-14-5

Kookana RS, Boxall ABA, Reeves PT, Ashauer R, Beulke S, Chaudhry Q, Cornelis G, Fernandes
TF, Gan J, Kah M, Lynch I, Ranville J, Sinclair C, Spurgeon D, Tiede K, Van den Brink PJ


https://doi.org/10.1016/j.jhazmat.2014.05.079
https://doi.org/10.1016/j.jhazmat.2014.05.079
https://doi.org/10.1039/C4NR06429A
https://doi.org/10.1039/C4NR06429A
https://doi.org/10.1021/acs.est.6b01336
https://doi.org/10.1584/jpestics.D15-025
https://doi.org/10.1584/jpestics.D15-025
https://doi.org/10.3389/fphys.2016.00553
https://doi.org/10.1016/j.envint.2013.11.015
https://doi.org/10.1080/10643389.2012.671750
https://doi.org/10.1080/10643389.2012.671750
https://doi.org/10.1007/s10311-016-0550-x
https://doi.org/10.1007/s10311-016-0550-x
https://doi.org/10.1016/j.snb.2009.11.038
https://doi.org/10.1016/j.aspen.2017.03.018
https://doi.org/10.1016/j.aspen.2017.03.018
https://doi.org/10.1007/s10311-017-0662-y
https://doi.org/10.1007/s10311-017-0662-y
https://doi.org/10.1007/s12010-013-0399-4
https://doi.org/10.1007/s12010-013-0399-4
https://doi.org/10.1016/j.colsurfb.2015.03.060
https://doi.org/10.1016/j.aspen.2013.09.002
https://doi.org/10.1016/j.aspen.2013.09.002
https://doi.org/10.1021/es504375t
https://doi.org/10.1186/1471-2164-14-5
https://doi.org/10.1186/1471-2164-14-5

2 Nanopesticides for Pest Control 71

(2014) Nanopesticides: guiding principles for regulatory evaluation of environmental risks.
J Agric Food Chem 62:4227-4240. https://doi.org/10.1021/j£500232f

Kumar S, Chauhan N, Gopal M, Kumar R, Dilbaghi N (2015) Development and evaluation of
alginate—chitosan nanocapsules for controlled release of acetamiprid. Int J Biol Macromol
81:631-637. https://doi.org/10.1016/j.ijbiomac.2015.08.062

Kumar S, Bhanjana G, Sharma A, Dilbaghi N, Sidhu MC, Kim K (2017) Development of nanofor-
mulation approaches for the control of weeds. Sci Total Environ 586:1272—1278. https://doi.
org/10.1016/j.scitotenv.2017.02.138

Kumaravel A, Chandrasekaran M (2011) A biocompatible nano TiO,/nafion composite modified
glassy carbon electrode for the detection of fenitrothion. J Electroanal Chem 650:163—170.
https://doi.org/10.1016/j.jelechem.2010.10.013

Kuswandi B (2018) Nanobiosensor approaches for pollutant monitoring. Environ Chem Lett.
https://doi.org/10.1007/s10311-018-00853-x

Lai F, Wissing SA, Miiller RH, Fadda AM (2006) Artemisia arborescens L. essential oil-loaded
solid lipid nanoparticles for potential agricultural application: preparation and characterization.
AAPS PharmSciTech 7:E10-E18. https://doi.org/10.1208/pt070102

Lichtfouse E, Schwarzbauer J, Robert D (2005) Environmental chemistry green chemistry and
pollutants in ecosystems. Springer, Berlin. https://doi.org/10.1007/b137751

Lin D, Xing B (2007) Phytotoxicity of nanoparticles: inhibition of seed germination and root
growth. Environ Pollut 150:243-250. https://doi.org/10.1016/j.envpol.2007.01.016

Lin P, Lin S, Wang PC, Sridhar R (2014) Techniques for physicochemical characterization of
nanomaterials. Biotechnol Adv 32:711-726. https://doi.org/10.1016/j.biotechadv.2013.11.006

Liu S, Yuan L, Yue X, Zheng Z, Tang Z (2008) Recent advances in nanosensors for organo-
phosphate pesticide detection. Adv Powder Technol 19:419-441. https://doi.org/10.1016/
S0921-8831(08)60910-3

Liu W, Yao J, Cai M, Chai H, Zhang C, Sun J, Chandankere R, Masakorala K (2014) Synthesis of
a novel nanopesticide and its potential toxic effect on soil microbial activity. J] Nanopart Res
16:1-13. https://doi.org/10.1007/s11051-014-2677-7

Liu X, He B, Xu Z, Yin M, Yang W, Zhang H, Cao J, Shen J (2015) A functionalized fluorescent
dendrimer as a pesticide nanocarrier: application in pest control. Nanoscale 7:445-449. https://
doi.org/10.1039/C4NR05733C

Mamta B, Rajam MV (2017) RNAI technology: a new platform for crop pest control. Physiol Mol
Biol Plants. https://doi.org/10.1007/s12298-017-0443-x

Martin L, Liparoti S, Della Porta G, Adami R, Marqués JL, Urieta JS (2013) Rotenone coprecipi-
tation with biodegradable polymers by supercritical assisted atomization. J Supercrit Fluids
81:48-54. https://doi.org/10.1016/j.supflu.2013.03.032

Mehrazar E, Rahaie M, Rahaie S (2015) Application of nanoparticles for pesticides, herbicides,
fertilisers and animals feed management. Int J Nanoparticles 8:1-19. https://doi.org/10.1504/
IJNP.2015.070339

Memarizadeh N, Ghadamyari M, Adeli M, Talebi K (2014a) Linear-dendritic copolymers/indox-
acarb supramolecular systems: biodegradable and efficient nano-pesticides. Environ Sci:
Processes Impacts 16:2380-2389. https://doi.org/10.1039/c4em00321¢g

Memarizadeh N, Ghadamyari M, Adeli M, Talebi K (2014b) Preparation, characterization and
efficiency of nanoencapsulated imidacloprid under laboratory conditions. Ecotoxicol Environ
Saf 107:77-83. https://doi.org/10.1016/j.ecoenv.2014.05.009

Meredith AN, Harper B, Harper SL (2016) The influence of size on the toxicity of an encapsulated
pesticide: a comparison of micron- and nano-sized capsules. Environ Int 6:68—74. https://doi.
org/10.1016/j.envint.2015.10.012

Nair RR, Blake P, Grigorenko AN, Novoselov KS, Booth TJ, Stauber T, Peres NMR, Geim AK
(2008) Fine structure constant defines visual transparency of graphene. Science 320:1308.
https://doi.org/10.1126/science.1156965


https://doi.org/10.1021/jf500232f
https://doi.org/10.1016/j.ijbiomac.2015.08.062
https://doi.org/10.1016/j.scitotenv.2017.02.138
https://doi.org/10.1016/j.scitotenv.2017.02.138
https://doi.org/10.1016/j.jelechem.2010.10.013
https://doi.org/10.1007/s10311-018-00853-x
https://doi.org/10.1208/pt070102
https://doi.org/10.1007/b137751
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1016/j.biotechadv.2013.11.006
https://doi.org/10.1016/S0921-8831(08)60910-3
https://doi.org/10.1016/S0921-8831(08)60910-3
https://doi.org/10.1007/s11051-014-2677-7
https://doi.org/10.1039/C4NR05733C
https://doi.org/10.1039/C4NR05733C
https://doi.org/10.1007/s12298-017-0443-x
https://doi.org/10.1016/j.supflu.2013.03.032
https://doi.org/10.1504/IJNP.2015.070339
https://doi.org/10.1504/IJNP.2015.070339
https://doi.org/10.1039/c4em00321g
https://doi.org/10.1016/j.ecoenv.2014.05.009
https://doi.org/10.1016/j.envint.2015.10.012
https://doi.org/10.1016/j.envint.2015.10.012
https://doi.org/10.1126/science.1156965

72 S. Pradhan and D. R. Mailapalli

Nel AE, Médler L, Velegol D, Xia T, Hoek EM, Somasundaran P, Klaessig F, Castranova V,
Thompson M (2009) Understanding biophysicochemical interactions at the nanobio interface.
Nat Mater 8:543-557. https://doi.org/10.1038/nmat2442

Nhan LV, Ma C, Rui Y, Cao W, Deng Y, Liu L, Xing B (2016) The effects of Fe,O; nanoparticles
on physiology and insecticide activity in non-transgenic and Bt-transgenic cotton. Front Plant
Sci 6:1-12. https://doi.org/10.3389/fpls.2015

Noji T, Suzuki H, Gotoh T, Iwai M, Ikeuchi M, Tomo T, Noguchi T (2011) Photosystem II-gold
nanoparticle conjugate as a nanodevice for the development of artificial light-driven water-
splitting systems. J Phys Chem Lett 2:2448-2452. https://doi.org/10.1021/jz201172y

Nuruzzaman M, Rahman MM, Liu Y, Naidu R (2016) Nanoencapsulation, nano-guard for pes-
ticides: a new window for safe application. J Agric Food Chem 64:1447-1483. https://doi.
org/10.1021/acs.jafc.5b05214

de Oliveira JL, Campos EVR, Bakshi M, Abhilash PC, Fraceto LF (2014) Application of nanotech-
nology for the encapsulation of botanical insecticides for sustainable agriculture: prospects and
promises. Biotechnol Adv 32:1550-1561. https://doi.org/10.1016/j.biotechadv.2014.10.010

de Oliveira JL, Campos EVR, da Silva CMG, Pasquoto T, Lima R, Fraceto LF (2015) Solid lipid
nanoparticles co-loaded with simazine and atrazine: preparation, characterization, and evalua-
tion of herbicidal activity. J] Agric Food Chem 63:422—432. https://doi.org/10.1021/j£5059045

Oliveira HC, Stolf-Moreira R, Martinez CBR, Sousa GFM, Grillo R, deJesus MB, Fraceto LF
(2015) Evaluation of the side effects of poly(epsilon-caprolactone) nanocapsules containing
atrazine toward maize plants. Front Chem 3:1-9. https://doi.org/10.3389/fchem.2015.00061

Pandey S, Giri K, Kumar R, Mishra G, Rishi RR (2016) Nanopesticides: opportunities in crop pro-
tection and associated environmental risks. Proc Natl Acad Sci India Sect B Biol Sci. https://
doi.org/10.1007/s40011-016-0791-2

Pang Z, Hu CJ, Fang RH, Luk BT, Gao W, Wang F, Chuluun E, Angsantikul P, Thamphiwatana S,
Lu W, Jiang X, Zhang L (2015) Detoxification of organophosphate poisoning using nanopar-
ticle bioscavengers. ACS Nano 9:6450-6458. https://doi.org/10.1021/acsnano.5b02132

Papanikolaou NE, Kalaitzaki A, Karamaouna F, Michaelakis A, Papadimitriou V, Dourtoglou V,
Papachristo DP (2017) Nano-formulation enhances insecticidal activity of natural pyrethrins
against Aphis gossypii (Hemiptera: Aphididae) and retains their harmless effect to non-target
predators. Environ Sci Pollut Res. https://doi.org/10.1007/s11356-017-8596-2

Pereira LC, de Souza AO, Franco Bernardes MF, Pazin M, Tasso MJ, Pereira PH, Dorta DJ (2015)
A perspective on the potential risks of emerging contaminants to human and environmental
health. Environ Sci Pollut Res Int 22:13800-13823. https://doi.org/10.1007/s11356-015-4896-6

Pradhan S, Patra P, Das S, Chandra S, Mitra S, Dey K, Akbar S, Palit P, Goswami A (2013a)
A detailed molecular biochemical and biophysical study of manganese nanoparticles, a new
nano modulator of photochemistry on plant model, Vigna radiata and its biosafety assessment.
Environ Sci Technol 47:13122—-13131. https://doi.org/10.1021/es402659t

Pradhan S, Roy I, Lodh G, Patra P, Choudhury SR, Samanta A, Goswami A (2013b) Entomotoxicity
and biosafety assessment of PEGylated acephate nanoparticles: a biologically safe alternative
to neurotoxic pesticides. J Environ Sci Health B 8:559-569. https://doi.org/10.1080/0360123
4.2013.774891

Pradhan S, Patra P, Mitra S, Dey KK, Jain S, Sarkar S, Roy S, Palit P, Goswami A (2014)
Manganese nanoparticle: impact on non-nodulated plant as a potent enhancer in nitrogen
metabolism and toxicity study both in vivo and in vitro. J Agric Food Chem 62:8777-8785.
https://doi.org/10.1021/j502716¢

Pradhan S, Patra P, Mitra S, Dey KK, Basu S, Chandra S, Palit P, Goswami A (2015) Physiological,
biochemical and biophysical assessment in Vigna radiata by CuNP nanochain array: a new
approach for crop improvement. J Agric Food Chem 63:2606-2617. https://doi.org/10.1021/
jf504614w

Qu F, Zhou X, Xu J, Li H, Xie G (2009) Luminescence switching of CdTe quantum dots in pres-
ence of p-sulfonatocalix[4] arene to detect pesticides in aqueous solution. Talanta 78:1359—
1363. https://doi.org/10.1016/j.talanta.2009.02.013


https://doi.org/10.1038/nmat2442
https://doi.org/10.3389/fpls.2015
https://doi.org/10.1021/jz201172y
https://doi.org/10.1021/acs.jafc.5b05214
https://doi.org/10.1021/acs.jafc.5b05214
https://doi.org/10.1016/j.biotechadv.2014.10.010
https://doi.org/10.1021/jf5059045
https://doi.org/10.3389/fchem.2015.00061
https://doi.org/10.1007/s40011-016-0791-2
https://doi.org/10.1007/s40011-016-0791-2
https://doi.org/10.1021/acsnano.5b02132
https://doi.org/10.1007/s11356-017-8596-2
https://doi.org/10.1007/s11356-015-4896-6
https://doi.org/10.1021/es402659t
https://doi.org/10.1080/03601234.2013.774891
https://doi.org/10.1080/03601234.2013.774891
https://doi.org/10.1021/jf502716c
https://doi.org/10.1021/jf504614w
https://doi.org/10.1021/jf504614w
https://doi.org/10.1016/j.talanta.2009.02.013

2 Nanopesticides for Pest Control 73

Rahaie M, Rahaie S (2015) Application of nanoparticles for pesticides, herbicides, fertiliz-
ers and animals feed management. Int J Nanoparticles 8:1-19. https://doi.org/10.1504/
1JNP.2015.070339

Rai M, Ingle A (2012) Role of nanotechnology in agriculture with special reference to man-
agement of insect pests. Appl Microbiol Biotechnol 94:287-293. https://doi.org/10.1007/
500253-012-3969-4

Rani UP, Madhusudhanamurthy J, Sreedhar B (2014) Dynamic adsorption of a-pinene and linalool
on silica nanoparticles for enhanced antifeedant activity against agricultural pests. J Pest Sci
87:191-200. https://doi.org/10.1007/s10340-013-0538-2

Ranjan S, Dasgupta N, Singh S, Gandhi M (2018) Toxicity and regulations of food nanomaterials.
Environ Chem Lett. https://doi.org/10.1007/s10311-018-00851-z

Rouhani M, Samih MA, Kalantari S (2012) Insecticide effect of silver and zinc nanoparticles against
Aphis nerii Boyer De Fonscolombe (Hemiptera: Aphididae). Chil J Agric Res 72:590-594

Sardoiwala MN, Kaundal B, Choudhury SR (2018) Toxic impact of nanomaterials on microbes,
plants and animals. Environ Chem Lett 16:147-160. https://doi.org/10.1007/s10311-017-0672-9

Seiber JN, Coats J, Duke SO, Gross AD (2014) Biopesticides: state of the art and future opportuni-
ties. J Agric Food Chem 62:11613-11619. https://doi.org/10.1021/j£504252n

Seitz F, Bundschuh M, Dabrunz A, Bandow N, Schaumann GE, Schulz R (2012) Titanium dioxide
nanoparticles detoxify pirimicarb under UV irradiation at ambient intensities. Environ Toxicol
Chem 31:518-523. https://doi.org/10.1002/etc.1715

Servin A, Elmer W, Mukherjee A, De la Torre-Roche R, Hamdi H, White JC, Bindraban P, Dimkpa
C (2015) A review of the use of engineered nanomaterials to suppress plant disease and enhance
crop yield. J Nanopart Res 17:92. https://doi.org/10.1007/s11051-015-2907-7

Sharma S, Singh S, Ganguli AK, Shanmugam V (2017) Anti-drift nano-stickers made of graphene
oxide for targeted pesticide delivery and crop pest control. Carbon 15:781-790. https://doi.
org/10.1016/j.carbon.2017.01.075

Sparks TC, Nauen R (2015) IRAC: mode of action classification and insecticide resistance man-
agement. Pest Biochem Physiol 121:122-128. https://doi.org/10.1016/j.pestbp.2014.11.014

Srivastava AK, Dev A, Karmakar S (2018) Nanosensors and nanobiosensors in food and agricul-
ture. Environ Chem Lett 16:161-182. https://doi.org/10.1007/s10311-017-0674-7

Talbert W, Jones D, Morimoto J, Levine M (2016) Turn-on detection of pesticides via reversible
fluorescence enhancement of conjugated polymer nanoparticles and thin films. New J Chem
40:7273-7277. https://doi.org/10.1039/C6NJO0690F

Thungrabeab M, Tongma S (2007) Effect of entomopathogenic fungi, Beauveria bassiana
(Balsam) and Metarhizium anisopliae (Metsch) on non-target insects. KMITL Sci Technol
7:8-12

Unsworth 2010 History of pesticide use. International Union of pure and applied chemistry
(IUPAC). (2010) http://agrochemicals.iupac.org/index.php?option=com_sobi2& sobi2Task=s
obi2Details&catid=3&sobi2ld=31

Villasefior MJ, Rios A (2018) Nanomaterials for water cleaning and desalination, energy produc-
tion, disinfection, agriculture and green chemistry. Environ Chem Lett 16:11-34. https://doi.
org/10.1007/s10311-017-0656-9

Wibowo D, Zhao C, Peters BC, Middelberg APJ (2014) Sustained release of fipronil insecticide
in vitro and in vivo from biocompatible silica nanocapsules. J Agric Food Chem 62:12504—
12511. https://doi.org/10.1021/j£504455x

Woranuch S, Yoksan R (2013) Eugenol-loaded chitosan nanoparticles: 1. thermal stability
improvement of eugenol through encapsulation. Carbohydr Polym 96:578-585. https://doi.
org/10.1016/j.carbpol.2012.08.117

Xu P, Guo S, Yu H, Li X (2014) Mesoporous silica nanoparticles (MSNs) for detoxification
of hazardous organophorous chemicals. Small 10:2404-2412. https://doi.org/10.1002/
smll.201303633

Yang FL, Li XG, Zhu F, Lei CL (2009) Structural characterization of nanoparticles loaded
with garlic essential oil and their insecticidal activity against Tribolium castaneum (Herbst)


https://doi.org/10.1504/IJNP.2015.070339
https://doi.org/10.1504/IJNP.2015.070339
https://doi.org/10.1007/s00253-012-3969-4
https://doi.org/10.1007/s00253-012-3969-4
https://doi.org/10.1007/s10340-013-0538-2
https://doi.org/10.1007/s10311-018-00851-z
https://doi.org/10.1007/s10311-017-0672-9
https://doi.org/10.1021/jf504252n
https://doi.org/10.1002/etc.1715
https://doi.org/10.1007/s11051-015-2907-7
https://doi.org/10.1016/j.carbon.2017.01.075
https://doi.org/10.1016/j.carbon.2017.01.075
https://doi.org/10.1016/j.pestbp.2014.11.014
https://doi.org/10.1007/s10311-017-0674-7
https://doi.org/10.1039/C6NJ00690F
http://agrochemicals.iupac.org/index.php?option=com_sobi2&
https://doi.org/10.1007/s10311-017-0656-9
https://doi.org/10.1007/s10311-017-0656-9
https://doi.org/10.1021/jf504455x
https://doi.org/10.1016/j.carbpol.2012.08.117
https://doi.org/10.1016/j.carbpol.2012.08.117
https://doi.org/10.1002/smll.201303633
https://doi.org/10.1002/smll.201303633

74 S. Pradhan and D. R. Mailapalli

(Coleoptera: Tenebrionidae). J Agric Food Chem 57:10156-10162. https://doi.org/10.1021/
j19023118

Yata VK, Tiwari BC, Ahmad I (2018) Nanoscience in food and agriculture: research, industries
and patents. Environ Chem Lett 16:79-84. https://doi.org/10.1007/s10311-017-0666-7

Yu B, Zeng J, Gong L, Zhang M, Zhang L, Xi C (2007) Investigation of the photocatalytic degrada-
tion of organochlorine pesticides on a nano-TiO, coated film. Talanta 72:1667-1674. https://
doi.org/10.1016/j.talanta.2007.03.013

Yu M, Yao J, Liang J, Zeng Z, Cui B, Zhao X, Sun C, Wang Y, Liu G, Cui H (2017) Development of
functionalized abamectin poly(lactic acid) nanoparticles with regulatable adhesion to enhance
foliar retention. RSC Adv 7:11271-11280. https://doi.org/10.1039/C6RA27345A

Zhang H, Chen B, Banfield JF (2009) The size dependence of the surface free energy of titania
nanocrystals. Phys Chem 11:2553-2558. https://doi.org/10.1039/B819623K

Zhao YG, Shen HY, Shi JW, Chen XH, Jin MC (2011) Preparation and characterization of amino
functionalized nano-composite material and its application for multi-residue analysis of pesti-
cides in cabbage by gas chromatographyetriple quadrupole mass spectrometry. J Chromatogr
A 1218:5568-5580. https://doi.org/10.1016/j.chroma.2011.06.090

Zhu H, Han J, Xiao JQ, Jin Y (2008) Uptake, translocation, and accumulation of manufactured iron
oxide NPs by pumpkin plants. J Environ Monit 10:713-717. https://doi.org/10.1039/b805998e


https://doi.org/10.1021/jf9023118
https://doi.org/10.1021/jf9023118
https://doi.org/10.1007/s10311-017-0666-7
https://doi.org/10.1016/j.talanta.2007.03.013
https://doi.org/10.1016/j.talanta.2007.03.013
https://doi.org/10.1039/C6RA27345A
https://doi.org/10.1039/B819623K
https://doi.org/10.1016/j.chroma.2011.06.090
https://doi.org/10.1039/b805998e

®

Check for
updates

Chapter 3
Synthesis of Nanofertilizers by Planetary

Ball Milling

Chwadaka Pohshna, Damodhara Rao Mailapalli, and Tapas Laha

Abstract Plant nutrients supplied to crops as fertilizers are essential for plant
growth, metabolism and production. Inappropriate application of plant nutrients
induces 40-70% loss of nutrients and causes contamination of land and water sys-
tems. Nano-fertilizers provide nutrients precisely to the plant’s requirement, and
thus reduces the environmental loss of nutrients. Synthesis of nanoparticles is car-
ried out by either top-down or bottom-up methods. Most nanofertilizers are synthe-
sized by a bottom-up approach, which is a complex and requires sophisticated
instruments. The top-down approach is an alternative method for large scale and
low cost of production. For instance, high energy ball milling is a top-down method
using planetary ball mills. To obtain optimized milling parameters in a planetary
ball mill, many trials are needed. Hence optimization of the milling parameters
through modeling tools is necessary to reach economically efficient and time-saving
synthesis of nano-fertilizers. Here we review modeling approaches using the plan-
etary ball milling principle for the efficient synthesis of nano-fertilizers.

Keywords Nanomaterials - Planetary ball milling - Mathematical models - Plant
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3.1 Introduction

Plant nutrients are essential elements for plant growth and metabolism and their
slight deficiency causes irregular growth of plants. Plant nutrients have various
functions such as structural components of macromolecules and enzymes for reac-
tions (Table 3.1). Plant nutrients are classified into macronutrients and micronutri-
ents with macronutrients at a concentration of 0.1% of dry tissue weight namely:
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and
sulphur (S) and micronutrients found in the concentration of less than 0.01% of dry
tissue weight are zinc (Zn), nickel (Ni), manganese (Mn), molybdenum (Mo), iron
(Fe), chlorine (Cl), copper (Cu), and boron (B) (Grusak, 2001). Macronutrients are
utilized from the germination stage to the ripening stage of plants growth and pro-
duction and are essential for providing humans with a suitable supply of energy,
nutritional value, and promotion of good health (Grusak and DellaPenna 1999).
Micronutrients, though present in small amount, play a vital role in various plant
processes, photosynthesis and chlorophyll formation (Monreal et al. 2015) but are
also toxic to soil and plants at high concentrations (Arnon and Stout 1939).

Plant nutrients existing in the soil profile are inadequate for crops cultivation.
Therefore nutrients are supplied in the form of inorganic fertilizers to suffice the
nutrients requirement of crops. Application of fertilizers are inevitable but the
excess application and low nutrient use efficiency of the plants lead to 40-75%
(Celsia and Mala 2014) lost to the environment through leaching and volatilization
causing pollution and toxicity of soil and water bodies; and wastage of fertilizers is
an economic loss. The N:P:K ratio for optimal growth is 4:2:1 whereas, in India, it
is practice as 10:2.7:1 (Subramanian and Tarafdar 2011); similar increased in fertil-
izer consumption has been observed in other countries for instances China; where
the N used for rice cultivation is 90% more than global average (Guo et al. 2017).
Shaviv and Mikkelsen (1993) observed that while the application of nitrogen fertil-
izers has increased to 15 times, there was only a 3% increase in yield. To overcome
the excessive use of fertilizers, without compromising the yield, discovering new
and advanced solutions are encouraged. One of the possible solutions is through the
application of nanotechnology, i.e., using nano-fertilizers. Since nanomaterials are
smaller and more reactive than their bulk materials, it is suggested to have the
potential to revolutionize agricultural systems (Singh 2012). Numerous researchers
have also reported the possible applications of nanotechnology in agriculture
(Subramanian and Tarafdar 2011; Khot et al. 2012; Prasad et al. 2014; Benzon et al.
2015; Monreal et al. 2015; Dubey and Mailapalli 2016; Duhan et al. 2017; and
Suppan 2017).
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Table 3.1 Details of selected macro and micronutrients required for plant growth

“Concentration | *Abundance
Plant in plants on earth
nutrient | Nano mol/g (ppm) Role Deficiency
N 1000000 25 Aids in the formation of Stunt growth,
amino acids yellowing of leaves
and decrease in dry
weight of leaves
K 250000 21000 Adjusts water balance, and Diminish the process
improves tolerance against of photosynthesis,
high and low temperature and | respiration, and
moisture condition translocation.
Enhances flavor and color of | Low yields, spotted
plants and increases the oil and burned leaves,
content
Ca 125000 41000 Acts as a structural Stunt growth stems,
component of cell walls flowers and roots and
Initiates enzymes for cell also the presence of
growth division and water dark spots on crops
movements
Mg 80000 23000 A key element for Its inadequate supply
components of the causes drooping and
chlorophyll molecule yellowing of veins
Essential for fruit and nut leaves
formation and germination of
seeds
P 60000 1000 Enhance flower and fruit Purple stems and
quality leaves, maturity and
growth, are retarded
and poor yields
S 30000 260 Used in the development of | Dull green leaves,
vitamins and enzymes poor quality and yield
Essential for the production of of crop, low oil
chlorophyll which is content of seeds and
responsible for the green color| Postponed maturity
of crop and adds flavor to
many crops
Cl 3000 130 Aids in the movement of Wilting, stubby roots,
water or solutes in cells yellowing and
bronzing of crops and
small leaf area.
Fe 2000 41000 Acts as a catalyst and aids Pale-leaf color

enzyme activation for the
synthesis of chlorophyll

followed by yellowing
of leaves and large
veins

(continued)
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“Concentration | *Abundance

Plant in plants on earth

nutrient | Nano mol/g (ppm) Role Deficiency

B 2000 950 Aids in at least 16 functions | Spoil terminal buds,
of plants such as flowering, discolored and brown
pollen germination, fruiting, | spot fruits; leaves
cell division, water become thick, curled
relationships, hormone and brittle
movements (Blevins and
Lukaszewski 1998)

Mn 1000 950 Aids in enzyme activity for Shedding of young
photosynthesis, respiration, leaves, Brownish,
and nitrogen metabolism black, or greyish spots

may appear next to the
veins

Zn 300 75 Aids in the activation of Mottled leaves with
enzymes for carbohydrate irregular yellowing
metabolism, protein synthesis | areas and also cause
and stem growth iron deficiency
Increased the uptake
of N, Mg, and Cu

Cu 100 50 Assists in the growth and Brown spots in leaves
reproduction of higher plants | and shoot tips
and enhance the activity
nitrogen

Ni 1 80 Aids urease enzyme for Production of viable
breaking down of urea to seeds and plants fail to
liberate the nitrogen into a complete their life
usable form for plants cycle

Mo 1 1.5 Acts as an enzyme for Thin and Yellowing
activation of other nutrients | leaves

*Average concentrations of mineral nutrients in plant shoots considered sufficient for adequate
growth (Grusak 2001)
"Kenneth Barbalace. Periodic Table of Elements. Environmental chemistry (Barbalace 2017)

3.2 Nanofertilizers

Nanomaterials refer to any materials having a particle size of 1-100 nm (10~° m).
They have unique physical and chemical properties, which can be more advanta-
geous as compared to their bulk structures (Le Brun et al. 1992). Nanotechnology is
an interdisciplinary research field with many practical applications in the field of
medicine, electronics, mechanical engineering; however in agriculture, it is still on
its research stage (Benzon et al. 2015) where feasibility to large field areas are yet
to be ascertained (Khot et al. 2012) but it is also gaining importance gradually
(Prasad et al. 2014). Nanotechnology applications in agriculture as nano-fertilizers,
nanosensors, nanocapsule, nano-encapsulated flavor enhancer, nanofilms in pack-
aging to prevent spoilage and prevent oxygen absorption, nano-chip use for
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identification and tracking. Mastronardi et al. (2015) classified three types of nano-
technologies for fertilizer inputs and plant protection, i.e., nano-fertilizer, nano-
additives, nano-coatings. Nano-sensors in agriculture acts as specifying agents for
the level of fertilizers and pesticides present in the soil, soil physical properties,
plant health and toxicity level (Rameshaiah et al. 2015). Numerous reviews and few
laboratory studies (Table 3.2), established the advantage of nano-fertilizers over
conventional fertilizers in terms of low leaching rate of nutrients, higher nutrient
absorption capacity, protect against fungal and bacteria growth and increasing plant
biomass and yield. Hence nano-fertilizers, controlled release nano-fertilizers, and
nano-pesticides can be used as a substitute for conventional ones without affecting
the crop yield (Adhikari et al. 2014) while controlling other unwanted factors such
as high leaching, eutrophication, and disease which may cause to humans.

Table 3.2 Effect of different types of nanoparticles and their size on crop growth (Modified after
Dubey and Mailapalli 2016); The values in the brackets in column 1 represent sizes of the
nanoparticles

Nanoparticles (size in

nm) Crop Effect References
Titanium dioxide (—*) | Spinach Photosynthesis rate (~3 times), Zheng et al.
(Spinacia chlorophyll-a (~45%) and (2005)
oleracea) chlorophyll-b (~28%) was
increased
Multi-walled carbon Tomato Water absorption of seed was Khodakovskaya
nanotubes (—*) (Solanum increased by 58% and et al. (2009)

lycopersicum) germination was increased by

90%

Iron) and Copper Potato (Solanum | The weight of sprouts was Chalenko et al.
(7.5-20.5) tuberosum) increased by 50% with Fe and it | (2010)
was not significant with Cu
Multi-walled carbon Mustard Seed germination was increased | Mondal et al.
nanotubes (30) (Brassica by 99% (2011)
Jjuncea)
Carbon nanotubes Gram (Cicer Water absorption was increased | Tripathi et al.
(10-30) arietinum) by 50% through Xylem (2011)
Zinc Oxide (25) Peanut (Arachis | Crop yield was increased by Prasad et al.
hypogaea) 25-30% (2012)
Zinc oxide (20), Iron | Mung (Vigna Root and shoot biomass ware Dhoke et al.
oxide (100) and Zinc | radiata) increased by 40% and 44% with | (2013)
iron copper oxide (40) Zn0, 68% and 48% with FeO,
42% and 84% with ZnFeCu,
respectively
Hydroxyapatite (<200) | Rice (Oryza The sugar level in rice straw and | Dutta et al.
Sativa) rice husk was reduced by (2014)
21-41%
Iron oxide Peanut (Arachis | Increased root length, plant Rui et al. (2016)

nanoparticles (20)

hypogaea)

height, biomass, and chlorophyll
content of peanut plants

2~ indicates ‘not available’
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However, efforts arise in synthesizing and stabilizing of the synthesized nano-
fertilizers because it involves complex, expensive and sophisticated instruments.
Some of the approved commercially available nano-fertilizers are Nano Micro
Nutrient by Alert biotech in Maharashtra, India, Nano Ultra-Fertilizer by AB
Industries in Taiwan, Nano-Fertilizer by Geetharam Agencies in Kerela, India, Hero
Super Nano in Thailand, and Nano Calcium Magic Green-Setia Bersama in
Germany (Dimkpa and Bindraban 2017). Nano-zinc, Nano-nitrogen, Nano-
phosphorus, Nano-silver, Ultra bio-silver, Nano-sulphur, Nano-Nitrogen and Nano-
potassium are some of the other nano-fertilizer products developed in India by
Kanak Biotech, New Delhi.

3.3 Synthesis Methods for Nanoparticles

Two types of approaches are available for nanomaterial synthesis; bottom-up and
top-down approaches (Fig. 3.1). Bottom-up methods are the chemical approaches
for synthesizing nanomaterials with the help of elemental units to combine into
larger stable structures Involving building up of the material atom by atom and clus-
ter by cluster until it forms a nanosized material. It involves chemical synthesis,

TOP DOWN BOTTOM UP
APPROACH APPROACH

.. Bulk material

[ J
..... .:: i
® g @ Micro Sized Clusters @ %o
® @ Powders .
[}
o5 e
fooe
Methods og® Methods
>HEBM | Nanoparticles | >Physical vapor deposition
> Etching »>Chemical vapor deposition
>Lithography

>Sol —-gel processing

Fig. 3.1 Methods for synthesizing nanomaterials. Bulk sizes are being reduced to nano size in the
top-down method, whereas, atoms aggregate and form clusters to become nanoparticles in bottom-
up method. Modified after Galstyan et al. 2018
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self-assembly, and positional assembly, in which suitable solvents are used for
synthesizing ultrafine particles through their dissolved molecular state. Some of the
methods involved in the bottom-up approach are plasma arc, rapid solidification, arc
discharge, physical vapor deposition, chemical vapor deposition, sol-gel, and inert
gas condensation. Bottom-up approach advantages are being able to produce uni-
form size, shape and distribution of the nanomaterials formed. Bottom-up approaches
are common for synthesizing nanoparticles for application to plants (Chalenko
2010; Dutta et al. 2014; Tarafdar 2015; Poopathi et al. 2015; Saha and Gupta 2017).
However, the process involved is highly complicated with low yield and expensive
machinery are required; it is suitable for highly pure materials only, and it some-
times produces harmful by-products during the synthesis process.

3.3.1 High Energy Ball Milling

The top-down approach is a physical approach for synthesizing nanomaterials from
bulk materials to nanosized materials by milling, crushing or grinding (De Castro
and Mitchell 2002). Some of the top-down processes are etching technology, high
energy ball milling, cold milling or cryo-milling, severe plastic deformation,
mechanical polishing, nanoimprint lithography and sliding wear. The most common
top-down method is the high energy ball milling; earlier, also known as mechanical
milling, which involves breaking down of large-sized particles to nanosized parti-
cles through severe plastic deformation to reduce the size of materials and increase
the surface area and reactivity of the particles. The high energy ball milling estab-
lished during an attempt to develop homogeneous composite particles or alloys
(Benjamin 1970) uses an attrition mill, followed by the use of other mills such as
shaker mill, mixer mill, ball mill, and planetary ball mill. Benjamin’s outcome of
the study in the 1970s led to the study of the different stages that occur during the
high energy ball milling process (Benjamin and Volin 1974). Subsequently, the
method was used by different authors with different mills for obtaining nano-alloys,
nanocrystalline and metallic-amorphous materials. The advantage of high energy
ball milling is that it is simple, easy handling, the versatility of the process, ability
to produce large quantities (Maurice and Courtney 1990) and the method is appli-
cable for different types of materials and scalability of the process and its low cost.
The main drawback of the high energy ball milling approach is the non-uniformity
of the surface structure formed, i.e., not suitable for preparing uniformly shaped
materials.

The high energy ball milling devices are of three types namely: shaker mills,
attrition mills, and planetary ball mills (Suryanarayana 2001). Shaker mills have a
vial where grinding media, i.e., milling balls and sample are swung vigorously to-
and-fro for several times causing an impact of milling ball against each other, with
the sample and the wall of the vials causing the size reduction in the end product.
Attrition mill is a conventional ball mill with a fixed chamber containing centrally
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vertical rotating stirrer system; as the stirrer rotates the milling balls drops and grind
the material. Fritsch Company in 1962 introduced the first self-developed patented
Planetary Mill (Fig. 3.2a). Planetary ball mill includes a disc and vial(s) rotating on
top of a disc in planet-like movement, i.e., the disc and the vials rotate in the oppo-
site directions similar to planets rotation around the sun (Fig. 3.2b); as such the
centrifugal forces act in like and opposite direction alternately. This total centrifugal
force acts on the material and milling balls inside the vials, causing impact between
the milling balls, the sample, and the vial and ground the material. Planetary ball
milling operates in both dry and wet conditions, with easy handling and moderate
costs. High energy ball milling synthesized nanofertilizer by reducing the precursor
size to nanoparticle size or by milling two or more types of precursors to develop a
nano-carrier or nano-sensor. However, it involves several trial runs to obtain the
desired milling parameters, which consume a lot of time and energy; Paul et al.
(2007) synthesized a nano-sized fly ash of 148 nm at a milling time of 60 h, Gaffet
et al. (1991) synthesized a 350 nm size tungsten carbide at 180 h milling time.
Furthermore, Charkhi et al. (2010) and Guaglianoni et al. (2015) conducted sev-
eral trials to optimize milling speed, milling time, ball to powder ratio and milling
medium for synthesizing nanoparticles. Thus, the use of modeling comes in to pic-
ture, where optimization of the milling parameters is possible by providing basic
material properties. This paper attempts to briefly study the top-down method of
nanomaterial synthesis using planetary ball milling generally adopted in material
science/engineering and review different mathematical models available in dealing
with planetary ball milling for possible application in nano-fertilizer synthesis.

Disc rotations

Disc

Fig. 3.2 Working principle of planetary ball milling; (a) selected planetary ball mill with front
panel open: (b) schematic line diagram of rotation of disc and vials. Modified after Chen et al.
2006
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3.3.2 Synthesis of Nanoparticles Using a Planetary Ball Mill

Table 3.3 presents some of the studies conducted using planetary ball mills during
the past three decades. The table indicates the different input parameters involved
during the High energy ball milling process in a planetary ball mill and also the final
size obtained during the synthesis process. Earlier studies are more towards obtain-
ing alloys or homogeneous amorphous products and details of the milling parame-
ters were not explicitly mentioned, unlike the latter studies which are more size
oriented. Table 3.3 highlights the importance of different milling parameters viz.,
milling speed, milling time, ball to powder ratio, material type, milling medium and
their effect on the final size of the end product. Since planetary ball mills’ s has been
used for synthesizing of non-metallic materials such as fly ash (Paul et al. 2007),
biochar (Peterson et al. 2012) and zeolite (Charkhi et al. 2010; Mukhtar et al. 2014),
hence planetary ball mills are capable of synthesizing the nanofertilizer material.
Milling parameters information gathered from previous studies (Paul et al. 2007;
Rao et al., 2010; Patil and Anandhan 2012; Raghavendra et al. 2014; Patil and
Anandhan 2015; Rajak et al. 2017) for fly ash material were used for studying the
interaction effect of milling speed, milling time and ball to powder ratio on fly ash
particle size (Figs. 3.3 and 3.4).

3.3.2.1 Milling Speed

Table 3.3 shows the vast range of milling speed from 60 to 2400 rpm used by authors
for achieving the nanosized materials. Increasing the milling speed reduced the size
of the bulk material as seen in Table 3.3. The higher milling speed of greater than
500 rpm evidently reduced the milling time (Canakci et al. 2013a; Feng et al. 2007;
Le Brun et al. 1992; Lee et al. 2017; Wakihara et al. 2011) while the lower milling
speeds have been compromised with higher milling time (Kong et al. 2000; Patil
and Anandhan, 2012) to attain nanoparticles of 50-1000 nm. Figure 3.3 shows the
interaction effect of milling speed and milling time on the size of the fly ash mate-
rial; it also indicates rapid decreases in the size of the fly ash particle with an increase
in milling speed. However, continuous increase in milling speed leads to an increase
in temperature and may cause welding of nanoparticles.

3.3.2.2 Milling Time

The milling time used in most of the studies is more than 10 h (Table 3.3), while
some studies have used milling time up to 180 h (Gaffet and Harmelin 1990) to
obtain nano-sized products 20-350 nm. Lim et al. (2003) used a milling time of
10 min only to obtain an end product of 100 nm with a mixer mill, but it was adjusted
with the higher milling speed of 920 rpm, indicating an interrelationship between
milling speeds and milling time. Figure 3.3 indicates a gradual decrease in fly ash
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Final Size (nm)

(@] Design points above predicted value

Final Size (nm)
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B: Milling Time (Hour)

Fig. 3.3 Effect of milling speed and milling time on the particle size of bulk fly ash. Note the
decrease in particle size with an increase in milling time and milling speed

particle size with increasing milling time. However, extended milling time decom-
posed or agglomerate the product and also cause contamination (Suryanarayana
2001; Burmeister and Kwade 2013; Mukhtar et al., 2014; Malayathodi et al. 2018)
and an increase in temperature inside the mill and welding of particle take place.
The interaction effect of milling speed and milling time on the final particle size
(Fig. 3.3) indicate that milling time and milling speed parameters are interdepen-

dent hence; the interaction plays a role together to reduce the overall size of the
material.

3.3.2.3 Ball to Powder Ratio

Optimum ball to powder ratio is an essential factor because with less ball to powder
ratio there will not be enough impact to be able to reduce the size of the material.
Table 3.3 indicates ball to powder ratio of 10:1 is the most commonly used ratio and
it can go as high as 100:1 and as low as 1:10. Increase in a ball to powder ratio
decreases the particle size; Guaglianoni et al. (2015) reported the crystallite size
of 53.6 and 48.3 nm at the ball to powder ratio of 5:1 and 20:1 respectively. A
higher ball to powder ratio generally reduces the milling time for a particular
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Fig. 3.4 Effect of milling speed and ball to powder ratio on the particle size of bulk fly ash. Note
the decrease in the final size of fly ash particles with increasing milling speed and ball to powder
ratio

material (Lee et al. 2017; Zakeri et al. 2012); but the higher ball to powder ratio also
reduces the amount of initial input material. Figure 3.4 shows the slight decrease of
final size of fly ash to the increase in ball to powder ratio. However increase in ball to
powder ratio leads to collision of balls against each other and cause restricted move-
ment and it also increases impurities in nanoparticles products (Li et al. 2018).

3.3.2.4 Milling Medium

Milling medium in planetary ball mills acts as surfactant or process control agent
and a medium to avoid contamination during milling which may cause due to the
reaction of powder materials with the surrounding particle such as the formation of
oxides. Milling medium is one of the parameters governing the size of the end prod-
uct it can be dry milling, wet milling or salt assisted milling. Numerous studies
(Charkhi et al. 2010; Mukhtar et al. 2014; Munkhbayar et al. 2013) suggested that
wet milling is efficient than dry milling, because it creates higher efficiency, lowers
the enthalpy, and eliminates dust formation. Salt assisted milling is also a milling
option more effective than wet milling according to Peterson et al. 2012. Argon is
found to be the best milling medium (Table 3.3) since it is widely used by most of
the researchers due to its inert properties.
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Apart from the above milling parameters, type of milling balls, milling ball
diameter, temperature and also material parameters such as the initial size of bulk
material, types of material, material physical and chemical properties are also con-
sidered as factors affecting the size of the end product. An in-depth study is required
to understand the effect of the milling parameters, which may be possible through
mathematical models.

3.4 Modeling of Planetary Ball Milling

Generally, a number of experimental trials are conducted to determine the different
milling parameters in planetary ball mills but, trial and error methods are time-
consuming, inefficient and not practical. Real-time ball milling is a very slow pro-
cess as compared to a discrete element method procedure which takes only a few
seconds to simulate the process (Feng et al. 2004). For economical and time-saving
synthesis, few models (Tables 3.4, 3.5, and 3.6) were developed to determine the
optimum milling parameters in a planetary ball mill. Zhang (2004) stated that mod-
eling and mathematical analysis of high energy ball milling process are still lacking
and deserve the attention of researchers. Since large-scale production of nanomate-
rials is much more feasible in case of the top-down method, modeling of planetary
ball milling process is essential to facilitate industrial-scale nanofertilizer produc-
tion. High energy ball milling is a dynamic process, and it is a challenge to develop
mathematical models to represent the description of the process. The models cannot
represent the exact process but, they are still capable of providing valuable insights
into the behavior of nanoscale materials. Thus, understanding the process with the
help of different simulation models is an excellent deal in the synthesis of nano-
fertilizers, and it is urgently needed to assist effective, efficient and economical
results. The model’s aid in optimizing the milling parameters for nanofertilizer syn-
thesis by providing the material properties as input parameters; based on the
nanofertilizer size required, the model optimized the different milling parameters
for direct synthesis in planetary ball mills without the labor of trial and error.
However, not all models required the material properties as input parameters; some
models required a large trials data as inputs for calibration and validation so based
on the available inputs the model can be selected for nano-fertilizers synthesis.

3.4.1 Analytical Models

Table 3.4 presents some of the analytical models developed on planetary ball mills
with different types of equations used and research highlights, during the last two
and a half decades. The first attempt to model the underlying geometry, mechanics,
and physics of the process of mechanical alloying was established by Maurice et al.
(1990), using the concept of Hertzian contacts between the grinding media; the
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study used three types of mill viz., attrition mill, vibratory mill, and horizontal mill.
In planetary ball mills, the arrangement of the vial and disc exerted centrifugal force
on the balls in the milling container towards the center of the disc and the center of
the milling container, resulting in frictions between the balls, the milling container,
and the material. Burgio et al. (1991) originally proposed a theoretical-empirical
model based on the kinematic equation of the velocity and accelerations of a ball in
the vial of a planetary ball mill. The total power, P, transferred from mill to system
during collisions, can be obtained from the kinetic energy (E), which is a function
of velocity (V), which is a function of speed (@) and properties (r) of the vial and
disc of the mill.

P=CxE
E=%m(V)2 3.1)
V=f(ro)

Abdellaoui and Gaffet (1994) established a mathematical model and claimed a bet-
ter geometrical description than Burgio’s model and concluded that the end product
depends not only on the kinetic energy but also on the shock power. Correspondingly,
other authors follow the Burgio’s model which is established based on the kinemat-
ics of ball movement inside the vial with few modifications (Magini et al. 1996;
Iasonna and Magini 1996; Chattopadhyay et al. 2001; Radune et al. 2014; Ghayour
et al. 2016; Lee et al. 2017). Further study was conducted by Abdellaoui and Gaffet
(1995, 1996) for planetary ball mills and horizontal rod mill in subsequent years to
follow up in detail on their previous work and to compare model results with experi-
mental data, and concluded that the injected shock power °f” is responsible for mill-
ing the material to nanoparticles. Chattopadhyay et al. (2001) include a detachment
parameter to ensure that the detachment angle does not assume any value for a ball
vial impact and calculate the dissipated energy for various conditions of milling.
Gusev and Kurlov (2008) deduced an analytical expression to calculate the final size
based on the milling parameters and material properties.

Subsequently, other analytical models (Le Brun et al. 1993) calculate the angle
of impact of the milling balls on the vial surface but fail to obtain a good correlation
between theory and in-situ observations. Alkebro et al. (2002) derived the model
based on the Hertzian concept by Maurice and Courtney (1990), to describes the
frequency distribution of impact energies and account the energy loss between balls
in the vial. Ghayour et al. (2016) studied the effects of the vial to plate spinning rate,
ball size distribution and type of balls on the performance of the mill using the
Burgio’s model. Most of the literature has not been able to correctly simulate the
process involved in ball milling since it is a highly complex process, Rosenkranz
et al. (2011) investigated the ball motion in a planetary ball mill with a high-speed
video camera to recorded grinding ball motion during the process. The ball motion
observed from ball trajectories, contradict earlier theoretical calculations, since pre-
vious theories do not account for friction and slip which, occur during ball milling.
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The model proposes by Burgio et al. (1991) becomes the foundation for most of the
latter study of planetary ball mill modeling. These models have been able to reduce
the time and cost of synthesizing nanoparticle by providing insight into possible
parameter values.

Furthermore, understanding and representation obtained through video record-
ing, or transparent mills can provide in-depth knowledge of the process. Analytical
models presented in Table 3.4 could be a valuable tool for synthesizing of nano-
fertilizers. The precursor for nano plant nutrients or nano-fertilizers are mainly
ceramics and nonmetals viz., C, H, O, N, P, S; which are more brittle and soft as
compared to the typical materials or metals. Hence the power required for synthe-
sizing these nano size might be much lesser as compared to typical material. The
nonmetal materials such as zeolite and biochar have lower milling time as compared
to other typical metals (Table 3.3). Gusev and Kurlov (2008) derived a relationship
between the milling parameters and material properties to obtain a nano-sized par-
ticle. However, most of the models do not incorporate the material properties; there-
fore for the synthesis of nanofertilizer; it is necessary to incorporate the material
properties of the precursor.

3.4.2 Statistical Modeling

Statistical models including artificial neural network with mathematical equations
are presented in Table 3.5. The statistical models cannot deliver the factors of high
energy ball milling, but only provide guidelines on the reliability and validate the
experimental results. They measure the error and the confidence level of the experi-
mental results. Fixed model, artificial neural network, and regression model are
some of the models used for simulating the milling process.

Regression model

Yy = By + Bix, + Byx, + Bx,x, +ﬂ11x12 +,322x§ +é (3.2)

Where y;is the response variable including crystallite size/lattice strain, and
the mean particle size of nanocomposite powders, x;and x, are the variables that
represent factors/parameters, and e represents the random error term, fis the
constant of the model, f; and frepresent the main effects of parameters e.g.,
milling time milling speed ball to powder ratio and other parameters, f;; and
Prrepresent the square effect of the parameters, and 3, represents the interaction
effect of parameters.

The artificial neural network is similar to the biological neuron network. It is one
of the most potent modeling techniques, in all fields of sciences, using the statistical
approach. It can provide suitable and logical results with acceptable accuracy and
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faster prediction. Dashtbayazi et al. (2007) used artificial neural network by using
two types of neural network architectures, i.e. multi-layer perceptron and radial
basis function for modeling the effects of milling parameters of planetary ball
mills on the characteristics of aluminium silicon nanocomposite powders; taking
into consideration the crystallite size and lattice strain of the aluminum matrix.
Regression analysis confirmed that the developed artificial neural network agreed
with experimental data. However, Sha (2008) commented on the inappropriate
extrapolation of artificial neural network modeling results due to over-emphasis on
modeling. So in 2012, Dashtbayazi (2012) study the mechanical alloying process
for synthesizing of aluminum silicon nanocomposite powders in a planetary ball
mill through artificial neural network and established that low milling speed, low
milling time and low ball to powder ratio could produce better nanocomposite
structure.

Similarly, other authors (Canakci et al. 2012, 2013b; Hamzaoui et al. 2009;
Lemine and Louly 2014; Ma et al. 2009) have used artificial neural network model
for studying the process of milling in a planetary ball mills, by modifying the
parameters, by providing weighting factor, using different sigmoid functions such
as log-sigmoid and hyperbolic tangent sigmoid (Ma et al. 2009). Varol et al. (2013)
suggested the artificial neural network model as a powerful tool for modeling of
high energy ball milling. Canakci et al. (2012) claim that artificial neural network
was successful in predicting the apparent density, particle size and microhardness of
the composite powders with a mean percentage error of 4.93%. Dashtbayazi and
Shokuhfar (2007) suggested a statistical approach for milling of nanocomposite
powders through problem description; identifying the response variables; setting of
factors, levels, and range; selection of experimental design; conducting the experi-
ment; statistically analyzing the data and obtaining conclusions. Hou et al. (2007)
integrated three methods: Taguchi model, response surface method and genetic
algorithm for optimization of milling parameters of a planetary ball mill. The
Taguchi method determines the proper working levels of the design factors and
analyses the most significant factors of input parameters. Response surface method
determines the optimized parameters that produce a maximum or minimum value of
the response by developing the first and second order mathematical models. Genetic
algorithm approach was applied to optimize the milling parameters using the
response function of the response surface method model as the fitness function
(Table 3.5). Parameter optimization using Taguchi method showed a good represen-
tation of the planetary ball mills process and provided an understanding of the most
significant parameters (Su and Hou 2008; Zhang et al. 2008; Canakci et al. 2013b).
The statistical models require large initial input data for modeling nanomaterial
synthesis efficiently, which involved lots of trial synthesis. Combining and utilizing
the results of different studies conducted for a particular material, e.g., zeolite
(Charkhi et al. 2010; Mukhtar et al. 2014) can be an option, but since limited studies
are available, it is difficult to conclude whether the model is suitable or not for mill-
ing parameter optimization.
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3.4.3 Numerical Models

Modeling of granular particles and understanding of macroscopic particulate behavior
are mostly discussed using the discrete element methods incorporating the particle
properties, and interaction forces (Luding 2008). The properties of particles are
calculated at every time step by integrating the translational and rotational displace-
ments of Newton’s second law of motion, while the contact forces between particles
are calculated using different models, e.g., Kevin model, Maxwell model Dallimore,
P.G. McCormick Linear normal contact model (Luding 2008). The expression for
translational and rotational motions of a single particle is as follow (Zhao 2017);

& — = -
ml.le.zmig+%:(fn+ft)+ff (3.3)
d— - - —
Lo, :§(5 xf,+R;) (3.4)

Where m; is the mass of a particle i; ;, is the position of its centroid; g is the
acceleration due to gravity; f, and f, are the normal and tangential forces exerted
among the particles and the wall; Nc is the summation of the contact forces or over
all the contacts; ff is the interaction forces between fluid and particles; /; is the
moment of inertia about the grain centroid; «, is the angular velocity; r, is the vec-
tor from the particle mass centre to the contact point; R is the rolling resistant
moment, which inhibits particle rotation over other particles.

Few studies used discrete element method to simulate the planetary ball milling
process for the production of nanosized materials are presented in Table 3.6. For
obtaining the tangential and normal force, different authors have used different con-
tact models (Ashrafizadeh and Ashrafizaadeh 2012; Dallimore and McCormick
1996; Feng et al. 2004; Kano et al., 2000; Kano and Saito 1998; Mio et al. 2002,
2004a, 2004b; Sato et al. 2010). Kevin model, Modified Kevin model, the Maxwell
model, and Elastic/Plastic yield (Dallimore and McCormick 1996) model simulate
actual milling impacts. Kano and Saito (1998) simulate the ball movement in a
planetary ball mill using the particle element method and established that the rate of
size reduction and rate of amorphization increased with a decrease in ball diameter
while controlling the milling speed of the mill and also conducted the same study on
different types of mills (Kano et al. 2000). When rotation to revolution speed ratio
increases there is an increase in the impact energy of balls as calculated from the
computer simulation based on discrete element method. Mio et al. (2004b, 2002)
conducted another study on a scale-up method using discrete element method and
established that the impact energy is proportional to the cube of the vial diameter,
the depth of the vial and the revolution radius of the disk, while the scale-up ratio of
planetary ball mills is of the power of 4.87. Feng et al. (2004) stated that discrete
element method simulation of the planetary ball milling dynamics is a better digital
approach as compared to analytical based modeling procedures since it can easily
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stimulate and investigate any change of operation conditions on the dynamics of
the system.

Sato et al. (2010) analyzed the abrasion mechanism of grinding media in a plan-
etary mill using discrete element method simulation and observed the relation
between impact energy and wear rate constant suggesting that the wear rate constant
might be able to simulate using discrete element method. Ashrafizadeh and
Ashrafizaadeh (2012) also study the simulation of planetary ball milling using dis-
crete element method regarding effects on impact energy through the rotational
speed of the disk and the ball to powder ratio. The frequency of the impacts, the
abrasion of the balls and the dissipated energy, and results indicate the suitability of
the method for calculating the improved efficiency of grinding operation regarding
the required grinding time and reduced abrasion.

Broseghini et al. (2016a) developed a numerical dynamic-mechanical model and
used an MSC ADAMS software to solve the model for planetary ball mill. The
study is on the effect of milling parameters: — ball size and number, jar geometry
and milling speed on the efficiency of milling in ceramic powders. Broseghini et al.
(2016b) developed a new vial design for a planetary ball mill using a similar model
as Broseghini et al. (2016a) to simulate the ball milling process. The new design
was found to give more uniform and more reliable results. Since planetary ball mill
involves a dynamic process, and numerical models are capable of handling large
systems of equations and nonlinearities, it can represent the dynamic process, which
is often impossible to solve analytically. The different material properties, ball
motion, and impact force and other processes involve inside the planetary ball mill
can be simulated iteratively to obtain actual milling parameters. Numerical models
are considered as the optimal option for synthesizing nanofertilizer since the mate-
rial properties can be provided as input parameters to synthesized nanofertilizer.
The main issues are understanding and simulating the process inside the mill, the
effect of force developed inside the mill and representing it mathematically and also
obtaining the detailed material properties.

3.5 Discussion

High energy ball milling as one of the possible top-down approach for synthesizing
of nano-fertilizers and can counteract the limitations of bottom-up methods; since
the method is simple and easy and also suitable for large scale of production (Lam
et al. 2000). However, selection of synthesis methods depend on the type of product
or the kind of results desired; such as, if uniformity of product is more desired then
one can opt for the bottom-up method, but the top-down method is feasible for low
cost and high production. As observed in Table 3.3, most of the nanoparticles are
produced using planetary ball mill; however, limited studies are available for the
synthesis of nano-fertilizers. The production of nano-fertilizers in a planetary ball
mill can follow the same procedure as of the commonly used materials but due to
the difference in material property, retesting of the methods for a particular material
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type is required. Increase in milling speed and milling time decreases the material
size, however prolonged milling time in some materials causes clustering of the
particles (Burmeister and Kwade 2013; Mukhtar et al. 2014) or does not decrease in
size any further (Kong et al. 2000; Biyika and Aydind 2014). Milling medium or
process control agent aids in the milling of particles by reducing cold welding and
also regulating the temperature inside the mill (Kleiner et al. 2005; Canakci et al.
2013a). Wet milling is considered more effective than salt assisted milling and dry
milling (Peterson et al. 2012). Increase in a ball to powder ratio decreases the par-
ticle size (Zakeri et al. 2012) but introduce impurities (Li et al. 2018) to the end
product. Milling parameters such as milling speed, milling time, milling medium
and ball to powder ratio of some studies conducted for non-metals or ceramics
materials viz., fly-ash (Paul et al. 2007), biochar (Peterson et al. 2012) zeolite
(Charkhi et al. 2010) can be used as insights for synthesizing of nanofertilizer.
Modeling the planetary ball milling process is essential because real-time ball
milling is time-consuming, inefficient and not practical. The mathematical repre-
sentation of the process assists the use of models for different types of materials
such as bulk fertilizer materials. Modeling tools developed for common materials
such as metals can be used for modeling the synthesis of nanofertilizer. Analytical,
numerical and statistical models are developed to represent the dynamic process of
milling in a planetary ball mill (Tables 3.4, 3.5, and 3.6). Statistical models such as
artificial neural network model, Taguchi model, regression model, response surface
method and genetic algorithm are suitable methods for optimization of the milling
parameters, as they provide the most and least significant parameter details; how-
ever, they required a large initial data for reliable optimization. Numerical and ana-
lytical models follow the basic principle of centrifugal force and momentum of the
mill’s disc and vial to predict the milling parameters regarding energy and equations
involving material properties where the properties of bulk fertilizer can be incorpo-
rated to obtain desired nano-sized particles of nanofertilizer. However, the analyti-
cal model involves simplifying assumptions, due to inherent complexity combine
with dynamic, non-linear behavior of the process. While numerical models can be
alternative tools to simulate the planetary ball milling process efficiently, it includes
multi parameters and complicated processes which are difficult to understand and
incorporate mathematically. Most of the models estimate the milling energy or
power as the primary output and concluded that with more power/energy more size
reduction takes place because the principle of size reduction in high energy ball
milling devices depends on the energy imparted to the sample during impacts
between the milling media. Higher energy generates more impact and hence lead to
more size reduction. Most of the models do not consider the effect of the material or
precursor properties; these models have been mostly stimulated for common mate-
rials but not for the synthesis of nanofertilizer. Few models have linked the kine-
matic equation along with the milling energy equations (Gusev and Kurlov 2008;
Choi et al. 2001). Unlike other studies whose aim is to achieved amorphous state or
some stable state of the materials, the main aim of synthesizing nanofertilizer is to
obtain the nanometer size these models can provide the direct relation of the impact
of milling energy and material properties to the milling size of the nanofertilizer.
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Hence the present models need to incorporate and link the material properties with
the kinematic equation of planetary ball mill for better results. Analytical and
numerical models can be used for synthesizing of nano-fertilizers. An analytical
model developed by Gusev and Kurlov (2008) relates the material properties with
the planetary ball milling equation, where the particle size is model as the function
of milling time, can be a suitable model for synthesizing the nanofertilizer.

3.6 Conclusion

Farmers have been excessively supplying the essential nutrients to plants through
the application of inorganic fertilizers to obtain the desired amount of yields.
Conversely, the fertilizers applied have low nutrient use efficiency and cause pollu-
tion to the environment and affect the health of the soil. An alternative method to
increase nutrient use efficiency and reduce the loss of fertilizers is through the use
of nano-fertilizer (Dhewa 2015). The biological, physical, and chemical properties
of nanoparticles are more enhanced than their bulk material (Dasgupta et al. 2017,
Gruere 2012). Synthesis of nano-fertilizers is still in its initial stage with maximum
of the methods used are of bottom-up approaches, involving sophisticated, costly
instruments and low production. Simplified synthesizing methods of nano-fertilizer
are essential to be able to replace conventional fertilizer and minimize the risk of
environmental pollution. Nano-fertilizer can supply nutrients efficiently to plants
and increase the yield while minimizing nutrient losses and controlling pollution in
the environment. Understanding the milling parameters impact on the milling of
nanofertilizer is essential to optimize the milling parameters to obtain desired nano-
sized fertilizer at low cost and less time. This review reveals a few of the laboratory
studies conducted on a planetary ball mill for synthesizing of nanoparticles and also
the modeling techniques developed to represent its dynamic process; analytically,
numerically and statistically. It is evident from the study that planetary ball mills
have been used for decades to synthesize nanoparticles and also various types of
models have been successfully developed to simulate the milling process. Thus,
nano-fertilizer can be economically and timely synthesized, through planetary ball
mill with the help of available modeling tools. The numerical model is the best
method to simulate the planetary ball milling process and material properties.
However it required clear understanding and representation of the process mathe-
matically which is a complicated process and it is not practical. Analytical models
are suitable for nanofertilizer synthesis practically as it involves simplification and
assumption of the process and can simulate the size up to 6-60% error (Gusev and
Kurlov 2008). Since over-simplification of many of the models developed so far;
further study conducted on planetary ball mill by using a transparent mill and video
recorder to understand the movement and working process of the mill (Rosenkranz
et al. 2011) is necessary; also further studies on linking the kinematic equation to
the final size of the nanoparticle are required. More focused research is essential on
the development and synthesis of nano-fertilizers using the planetary ball mill along
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with the modeling tools for efficient synthesis of nano plant nutrients. At the present
stage of understanding, it can be speculated that the analytical models can provide
an idea of the optimized milling parameters while numerical models are also an
efficient method, but a better understanding of the planetary ball mill internal pro-
cess is still required. Hence, models are presently best solution for understanding
and simulating significant parameters of planetary ball mills by way of reducing
energy, cost and time.
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Chapter 4

Materials and Technologies
for the Removal of Chromium
from Aqueous Systems

Fayyaz Salih Hussain and Najma Memon

Abstract Chromium (Cr) enters into the environment through activities related to
mining, various industrial and certain geological processes. Globally more than
170,000 tons of chromium - containing wastewater is discharged annually.
Chromium is toxic for all living organisms, therefore, its removal is crucial to save
plants and aquatic life. Due to its toxic and carcinogenic nature, efficient removal
technologies and materials are continuously investigated and widely documented.
This chapter focuses on recent technologies and materials employed to remove
chromium from water bodies. Techniques such as membrane filtration, electro-
chemical, and phytoremediation have emerged over the years. Sorptive removal of
chromium is another approach that is investigated in detail for the development of
efficient sorbent materials. Many natural and synthetic materials, such as carbon
nanotubes, composite of nanomaterials, zeolites, biochar and others are reported as
sorbents. Electrochemical precipitation has superseded conventional coagulation
technology in terms of efficiency. However, it still requires investigation for
industrial scale utilization and also, like all precipitation techniques, it produces
chromium-containing sludge. On the other hand, functionalized materials with high
surface area are promising candidates as sorbents.

Keywords Chromium removal - Wastewater treatment - Removal techniques -
Adsorbents - Membrane technology - Electrocoagulation - Polypyrrole - Carbon
nanotubes - Biocarbon - Activated carbon - Bio sorbents
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DMAc Dimethylacetamide

PVP Polyvinyl pyrrolidone

ECP Electrochemical precipitation

COD Chemical oxygen demand

TSS Total suspended solids

SWCNT Single walled carbon nanotubes
PEUF Polymer-enhanced ultrafiltration
MWCNT Multi walled carbon nanotubes

BET Brunauer, Emmett and Teller
PDMAEMA  poly(2-dimethylaminoethyl methacrylate)
TA Tataric acid

GAC Green Macroalgae Cladophore

AC Activated carbon

PPy Polypyrrole

GO Graphene oxide

LDHs Layered Double Hydroxides

CRIS Constructed rapid infiltration systems
PEG Polyethylene glycol

SLM Supported liquid membrane

NF Nano-filtration

CPC Cetylpyridinium chloride

NAD(P)H Nicotinamide adenine dinucleotide phosphate

4.1 Introduction

The industrial revolution has led to exponential growth of economic development
but simultaneously caused severe damage to environment. Uncontrolled expansion
produced enormous waste material from all the segments of industrialization, which
ranges from small cottage to heavy industries. Waste products were generated in the
form of chemicals, process waste and discarded material. Untreated waste material
from those industries continuously polluted all spheres of environment i.e. hydro-
sphere, lithosphere and atmosphere, when that wastes cross the assimilation capac-
ity of the environment, it created pollution. Control of industrial waste is a first-rate
challenge, especially in developing countries. Large quantities of industrial wastes
are being dumped on the soil floor, resulting in eco-unfavorable consequences and
due the excessive cost of treatment, little or no attention is being given to proper
disposal of built-up waste (Abbas et al. 2016; Alamgir and Kanwal 2018).

Among huge number of pollutants (metals) that industries generate, one of them
is chromium. It is the 7th maximum abundant element in the world and the twenty-
first within the crustal rocks. Chromium naturally occurs in different form of crustal
rocks, predominantly as ferro chromite (Fe,Cr,O,) however, it does not contribute
to chromium contamination but main source of pollution is various industrial pro-
cessing units. It is used in different industries like refractory, pigments, electroplating,
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chemical, metallurgical, and tanning; whereas major contributor to chromium
pollution is tanning industry. Disposal of chromium contaminated sludge is one of
the major problem of tannery industry besides huge amount of untreated wastewater
(Alamgir and Kanwal 2018). Chromium containing sludge results from coagulation
treatment process, which is currently employed in the industry to treat chromium
waste. Out of the total world production of 31,000 metric tons which is marketable
gross weight of chromite ore, more than 60-70% is used in alloy preparation and
stainless steel industry The Fig. 4.1 shows the different industrial processes, which
use chromium more than 15% for industrial scale products (Papp 1999).

Depending upon the type of activities, industries can be classified based on toxic-
ity and quantity of waste released into environment. A metallurgy and heavy indus-
try use major fraction of chromium in solid forms whereas chemical industries
utilize chromium in soluble form therefore later generate solvated chromium that
can easily travel and contaminate the environment. At present, more than 4000 tan-
ning industries are using chromium for tanning process. Effluents from tannery
industry in the form of Cr(VI) and Cr(IIl) salts is loaded with about 40% of the
spent chromium (Sundaramoorthy et al. 2010). Besides natural rocks, major sources
of chromium are effluents from various industries, ferrochromium slag, and solid
wastes containing chromium as by products, leachates and dust particles where
chromium concentration is found strikingly above permissible limits.

Solvated chromium exists mainly in two oxidation states; Cr(III) and Cr(VI),
where former is positively charged species and later remain as oxoanion, Cr,O;*
and others. Migration and toxicity of chromium in soil and water depends upon its
oxidation state (Mubarak et al. 2016). In its oxidized Cr(VI) form, chromium is
quite soluble in water and therefore can easily penetrate cell wall, whereas the

CHROMITE ORE

Utilization of Chromite

5% 504

l 20% l
'y
Chemical industry Metallurgy and heavy Heavy industries
industries and foundries
| l |
* Leather « Stainless steel + Steel
* Paint * non iron alloy * Cement
* Wood preservative + Alloyed steel * Iron
* Metal processing * Glass
« Textile = Ceramics
* Machinery

Fig. 4.1 Chromite is the major ore of chromium. Chromium has a wide range of industrial uses.
Chromium is utilized in in various industries during different industrial processes
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reduced Cr(IIT) form is less soluble in water thus its movement in environment is
somewhat restricted (Oze et al. 2007). Cr (IIT) concentration of 5-3000 mg per gram
of soil is also reported (Polti et al. 2011) which proves the contamination of soils
with chromium. Uptake of chromium from soil to plant is also reported (Ertani et al.
2017; Shanker et al. 2005). Therefore, Cr enters in food chain through eating and
from drinking of contaminated water. Intake of chromium has enormous effects on
living organism and plants due to their toxicity and bioaccumulation (Kozlowski
and Walkowiak 2005; Polti et al. 2011). Details on adverse health effects are given
in another section of this chapter.

Main ecological toxic burden of chromium is anthropogenic and concerned with
industrial operations (Alloway 2013) and due to its toxic nature, its release in indus-
trial effluents is regulated. World health organization (WHO) recommends maxi-
mum permissible limits for the discharge of Cr(VI) into inland surface and drinking
water is 0.05 mg/L. To achieve these limits of chromium in discharge waters, floc-
culation is most commonly adopted method for treatment of chromium contami-
nated wastewater. Therefore, new strategies are always sought to tackle chromium
issues; in industrial wastewaters at point-of discharge, in contaminated surface/
ground water bodies, and contaminated soil.

Last two decades can be labeled as revolution in engineering of new materials
and techniques. A huge number of novel approaches have emerged in literature for
removal of chromium as well. This chapter is an effort to evaluate the existing litera-
ture and to come up with solutions for environmentally sustainable options for treat-
ment of chromium from industrial wastewaters. There are many separate reviews on
chromium removal using silica based sorbents (Dinker and Kulkarni 2015), natural
minerals (Dimos et al. 2012), other adsorbents (Jung et al. 2013), treatment of chro-
mium in tannery effluents (Kumar and Pandey 2006), reduction techniques (Barrera-
Dfiaz et al. 2012), utilization of carbon nanotubes (Anagnostopoulos et al. 2017),
Phyto-filtration (Gardea-Torresdey et al. 2004), Liquid-liquid extraction (Memon
et al. 2004), microbial treatment for contaminated soil (Dhal et al. 2013) and bio-
sorption (Jobby et al. 2018) and more. This chapter accumulates information on
various technologies and materials that are explored for remediation of chromium.
Collected data is discussed in terms of industrial scale viability of processes.

Chromium chemistry and type of chromium species are important in understand-
ing of accumulation, toxicity and mobility; this chapter starts with such concepts
followed by various techniques and materials reported in the literature.

4.1.1 Chromium Species in Aqueous Solution

In aqueous solutions, most likely species of Cr (VI) are HCrO,~, H,CrO,, Cr,0,*~
and CrO,> and trivalent chromium [Cr(H,O)%**, [(H,O)sCr(OH)]**, Cr(OH),
depending upon the redox potential, concentration and pH of solution (Ng et al.
2010; Sundarapandiyan et al. 2010). Chemical properties, reactivity and biological
role of chromium depends on its oxidation state; Cr(VI)/Cr(III) which are inter-
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changeable. The electric potential difference between Cr(III) and Cr(VI) indicates
the strong oxidizing potential of Cr(VI) and considerable amount of energy
(1.33 eV) is needed to convert Cr(VI) to Cr(IIl). Cr(II) does not get oxidized in
living system while reduction of Cr(VI) occur spontaneously. In blood Cr(VI) is
quickly reduced to Cr(IIl) but once its reduced to Cr(III) it is unable to leave cell
because it is bound to cell components (Dayan and Paine 2001). Cr(III) hydroxy
species would be dominated in aquatic environment and their mobility greatly
depends upon type of species. Cr(IIl) is reported to form following hydroxy com-
pounds in an aqueous solution; Cr**, Cr(OH),*,Cr(OH);, Cr(OH),~ and Cr;(OH),**
as well (Latimer 1964; Rai et al. 1987). Correlation of various species as functions
of pH is explained A plot of pH and log[Cr] is reproduced in Fig. 4.2. It represents
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Fig. 4.2 (a) Graph of pH versus Log[Cr], showing dominancy of Cr(III) hydroxyl species as func-
tion of pH. (b) Relative distribution of Cr(VI) species in water as function of pH and Cr(VI) con-
centration. Adapted from Pourbaix 1974 with permission
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Cr(OH)*, Cr(OH)s(s) and Cr(OH),” at pH 3.5-6.4, 6.4-11.5 and > 11.5 exists
respectively. This shows that Cr(III) hydroxyl occurs as amphoteric form in aqueous
solutions. Fig.4.2(a) also explains the stability of Cr(IIl) in aqueous solution with
pH below 5 upto 1 week, however, Cr(VI) is stable in whole pH range (Fig.4.2b).

Soluble Cr(III) in any form is considered unstable due oxidation to Cr(VI). Apte
et al. studied conversion rate of Cr(Ill) to Cr(VI) as function of pH (Apte et al.
2017). These reactions were carried out to ascertain the effect of initial pH on con-
version rate in aqueous suspensions containing Cr(OH); under aerobic conditions.
The dissolved Cr(III) concentration was monitored in all reactors, initially at pH
values of 3, 5 and 7, respectively. Dissolution of Cr(III) was found in equilibrium
with the Cr(OH); solid phase. When Cr(Ill) is oxidized to Cr(VI), the resultant
decline in dissolved Cr(IIl) concentration disturbs the equilibrium between the
Cr(OH); which triggers dissolution of the chromium solid phase. Equilibrium cal-
culations presented by (Apte et al. 2017) suggests that under aerobic conditions and
at pH 7, progressive dissolution of chromium and oxidation of dissolved Cr(Ill) to
Cr(VI) will continue until nearly all Cr(II) is converted to Cr(VI). The increase in
pH of reactors initially at pH 3 and 5 to approximately 7 can be explained by con-
sidering the partial dissolution of Cr(OH); when added to water,

Cr(0OH),\— Cr** +30H" 4.1)
Cr(oH),{— Cr(OH)" +20H" 4.2)
Cr(oH),{— Cr(OH)" +OH" 4.3)

Cr(OH), - Cr(OH), (4.4)

(aqueous)

Reactions (4.1)—(4.3) are predominant in reactors initially at pH 3 and 5. Since these
reactions release [OH] ions, pH of the solution increases. In the case of the reactor
initially at pH 7, initial dissolution of the chromium solid phase is primarily through
reaction (4.4), which does not increase the solution pH subsequently, a buffering
action is established between chromium dissolution Eqs. (4.1)—(4.4). Chromium
oxidation reactions, through which any release of [H*] ions due to chromium oxida-
tion is neutralized by the release of [OH] ions due to chromium dissolution. This
explains the nearly constant pH in all reactors once the pH has reached approximately
7 even though chromium oxidation was still taking place (Augustynowicz et al.
2010). Table 4.1 shows other possible oxidation process for conversion of Cr(III) to
Cr(VI) in aqueous solutions in the presence of other metal ions like Mn and Fe
(Kimbrough et al. 1999).



4 Materials and Technologies for the Removal of Chromium from Aqueous Systems 119

Table 4.1 Various reaction of chromium in an aqueous solution which shows the conversion of
Cr(III) to Cr(VI) in the presence of different metal ions

Oxidation E (V)
3MnO, + 2Cr(OH); & 3Mn*" + 2Cr04%~ + 2H,0 + 20H~ 1.328
2Cr* + 5H,0 + 305 < 2CrO4>~ + 10H* + 30, 0.87
2Cr** + 2H,0 + 3H,0, & 2CrO4* + 10H* 0.58
2Cr* + 3H,0 + 2MnO* < Cr,07*~ + 6H* + 2MnO, 0.35
2Cr* + TH,0 + 6Mn* < Cr,07*~ + 14H* + 6Mn** 0.18
2Cr** + H,0 + 3PbO, & Cr,07-2 + 2H* + Pb** 0.13
Reduction E (V)
2HCrO* + 5H* + 3HSO5~ < 2Cr’** + 5H,0 + 35S0, 2.115
HCrO* + 3 V* + TH* & Cr** + 3V + 4H,0 1.45
2HCrO* + 3H,S + 8H* & 2Cr* + 5H,0 + 3S 1.18
HCrO* + 3Fe* + TH+ < Cr** + 3Fe* + 4H,0 0.56
2HCrO* + 5H* + 3HNO, < 2Cr’** + 5H,0 + 3NO5~ 0.35

4.1.2 Chromium Toxicity and Legislation

Due to its high mobility chromium can simply infiltrate the wall of cell and its toxic
nature cause numerous cancer diseases (Janssen and Koene 2002). It is not only
toxic to human but also for animal, plants, bacteria, algae and fungi. The health
hazards of exposure to Cr(VI) and Cr(III) are well documented by the World Health
Organization and the Agency for Toxic Substances and Disease Registry (Tao and
Michael Bolger 1999). Cr(VI) is listed by the United States Environmental
Protection Agency (USEPA) among seventeen chemicals posing greatest threat to
humans (Cheung and Gu 2007). Owing to a very high positive redox potential, Cr
crosses cell membranes damaging the cellular and molecular components of the cell
leading to membrane disruption, protein degradation and DNA alterations in
humans, animals and plants (da Silva Pereira et al. 2010).

Hexavalent chromium induces mutation by interfering with DNA protein cross-
links and causes single-strand breakage (Shanker et al. 2005). It damages kidney
and liver functions and may cause epigastric pain, nausea, vomiting, allergic reac-
tions, stomach ulcers, and hemorrhage (Mancuso 1997). In plants and many other
organisms, reducing agents such as NAD(P)H, FADH2, several pentoses and gluta-
thione in the cell pool, reduce Cr(VI) to Cr(III) (Hossain et al. 2012). During this
conversion, transient formation of chromium unstable states occurs leading to free
radical formation, which induces oxidative stress conditions in plants. In adult
human subjects, the lethal oral dose is 50—70 mg soluble chromates per kilogram
body weight. The clinical features of acute poisoning are vomiting, diarrhea, hem-
orrhage and blood loss into the gastrointestinal tract, causing cardiovascular shock.
If the patient survives for more than about 8 days, the major effects resulting from
oral ingestion of toxic doses of chromium are liver and kidney necrosis. Although
parenteral administration of chromium to experimental animals can lead to terato-
genic effects, birth defects have not been associated with human exposure to chro-
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mium (Sundaramoorthy et al. 2010). Globally more than 170,000 tons of chromium
containing wastewater is discharged into environment annually (Gadd and White
1993). WHO and Canadian legislation recommends that chromium concentration
should not exceed 0.05 mg/L in drinking water whereas US-EPA recommends
0.01 mg/L (Edition 2011) (Davies and Mazumder 2003; Sutton 2010).

4.2 Techniques for Chromium Clean-up from Contaminated
Water

There are two type of techniques for chromium removal; (1) conversion of metal
from one oxidation to another (redox systems) and (2) accumulation of metal ions
through adsorption, ion-exchange or membrane processes (adsorptive systems) or
amalgam formation (precipitation systems). Most of the reported systems are dis-
cussed in following sections.

4.2.1 Coagulation/Flocculation and Electrochemical
Precipitation

Coagulation or flocculation is used to destabilize the charged particles of suspended
solids. Industries utilize inorganic coagulants i.e. ferric chloride (FeCls), aluminum
sulphate (A1SO,) etc. to reduce the organic load, suspended solids to eliminate toxic
heavy metals i.e. chromium (Lofrano et al. 2006). Fe(Il) sulfate converts Cr(VI) to
Cr(III) to nearly 100% by forming of precipitate of Cr(OH); (Faust and Ali 1998;
Lee and Hering 2003; Qin et al. 2005). Coagulation/flocculation can be carried by
other chemicals also or may be assisted through electrochemical process. Table 4.2
shows chemical and electrochemical process reported for removal of chromium,
respectively.

Song et al. used ferric chloride and aluminum sulphate for the treatment of
organic carbon and toxic heavy metals. In this case, each coagulant works effec-
tively at specific and favorable pH. Alum is used as coagulant, which removes
30-37% of Chemical oxygen demand (COD), 38-46% of suspended solids (SS)
and 74-99% of chromium by using optimum alum dose i.e. 800 mg/L from tannery
wastewater. During the treatment process, ferric chloride gives better results than
aluminum sulphate as coagulant. The coagulation study was investigated by Ayoub
et al. by using lime and bittern monitored by activated carbon for the treatment of
tannery effluent (Ayoub et al. 2011). The pH was maintained by using lime slurry
up to 11.3. This results in remediation of total suspended solids 97%, total chro-
mium 99.7% and phosphorous 87%. The chemical oxygen demand and biological
oxygen demand (BOD) removal obtained up to 71% and 57%. Kabdasli at el
reported greater than 99% removal of chromium by using alum, FeCl; and FeSO,
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Table 4.2 Coagulation and flocculation methods including redox assisted, sulfide precipitation,
conventional coagulation with alum and Fe(III) and electrochemical reduction, their advantages

and disadvantages for removal of chromium

Technology Process Advantage Disadvantages References
Coagulation Fe(Il) reduced Cr Effective Performance Lee and Hering
with Fe(II) (VD to Cr(IIl) and removal 99% | effected by floc and | (2003) and Qin
(redox assisted) | Fe(I) oxidized to with use of filterability of solid | et al. (2005)
Fe(IIT) than Cr(IIT) | excess Fe(II) precipitated.
adsorbed or co Additional
precipitated as treatment required
Fe(III) hydroxides for floc removal
Precipitation Reduction of Cr(VI) | Cr(VI) reduced | Relatively Calder (1988)
with sulfide with sulfide and and chromium | expensive and not
formation Cr(III) precipitate in | suitable for
precipitate as single step drinking water
chromium sulfide Less metal treatment
residue than application
hydroxide faster
settlement of
metal
Coagulation Coagulation with Low capital Two-stage process | Beszedits
precipitation alum and Fe(III) and O&M for Cr(VI) removal | (1988) and
(conventional) | salts precipitation costs low precipitation is Calder (1988)
with lime, caustic pretreatment often ineffective if
soda and sodium requirement metals are
carbonate (to effective for complexed or if
increase the pH) Cr(III) removal | they are present as
two-stage process recovery of anions. Removal of
for Cr(VI) removal: | chromium for | the microflocs
Reduction of Cr (VI) | recycling formed is often
to Cr (III) and reaction time is | difficult and critical
precipitation/ short for process
filtration of Cr(III) efficiency.
reduction proceeds Produces high
rapidly at low pH volume of sludge
reducing agents most
commonly employed
are sulfur dioxide,
sodium sulfite and
Fe(II) sulfate
Electrochemical | Uses consumable Reaction Increased quantity | Calder, (1988)
reduction iron electrodes and | occurs rapidly | of sludge due to and
an electric current to | and requires additional Mukhopadhyay
generate Fe(I) ions | minimum precipitation of et al. (2007)
which reacts with retention time | iron hydroxide
Cr(VI) to give
Cr(III)
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(Kabdagh et al. 1999). Removal of chromium using electrocoagulation process
where Fe(Il) is either added or electrogenerated to reduce Cr(VI) to Cr(Ill) is
reported. Then pH of solution is increased which favors the formation of precipi-
tates of Cr(OH);. Electrochemical reduction using iron sacrificial electrode in vari-
ous operating conditions shows excellent removal of Cr(VI). Un et al. (2017)
achieved 100% removal using current density 20 mA/cm?, pH 2.4 and 0.05 M NaCl
electrolyte, initial Cr(VI) concentration of 1000 mg/L, time 25 min and energy cost
2.68 kWh/m?. Similar reports with good efficiency for removal of Cr(VI) are carried
out using iron as electrodes (Akbal and Camci 2010; Cheballah et al. 2015;
El-Taweel et al. 2015; Esmaeili et al. 2015; Espinoza-Quifiones et al. 2012; Hamdan
and El-Naas 2014a; Taa et al. 2016; Verma et al. 2013; Zewail and Yousef 2014).

Iron electrodes in continuous flow operating conditions were reported and found
equally efficient in terms of removal where final concentration of 0.2 mg/L was
achieved (Hamdan and El-Naas 2014b; Kongsricharoern and Polprasert 1995).

Electrodes other than iron have emerged in the literature for electro-precipitation
of chromium. Selvaraj et al. (2018) recovered of Cr(IIl) without oxidizing into Cr
(VD) from spent liquor tannery effluent by using two compartment electro-floation
reactor. In a two compartment, membrane electro-chemical reactor RuO,/TiO,-Ti
cell was used as anode and Ti as cathode while 0.01 N H,SO, was used as electro-
lyte. Cell was separated by Nafion 117 membrane where more than 98% of chro-
mium was recovered in the form of Cr(OH);. An electrochemical cell consist of
three electrode, Ag/AgCl and graphite as a counter electrode while aluminum cop-
per foil was established to remove chromium from real sample of tannery wastewa-
ter having concentration of 2654 mg/L and 2775 mg/L. Cr(VI) removal was more
than 99% in the form of insoluble Cr(OH); using cyclic voltametry at 50 mV/s at
temperature 25 °C (Ramirez-Estrada et al. 2018). Enhancement in removal of
Cr(VI) ions was observed significantly when carbon aerogel electrode was used at
high charge conditions and low pH. It was observed that on decreasing pH the
removal of metal ion was reduced up to 98.5% at acidic conditions (Rana et al.
2004). It was observed that at high charge density, treatment time and energy con-
sumption was reduced after treatment, residual concentration of Cr(VI) reached to
0.5 mg/L.

Table 4.3 shows few more applications for the remediation of Cr(VI) from efflu-
ent by using electrochemical precipitation. Electrodes other than iron in electroco-
agulation are not comparable in removal efficiency for chromium at higher
concentration. On the other hand iron electrodes are consumable and generate waste
in the form of chromium sludge.

Chemical or electrocoagulation despite being efficient process requires removal
and proper disposal of sludge containing chromium. Precipitates also need to be
removed quickly from aqueous solution as Cr(III) is unstable and gets converted to
Cr(VI) especially at basic pH (refer to Fig. 4.2). However, regeneration of sludge
back to chromium and iron into the compounds useful for industrial applications
would be of interest.
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Table 4.3 Electrocoagulation of chromium using electrodes including carbon nanotube electrode,
modified glass electrode, silver nanoparticle coated electrode, graphene polyaniline, mild steel
electrode, iron aluminum electrode, polypyrrole coated aluminum, carbon aerogel, stainless steel
nets coated with single wall carbon nanotubes, carbon aerogel, titanium electrodes, microbial fuel
cell graphite and Iron rotary

Initial
conc. Time Removal

Electrodes (mg/L) (h) pH | (%) References

Carbon nanotube poly vinyl alcohol | 1.0 4.0 6.6 99.0 Duan et al. (2017)

ultrafiltration membranes

Binder-free carbon nanotube 12 1.5 3.0 97.0 Na and Wang

electrode (2016)

Liquid crystal coated polaroid glass | 100.0 24 2.0 99.8 Gangadharan et al.

electrode (2015)

Fe-Fe 887.2 1 4.0 | 100.0 Bazrafshan et al.
(2015)

Au NPs TiO, NTs 20.0 3 11.0 | 100.0 Jin et al. (2014)

Polyaniline graphene polyaniline 50.0 2 0.5 95.0 Yang et al.
(2014b)

RuO,/Ti 5.0 2 4.4 199,0 Dharnaik and
Ghosh (2014)

Carbon nanotubes 12.0 1.9 3.0 96.0 Wang and Na
(2014)

Electrocoagulation with an Fe-Al 44.5 0.3 3.0 | 100.0 Akbal and Camci

electrode (2011)

Mild steel electrode 50.0 0.58 2.0 | 100.0 Golder et al.
(2011)

Stainless steel nets coated with single | 10.0 4.2 4.0 99.0 Liu et al. (2011)

wall carbon nanotubes

Reticulated vitreous carbon 100.0 2 2.0 | 100.0 Rodriguez-
Valadez et al.
(2005)

Polypyrrole coated aluminum 350.0 3 0.7 | 100.0 Conroy and
Breslin (2004)

Carbon felt 3-50.0 13 2.0 | 100.0 Frenzel et al.
(2006)

Carbon aerogel 2.0 - 2.0 99.6 Rana-Madaria
et al. (2005)

Iron rotary 130.0 - 8.5 99.6 Chen (2004)

Stainless steel electrodes 147.0 1.16 | 1.8 | 100.0 Sanjay et al.
(2003)

Titanium electrodes 405.6 - <4.0| 87.0 Herrmann (1999)

Microbial fuel cell graphite 100.0 150 |2-6 | 100.0 Yan Li et al.
(2009)

Microbial fuel cell (MFC),graphite | 26.0 26 2.0 97.0 Yan Li et al.

plate anode, rutile coated graphite (2009)

plate cathode
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4.2.2 Membrane Filtration

Semipermeable membrane with very narrow pores is involved in membrane filtra-
tion. Retention of particles, compounds or ions depends upon pore size as well as on
selective binding sites in the pores or on the surface on membrane. Mechanical and
chemical stability are also important factors for successful operation of membrane-
based systems. Therefore, membrane treatment process has to be explored in the
terms of efficiency, cost and energy-effectiveness (Chelme-Ayala et al. 2009).
Membrane has capability to remediate toxic metals i.e. chromium, arsenic and oth-
ers. Several types of membrane techniques are employed i.e. microfiltration, poly-
meric, inorganic and liquid membrane for the removal of chromium. Membrane
filtration is very popular but disposal of concentrate from RO and NF after water
treatment create environmental problem as concentrate contain organic and inor-
ganic contaminant and considered as disadvantage (Van der Bruggen et al. 2003).
Membranes classification is based on porosity i.e. micro, nano and type i.e. sup-
ported or Inorganic and state i.e. liquid. Membranes employed for chromium
removal are discussed below.

4.2.2.1 Micro and Nano Filtration

Microfiltration is a process used for the treatment of industrial wastewater. The pore
size of microfiltration membrane ranges from 0.1 pm-10 pm. The separation
through microfiltration process is usually carried at low pressure to overcome the
barrier of pressure (Dutta 2007). This technique can be used with polymers, poly-
electrolytes, biomass and surfactants which improve the efficiency of chromium
removal by complex formation or adsorption (Aroua et al. 2007; Danig and Keskinler
2009; Ge et al. 2013; Ghosh and Bhattacharya 2006; Ramrakhiani et al. 2011; Zeng
et al. 2014).

Suresh M. Doke used surfactant enhanced Titania membrane prepared from
polymeric solgel method. Micellar Enhanced Micro Filtration (MEMF) was used
with a cationic surfactant cetylpyridinium chloride (CPC). A porous ceramic mem-
brane was prepared from nano-crystalline titanium oxide powder (TiO,) to obtain a
stable structure. Membrane was sintered for 1 h at 450 °C and was characterized
through Scanning Electron Microscope (SEM), X-Ray Diffraction(XRD) and mer-
cury porosimetry. Results show pore size of 0.58 pm, porosity 0.32 and water per-
meability of membrane 1049 L/m*h.bar. A 99% removal was found under optimized
conditions, surfactant to chromate ratio (CPC/Cr) 2.5, initial chromate concentra-
tion 100 mg/L, pressure 1 bar (Doke and Yadav 2014).

Bao et al. (2015) synthesized modified ultrafiltration membrane functionalized
with amine using Mobil Composition of Matter No.41 (MCM-41). Equilibrium for
chromium was achieved in 5 min which shows faster kinetics, however, membrane
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was good at initial concentration of 0.5 mg/L. Vasanth et al. (2012), used Baker’s
yeast ceramic biomass assisted microfiltration for the removal of Cr(VI). Membrane
was prepared by mixing of kaolin, quartz and calcium carbonate 2:1:1 respectively.

Aroua et al. (2007) used polymer-enhanced ultrafiltration (PEUF) for the treat-
ment of Cr(VI) from wastewater. Water-soluble polymers i.e. pectin, chitosan, poly-
ethyleneimine (PEI) were used. The ultrafiltration process equipped with polysulfone
hollow fiber membrane was also used. It was found that the pH is the important
factor for the elimination of chromium. Bohdziewicz utilized polyacrilonitrile
membrane for the treatment of chromium from industrial wastewater. The results
obtained shows that 17.5% polymer eliminate 98% of chromium ions and the
remaining ions were passed from membrane and present in water (Bohdziewicz
2000). Muthukrishnan investigated the different nano-filtration membranes for the
remediation of chromium ions by changing its pH. Two types of nano-filtration
membranes are employed i.e. high rejection membrane (NFI) and a low rejection
membrane (NFII). The elimination of chromium was augmented by increasing the
pH of solution.(Muthukrishnan and Guha 2008) Also, aromatic polyamide thin film
membrane was utilized for the treatment of chromium from aqueous system
(Hafiane et al. 2000). The results obtained shows that the elimination rate depended
on pH and ionic strength. The elimination of chromium was decreased by increas-
ing the ionic strength and at basic pH the better results were obtained.

The non-interpenetrating modified ultrafiltration carbon membrane by gas nitra-
tion using NO, with hydrazine hydrate is reported (Pugazhenthi et al. 2005). The
supported membrane is used for the removal of Cr(VI) ions. The pore radius of
aminated carbon, nitrated and unmodified membrane is observed 3.3, 2.8 and
2.0 nm. The water flux of modified membrane is increased two times as compared
with unmodified membrane. The removal efficiency of Cr(VI) ions by using ami-
nated carbon (88%), nitrated (84%). Some other reports on removal of chromium
using membrane filtration are given in Table 4.4.

4.2.2.2 Liquid Membranes

These membranes consist of liquid phase a thin oil film which exists either in sup-
ported or non-supported form that serves as membrane barrier between two phases
of aqueous solution. There are two types of liquid membrane emulsion liquid mem-
brane (ELM) and immobilized liquid membrane (ILM) which is also called a sup-
ported liquid membrane (SLM). An emulsion liquid membrane is consisting of
“bubble within bubble”. The inner bubble is receiving phase and outer bubble is
separation phase, which contains the carriers. The emulsion liquid membrane can
be affected by ionic strength and pH. An immobilized membrane is simpler to visu-
alize. It is made-up of rigid polymer membrane with several microscopic pores,
which is filled with organic liquid through which separation occurs. Liquid
membrane is used as effective and inexpensive method for the treatment of toxic
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Table 4.4 Removal of chromium using various membranes
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Removal
Membrane Conditions (%) References
Photocatalytic couple The water flux 39.7 L/m?, initial 99.1 Kazemi et al. (2018)

nanoparticle multilayer
membrane

conc. 10 mg/g, pH 3.0, pressure 5 bar
and temperature 25 °C.

Polymeric membrane Time 50 min, pH 5.0, applied current | 99.7 Onac et al. (2018)
0.6 amp, temperature 25 °C, donor
phase: 2 x 107 M K,Cr,0, in 0.1 M
HCI, acceptor phase pH 5.0 acetic
acid/ammonium acetate buffer
solution.
Polyvinylidene Water flux 318.11 L/m>h, contact - Zhou et al. (2018)
fluoride/2-Amino-4- angle was 81.2°, adsorption capacity
thiazoleacetic acid 165 pg/em?.
ultrafiltration membrane
Poly(2- Adsorbent capacity 165 mg/g 100.0 Sanchez et al.
dimethylaminoethyl polymer 25 mg L=! in the feed, (2018)
methacrylate) pH 4.0, polymer Cr molar ratio of
PDMAEMA polymer- | 40:1, pressure 1.0 bar
enhanced ultrafiltration
CuO/hydroxyethyl Water flux (22.19 L m2h~" at 0.5 bar | 91.44 Choudhury et al.
cellulose composite TMP, time 120 min, pressure 3 bar (2018)
ceramic membrane
Chitosan/polyvinyl The maximum adsorption capacity | — Koushkbaghi et al.
alcohol(PVA)/ 509.7 mg/g initial conc. 100 mg/L, (2018)
polyethersulfone (PES) | pH 2.0, adsorbent dosage of 0.5 g/L,
dual layers nanofibrous | contact time 60 min and temperature
membrane 30 °C.
1-octanol/polyvinyl P 43.38 pm-s~!, Cr(VI) conc. Feed >90.0 Meng et al. (2018)
chloride in polymer phase 1 mg/L, current 30 V, pH 2.0,
inclusion membrane initial current density 0.1 A.
Chitosan thin films BET surface area 88.47 m%g, time 100.0 Nayak et al. (2015)
40 min, pH 4.0, initial conc. 10 mg/L
Modified ultrafiltration | BET surface area 437.2 m*/g, - Bao et al. (2015)
membrane adsorption capacity of 2.8 mg/g, time
NH,-MCM-41 5 min, initial conc. 0.5 mg/L, pH 3.5
Supported liquid Initial conc. 19.2 x 10~ mol L', 80 Nawaz et al. (2016)
membrane using feed phase 1.5 mol L~!' H,0,,
trioctylphosphine oxide | 0.1 mol L=!, conc. Membrane phase
and 0.001 mol L~! DPC and
1.5 mol L~! H,SO; as stripping
phase. Time 180 min, stable up to
10 days.
Cationic hydrophilic pH 9.0, maximum retention capacity | >90.0 Sanchez and Rivas
polymers coupled to 164 mg Cr(VI)/g polymer, initial (2011)
ultrafiltration conc. 30 mg/L, pressure 1 bar,
membranes

(continued)



4 Materials and Technologies for the Removal of Chromium from Aqueous Systems 127

Table 4.4 (continued)

Removal
Membrane Conditions (%) References
Supported ionic liquid | Initial conc. 7 mg L~!, 0.01 mol/L 90.0 de San Miguel et al.
membrane containing | HCI, time 5 h, permeability of (2014)
CYPHOS IL101. 7.4 x 107> m s7', initial strip

permeability of 2.0 x 107> m s/,
initial fluxes of 5.5 x 107, mol
m~2s~! for the feed and

2.3 x 107 mol m~? s~! for the strip

solutions.
Thiol-modified Adsorption capacity 87.7 mg/g, >93.0 Yang et al. (2014a)
cellulose nanofibrous initial conc. 50 mg/g, pH 5.0, time
composite membranes | 30 min, temperature 25 °C
Baker’s yeast ceramic | Membrane flux (2.07 x 10-> m*/m? s, | 94.0 Vasanth et al.
membrane pressure 207 kPa, pH 1.0, initial (2012)

conc. 100 mg/g
Polymer inclusion Time 40 min, pH 5.0, applied voltage | 98.3 Kaya et al. (2016)
membrane 70V, applied current 0.6A
Peroxyacyl nitrates Initial conc. 25 mg/g, pH 8.06, cross | 90.0 Muthumareeswaran
(PAN) based flow velocity 0.72 ms™' and etal. (2017)

ultrafiltration membrane | 0.05 ms™' and transmembrane
pressure 25 kPa & 200 kPa,
temperature 25 °C

heavy metals. Venkatesan and Meera Sheriffa Begum (2009) synthesized Emulsion
Liquid Membrane (ELM) was water/oil/water or (w/o/w). The process of Emulsion
Liquid Membrane is couple transport mechanism in which metal ion and the carrier
present in membrane coupled and carrier exchanges metal ion with appropriate ion
present in the stripping phase (Babcock et al. 1980; Kobya et al. 1997; Kunungo and
Mohapatra 1995). Table 4.5 lists some of the processes reported for removal chro-
mium using liquid membranes. Liquid membrane based reactors for removal of
chromium seems an interesting option as compared to coagulation. Unlike precipi-
tation based process liquid membranes can selectively preconcentrate and extract
chromium from wastewaters which can be reused after little treatment.

4.2.3 Ion Exchange Methods

Ton Exchanger is the solid resins having capacity to exchange cations or anions
from surrounding medium. These resins are natural solid or synthetic organic mate-
rials (Bashir et al. 2018) which exchange charged ions positively or negatively from
an electrolyte solution (Barakat 2011).

Disadvantages of ion exchange process are high cost, not suitable for concen-
trated solution and incomplete removal of certain ions. In spite of this, there are
many attempts reported in literature as shown in Table 4.6 regarding removal of
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Table 4.5 Removal of chromium using liquid membrane with different membrane and strip
phases

Membrane phase Membrane/method Strip phase | References
Tri-n-octylamine(TOA)/o-- Polymer inclusion membrane | NaOH Koztowski
nitrophenyl pentyl(ONPPE) (2007)
ether/dichloromethane
Aliquat 336/tertiary amines Polymer inclusion membrane | NaOH Kozlowski and
Walkowiak
(2005)
Aliquat 336/kerosene Polytetrafluoroethylene HNO; or | Soko et al.
(PTFE) membrane NaNO; (2002)
Alamine 336/kerosene Emulsion liquid membrane NaOH Chakraborty
et al. (2005)
Methylcholate/toluene Polyvinylidene difluoride HNO; Benjjar et al.
(PVDF) (2012)
Cyanex 921/Solvesso 100 Polyvinylidene difluoride H,N-NH, | Alguacil et al.
(PVDF) (2003)
Alamine 336 Artificial neutral networks NaOH Eyupoglu et al.
(2010)
Trioctylamine Supported liquid membrane | NaOH Nawaz et al.
(SLM) (2016)
Alamine 336 Supported liquid membrane | NaOH Eyupoglu and
(SLM) Tutkun (2011)
Dicyclohexano-18-crown-6/ Bulk liquid membrane KOH Zoubhri et al.
dichloromethane (1999)
Aliquat 336, NPOE/THF Polyvinyl chloride based NaCl Giell et al.
SLM (2008)
Aliquat 336/dodecane Hollow fiber supported liquid | HNO, Choi and Moon
membrane (HFSLM) (2005)
CYPHOS IL101/toluene Millipore GVHPO4700 NaOH de San Miguel
et al. (2014)
Hostarex A327/cumene Microporous Polyvinylidene | NaOH Guo et al. (2012)
difluoride (PVDF)

a feed phase was Cr(VI) in all cases

chromium using ion exchange process. Koujalagi et al. 2018 studied removal of
Cr(VI) from water as well as organic solvent by using weak base anion exchanger
Tulsion A-2X (MP), and found 70% removal at pH 5.0-5.5 and contact time of
15 min and when contact time was increased up to 225 min removal to increased
97%. Value of Gibbs free energy showed that adsorption process is spontaneous.
Cavaco et al. 2009 studied two chelating resins based on diphosphonic (Diphonix)
and sulfonic groups containing iminodiacetic acid group (Diaion CR 11 and
Amberlite IRC 748) results shows sorption capacity for Cr(III) was found 3.6 and
3.4 mEq./g dry resin Amberlite and Diaion and Diphonix respectively. Shan 2018,
prepared Nanoscale zero-valent iron particles (NZVI), which was immobilized in
Poly vinylidene fluoride (PVDF) hybrid film (cation-exchange) for removal of
Cr(V]) at initial concentration 2 mg/L, pH 3.88, time 120 min showed removal
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Table 4.6 Removal of chromium using ion-exchange materials under different optimized

conditions
Initial
conc. Efficiency

Membrane Optimized conditions (mg/L) (%) References
D301 poly- BET surface area 50 93.76 Zang et al.
epichlorohydrin- 32.356 m*/g adsorption (2018)
dimethylamine capacity 194 mg /g,
(EPIDMA) temperature 25 °C, time

24 h, stirring rate

150 rpm, pH 2.0
Polypyrrole multi-walled | Time 80 min, pH 2.0-2.2, | 50 80 Xing et al.
carbon nanotubes on applied potential —2.5'V, (2018)
carbon cloth time 24 h
(CC-MWCNTS-Ppy)
nanocomposite
Gel-type anion exchanger | Sorption capacity 830 - Xiao et al.

85.5 mg/g, pH 1.6, (2016)

temperature 25 °C, flow

rate 8.6 mL/min, time

90 min
Macroreticular anion Initial conc. 100 mg/L, 100 98.5 Alpaydin
exchange resin (Amberlite | pH 4.5, dosage 1 g/L, etal. (2011)
IRA900) capacity 116 mg Cr(VI)

per gram of resin, energy

consumption 0.07 kw h/

m3
Acrylic anion exchanger | Initial conc. 100 mg/L, 100 80.0 Wojcik et al.
(tertiary amine, pH 3.5, time 72 h (2011)
quaternary ammonium
and ketone groups)
By ion exchange resins Removal of Cr(III) - 89.4, 88.3, Rivas et al.
containing carboxylic acid | through P(AAGA-co- 86.8, 89.3 (2018)
and sulphonic acid groups | APSA), P(AAGA-co- Respectively

ESS), P(AAm-co-ESS),

and P(APSA-co-AAc), at

pH 3.62
Metal organic Resin-1 MOR-1-HA BET surface |21.6 97.5 Rapti et al.
(MOR-1) and alginic acid |area 1000 m%g, pH 3.0, (2016)
(HA). MOR-1-HA sorption capacity

242 mg/g.

MOR-1, 252 mg/g
Amberlite XAD-4 pH 6.9, temperature 1.0x 10* |98.7 Bhatti et al.
(MAX-4) 25 °C, time 60 min, mol/L (2017)
Amberlite 200 resin Removal of Cr(III), 100.0 - Alguacil

pH 3.0, temperature
25 °C and time 6 min

etal. (2012)

(continued)
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Table 4.6 (continued)

Initial
conc. Efficiency
Membrane Optimized conditions (mg/L) (%) References
Anion exchanger The sorption capacity 100.0 98.0 Dragan et al.
(chitosan/poly vinyl 200-320 mg/g, (2017)
amine cryogels) temperature 25 °C,
pH 6.0. The sorption
process was spontaneous
and endothermic.
EIX cell (RuO,/Ti) Time 2 h, adsorption 5.0 99.0 Dharnaik
capacity 71.42 mg/g, and Ghosh
applied voltage 10V, (2014)
temperature 22 °C,
pH 4.4-4.6
D314 resin (weak base pH 6.45, temperature 221 g/l 199.2 Fan et al.
ion exchange resin) 25 °C, time 60 min (2013)

efficiency of 44%. Alvarado et al. (2013) used a new hybrid technology by combining
ion exchange and electro-deionization and studied systemically (Amberlite IRA900)
a strong basic macroreticular anion exchange resin. The result showed that resin
have high capacity 116 mg Cr(VI)/gram of resin for ion exchange with Cr(VI) and
removed 97.7% chromium. Fan et al. (2013) used D314 resin (weak base ion
exchange resin) containing matrix of microporous acrylic acid copolymer, and sep-
arate vanadium and chromium from V/Cr mixture, at initial concentration 3.89 g/L.
of Cr,0; optimized pH 6.45, temperature 25 °C and contact time for 60 min, D314
resin gives 99.2% recovery of chromium and vanadium. Table 4.6 shows few more
applications for removal of chromium using ion-exchange method.

4.2.4 Biological Treatment

Removal of chromium from wastewater using biological treatment is achieved by
reorganization, accumulation and sorption (Barrera-Diaz et al. 2012; Pan et al.
2014). Bacteria can remove chromium into three stages, in first stage chromium
binds to bacterial cell surface, in second stage chromium enters into cell and lastly
it reduced form chromium (VI) to chromium(III) (Singh et al. 2011). Diverse aero-
bic or anaerobic bacteria like Ochrobactrum, Bacillus, Enterobacter Pseudomonas,
Exiguobacterium, Arthrobacter, Pannonibacter and Acinetobacter have ability to
reduce Cr(VI) to Cr(IIl), which is less toxic from of chromium (Bhattacharya and
Gupta 2013; Das et al. 2014; Xu et al. 2009). However, it still need to be removed
from water systems, therefore, standalone biological processes may not be suitable
for industrial applications. Table 4.7 represents chromium reducing bacteria, on
other hand nonliving biomass such as Clodophora crispate, Chlorella vulgaris,
Saccharomyces cerevisiae and Rhizopus arrhizus have been reported for good
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Table 4.7 Removal of chromium using different species of microorganisms, their mechanism of
removal and optimized conditions

Bacterial type Mechanisms Conditions References
Halomonas species Microbial reduction of | Initial pH 9.0, temperature | (Lara et al.
isolated from Cr Cr(VI) to Cr(III) 30 °C, time 25 days (2017)
contaminated soil through electron
donor

Alcaligenes faecalis Reduction Initial conc. 100 mg/L, Carlos et al.
and time 72 h, temperature (2016)
Pseudochrobactrum 30 °C, Luria Bertani

culture medium in 300 ml,

at 180 rpm; efficiency

100%
Arthrobacter viscosus | Cr(III) is bonded by 150 rpm, star shaped Hlihor et al.
biomass biomass functional column 17 mm external (2017)

groups through an
ion-exchange
mechanism

diameter and height of

10 mm flow rate-10 mL/
min up flow method for
120 h and pH 2.0,
temperature 20 °C,
efficiency 100% Cr uptake
20.37 mg/g

Pannonibacter
phragmitetus

Alkaline conditions,
six batch cycles

Removal 100%, initial
conc. 100-1000 mg, time
9-24 h, 37 °C and pH 9.0.

Xu et al. (2011a)

Chromium-reducing,

Sulfate and iron

Removal 100%, 20 mg L'

Somasundaram

sulfate-reducing, Cr(VI) reduction. of Cr(VI), time 500-648 h | et al. (2011)
iron-reducing bacteria
Bacillus subtillis Constitutive Removal efficiency 100% | Mangaiyarkarasi
membrane bound atpH 9 etal. (2011)
enzymes, decrease of
pH and growth
bacterium
Bacillus cereus isolated | Reduction of Tannery effluent, total Kumari et al.
from soil chromium chromium 2.4 mg/L, (2016)

Sample temperature 35 °C,
120 rpm, time 48 h,
efficiency 92.0%
Lysinibacillus Large numbers of Initial conc. 1 mm K,CrO,, | He et al. (2011)

fusiformis ZC1

NADH-dependent
chromate reductase
genes:

time 12 h, efficiency 100%

Pseudomonas genus
isolated from
circulating cooling
system of iron and
steel plan

Reduction

pH 7.0-9.0, initial conc.

3 mmol/L, and inoculating
dose-10%(v/v) for both
Growing cells and free
cells, removal efficiency
100%

Zhang et al.
(2016)

(continued)
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Table 4.7 (continued)

F. S. Hussain and N. Memon

Bacterial type Mechanisms Conditions References
Staphylococcus capitis | Induced protein of Removal efficiency 86% Zahoor and
and Bacillus sp. molecular weight and 89%, respectively, time | Rehman (2009)

JDM-2-1

around 25 kda

144 h

Rhodococcus
erythopolis isolated
From coal mine area

Used lactate as
preferable carbon
sources

Synthetic K,Cr,O; solution,
1-100 mg/L, pH 5.0-7.0,
temperature 20 °C to

35 °C; efficiency 89%

Banerjee et al.
(2017)

Escherichia coli

Glucose as electron
donor to promote the
reduction process

Initial conc. 50-250 mg/L,
time 4 h, removal efficacy
97.5%

Liu et al. (2010a)

Hansenula polymorpha
cells

Reduction by
cytochrome
c-oxidoreductase
(flavocytochrome b2,
FC b2) in the presence
of I-lactate

pH 6.3, 0.5 mm chromate,
time 30 min removal
efficiency 39-53%,

Smutok et al.
(2011)

Bacillus sp.
immobilized in
calcium alginate

Electron donors such
as glucose, fructose,
sucrose and bagasse
extract

pH 7 and 37 °C

Kathiravan et al.
(2011)

Pannonibacter
phragmitetus

Electron donors such
as lactose, fructose,
glucose, pyruvate,
citrate, formate,

Removal efficiency 100%,
time 24 h initial conc.

1917 mg/L, with the
maximum reduction rate of

Shi et al. (2012)

lactate, NADPH and | 562.8 mg L' h™!.

NADH
Pseudomonas putida A bacterium carrying | Removal efficiency 93% Mahmood et al.
and SL14 Serratia reductive enzyme(s) Cr(VI) and 100% color of | (2013)
proteamaculans reactive black-5 azo dye in

24 hat pH 7.2 and 35 °C

removal of chromium under optimum pH (1.0-2.0), temperature 25-35 °C, and
concentrations of 200, 200, 100, 125 mg/L respectively (Saranraj and Sujitha 2013).
However disadvantage is higher concentration of pollutant inhibit the biological
processes, take longer time to achieved desired results and hard to separate bacteria
from treated water (Stasinakis et al. 2002). That’s why it is necessary to develop
new biotechnological approaches for rapid separation of bacteria from wastewater
post treatment (Alvarez et al. 2010).

Among various techniques mentioned above, chemical or iron electrode based
precipitation technique was able to remove chromium efficiently at higher concen-
trations but produce sludge. Other techniques like bacterial, ion-exchange or mem-
brane filtration are useful for removal of chromium at low concentrations for
example contaminated surface waters. In addition, biological treatment is not fea-
sible due to accumulation of chromium in microorganism that may destroy organ-
ism and it is also difficult to recover chromium from environment.
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Fig. 4.3 Sorbent materials, including natural, modified sorbents and synthetic materials having
good capacity to adsorb chromium form wastewater

Another approach, which has been continuously investigated for liquid waste
treatment, is adsorptive removal of contaminants. Therefore, a section is dedicated
to adsorption and adsorbents reported for removal of chromium. Figure 4.3 shows
multitude of sorbents or raw materials used to prepare sorbents for removal of
chromium.

4.3 Sorptive Removal Methods and Sorbents

Sorption processes is the retention of species, elements, compounds or ions by mul-
titude of surface phenomenon and can also be used in treatment strategies for chro-
mium removal. Due to the tunability and versatility in preparing sorbents, there is
plethora of materials reported in literature including new generation of nano and
carbon based materials with diverse chemistries. This section of chapter is dedicated
to discover potential of natural and synthetic sorbents reported in literature towards
developing industrial scale reactors for chromium reclamation.

4.3.1 Natural Sorbents

Natural sorbents are those materials, which have tendency to adsorb dissolved com-
ponent form the contaminant media such as aqueous solutions with or without mod-
ifying them chemically. Biomass and clays with or without modification are widely
reported in this category of sorbents.
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4.3.1.1 Biomass

Biomaterials are good adsorbent because they possess organic moities such as
cellulose, lignin and keratin based materials having functional groups like phenolic
groups, carboxylic groups, amide etc. which provide sites for interaction with com-
pounds being adsorbed (Feng et al. 2011; Varghese et al. 2018). Natural materials
has invited attention because these are economically feasible, easily biodegradable,
obtained from renewable source, cheap, indigenous and easily available in large
quantity, mostly they are byproducts (Cutillas-Barreiro et al. 2014). Agricultural
wastes like, hazelnut shells, orange peels, maize cobs, peanut shells, jack fruit,
mushrooms and soya bean hulls in natural or modified forms has been explored and
significant removal efficiency was reported (Kulshreshtha 2018; Kurniawan
et al. 2006).

Diverse plant parts such as coconut fiber pith, coconut shell fiber, plant bark
(Acacia arabica, Eucalyptus), pine needles, cactus leaves, neem leave powder
(Sahmoune 2018) have also been tried for chromium removal showing efficiency
more than 90-100% at optimum pH (Dakiky et al. 2002; Manju and Anirudhan
1997; Mohan and Pittman Jr. 2006; Sarin and Pant 2006). Utilization of rice bran
and wheat bran as an adsorbent are found to be less effective as only 50% removal
efficiency was reported (Farajzadeh and Monji 2004; Venkateswarlu et al. 2007).
Gardea-Torresdey et al. (2004) reported Avena monida (whole plant biomass)
showed 90% removal efficiency of Cr(VI) at optimum pH 6.0. Rice husk in natural
form as well as activated rice husk carbon was used for the removal of chromium
(VI) and comparable results were observed with commercial activated carbon and
other adsorbents (Bishnoi et al. 2004; Mehrotra and Dwivedi 1988).

Saw dust of Indian rose wood prepared by treatment with formaldehyde and
sulphuric acid showed efficient removal of Cr(VI) (Garg et al. 2004). Beech saw
dust and rubber wood saw dust was also tried for chromium removal (Acar and
Malkoc 2004; Karthikeyan et al. 2005). Sugarcane bagasse was used in natural as
well as modified form and efficiency for both the forms was compared for the
removal of Chromium (V. K. Gupta and Ali 2004; Rao et al. 2002). Utilization of
mustard oil cake has been reported with significant removal efficiency and the
results of activated carbon of sugar industry waste and commercial granular acti-
vated carbon for sequestering of heavy metal ions from aqueous solutions were
compared (Fahim et al. 2006; Sud et al. 2008). Recently sugar cane baggase, maize
corn cob and jatropha oil cake as such were used for removal of chromium under
optimized conditions (Garg et al. 2007).

Agricultural waste peels, biomass based activated carbon and industrial byprod-
ucts have been used as low-cost adsorbents for the removal of pollutants from water
(Ahmad and Danish 2018; Dehghani et al. 2016; Okoli et al. 2017; Yagub et al.
2014). Dula et al. 2014 used bamboo waste for removing of chromium, batch
adsorption was used and found 98.28% removing at pH 2, initial conc. 100 mg/L,
contact time 3 min, adsorbent dose 0.25 g. Owalude and Tella (2016) used unmodi-
fied groundnut shell and modified groundnut shell and found at pH 2, contact time
60 min, initial concentration 8 mg/L gives 82% and 96% removing efficiency.
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Effectiveness of various adsorbents has been compared with commercial acti-
vated carbon where chitosan is found to be one of the most important materials in
adsorption applications. Amino and hydroxyl groups present in the molecules con-
tribute to possible adsorption interactions between chitosan and pollutants (dyes,
metals, ions, phenols, pharmaceuticals/drugs, pesticides, herbicides, efc.) (Kyzas
and Bikiaris 2015).

Gongcalves et al. 2018, used Endocarps of the acai berry as an absorbent for the
removal of Cr(III) and other metals. Ravikumar et al. (2018) used biomass of sulfate
reducing bacteria and polymer-nano zerovalent iron (nZVI) composite under anaer-
obic environment. Schwantes et al. 2016 used chemically modified cassava roots or
peel (Manihot esculenta Crantz) for the removal of Cr(III) and other metal ions.

Other reports on chromium removal using natural biosorbents are given in
Table 4.8 and closer look reveals that most of natural sorbents are not satisfactory to
fulfill industrial needs. However, aminated wheat straw showed highest adsorption
capacity of 454 mg/g. It is also capable of removing chromium at concentration
levels of 500 mg/L. Corn bract also showed comparable adsorption of 438 mg/g
with removal efficiency of nearly 100% at 24 h of contact time. Mostly biosorption
occurs in acidic medium particularly at pH 2.0.

4.3.1.2 Clays

Clays and their minerals are small particles, found on earth surface and mainly
composed of alumina, silica, weathered rock and water. It is fine grained raw mate-
rial which is inexpensive and abundant material used for decades for the effective
removal of heavy material form aqueous solution (Gu et al. 2018). The surface of
clay can be modified by different methods to improve the adsorption capacities.
Adsorption of heavy metals on clay involved a complex mechanism such as com-
plexation, bonding with cations or ion exchange (Bergaya and Lagaly 2006).
Treatment of clay can increase pore volume, surface area, binding sites that can
enhance the uptake of metals (Ismadji et al. 2015). Some other studies reported for
the removal of chromium by using clay are given blow in Table 4.9.

Clays were found efficient in acidic pH and all reports employed Cr(VI) as feed-
ing phase. Highest adsorption capacity of 308 mg/g was reported for polyaniline/
Montmorillonite composite (Chen et al. 2014) which is still lower than aminated
wheat straw (Yao et al. 2016). Therefore, it may be stated that modified biomass
based natural sorbents are better sorbents among various studies reported so far.

4.3.2 Silica Based Material for the Removal of Chromium

Silica and its composites possess high thermal, mechanical stabilities, economic
feasibility, large surface area, high porosity and great number of functionalities.
(Morin-Crini et al. 2018) Many modified silica based material such as polyethylene
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Table 4.8 Natural and modified biomass-based adsorbents for the removal of chromium

Adsorption. Concentration | Contact | Sorption

Material capacity (mg/g) |range (mg/L) | time (%) References

Sargassum 34.46 10-100 100 min | 93.2 Foroutan et al.

oligocystum (2018)

biomass (modified by

CaCl,)

Acidically prepared |- 80.0 120 min | 99.9 Khan et al.

rice husk carbon (2016)

(APRHC)

Raw Macadamia 45.2 100.0 10 h 100.0 Pakade et al.

nutshell powder (2017)

(RMN)

Acid-treated 44.8 100.0 10 h 100.0 Pakade et al.

Macadamia nutshell (2017)

(ATMN)

Base-treated 424 100.0 10h 100.0 Pakade et al.

Macadamia nutshell (2017)

(BTMN)

Chenopodium album | — 10-50 25h 93.0 Babu et al. (2016)

and Eclipta prostrate

plant

Chitosan 41.5 10-100 24 h 80.0 Zuo and
Balasubramanian
(2013)

Melaleuca 62.5 250 2h 99.9 Kuppusamy et al.

diosmifolia leaf (2016)

Eggshell membrane | — 5-25 2h 81.4 Daraei et al.
(2014)

Hemp fibers 6.16 13-26 80 min |90.0 Tofan et al.
(2015)

Fine rice straw 7.9 50-200 12h 85.0 Elmolla et al.
(2016)

Rice straw carbon 18.8 50-200 12h 95.0 Elmolla et al.
(2016)

Rice straw activated | 40.3 50-200 12h 97.0 Elmolla et al.

carbon (2016)

Corn bract 438.0 100.0 24 h 100.0 Luo et al. (2017)

(Polyethyleneimine

functionalized)

Populus fiber 180.5 1000 30 min | 98.2 Lietal. (2016)

Mango kernel 7.8 20.0 150 min | 100.0 Rai et al. (2016)

activated with H;PO,

Banana peels - 400.0 120 min | 96.0 Ali et al. (2016)

Almond green hull 10.1 60.0 60 min | 99.0 Nasseh et al.

(2017b)

(continued)
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Table 4.8 (continued)
Adsorption. Concentration | Contact | Sorption
Material capacity (mg/g) |range (mg/L) | time (%) References
Garlic stem 103.0 3000.0 - 72.0 Parlayict and
(GS)-Allium sativum Pehlivan (2015)
L.
Horse chesnut shell | 142.8 3000.0 - 95.0 Parlayici and
(HCS)-Aesculus Pehlivan (2015)
hippocastanum
Grapefruit peelings | 39.0 35.0 - 100.0 Rosales et al.
(treated with H,O,) (2016)
Almond green hull - 80.0 60 min | 99.9 Negin Nasseh
et al. (2017a)
Aminated wheat 454.0 500.0 24 h 99.0 Yao et al. (2016)
straw
Dew melon peel 198.7 100.0 8h 98.6 Ahmadi et al.
biochar (2016)
Peganum harmala 9.4 100.0 30 min | 100.0 Khosravi et al.
(2014)
Mosambi (Citrus 250.0 200-300 120 min |- Saha et al. (2013)
limetta) peel
Ash gourd peel 18.7 75-350 60 min |91.0 Sreenivas et al.
powder (2014)
Colocasia esculenta | 47.6 20.0 120 min | 97.7 Nakkeeran et al.
leaves (2016)
Rye husk 0.435 mmol/g | 5.0 mM 140 min | 80.0 Altun et al.
(2016)
Pinus sylvestris bark | 9.77 5-20 24 h 90.0 Alves et al.
(1993)
Eucalyptus bark 45 250 - - Sarin and Pant
(2006)
Bentonite 0.512-6.0 - - - Khan and Khan
(1995)
Kaolinite 0.108 meq/g 0.62-8.27 - - Tavani et al.
(1997)
Hazelnut shell 3.99 g/kg 0.1-2.0 5h 97.8 Cimino et al.
(2000)
Alkali treated straw | 3.91 - 60 min | — Kumar et al.
(2000)
Insoluble straw 1.88 - 60 min |- Kumar et al.
(2000)
Sawdust 4.44 50 45— - Zarraa (1995)
75 min
Polyacrylamide 12.4 100-1000 4h 91.0 Raji and
grafted Anirudhan (1998)

(continued)
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Table 4.8 (continued)

Adsorption. Concentration | Contact | Sorption

Material capacity (mg/g) |range (mg/L) |time (%) References
Wool, olive cake, 41.15,33.44, 20-1000 2h 81.0 Dakiky et al.
sawdust, pine 15.82, 21.50, (2002)
needles, almond 10.62, 7.08, and
shells and cactus 6.78
leaves respectively
Coconut shell fibers | 12.23 1-100 48 h - Mohan et al.
(acid-treated and (2006)
activated)
Coconut shell 10.88, 4.05 - 3h - Babel and
charcoal oxidized Kurniawan
with nitric acid, (2004)
sulfuric acid
Groundnut husk 7.01 - 5h - Dubey and Gopal
carbon (2007)
Red mud 35.66 9.60x 10“#to |6-8h |60-100 | Gupta et al.

9.60 x 10°* M (2001)

imine silica nanospheres, polyaniline silica gel composite, polyacrylamide-silica
microspheres and aniline formaldehyde condensate coated silica gel have been
extensively used for removal of chromium form wastewater. Highly branched
and numerous functional groups like aromatic amines, aliphatic amine and other
nitrogen containing groups attached to these polymers provide selective capacity
to adsorb chromium. The functional groups have two cites per molecule like
diamines can increased the chromium adsorption. J. Lee et al. (2018) prepared
amino contained functional group silica and studied the chromium removal
mechanism, the synthesized (3-aminopropyl) tri-methoxy silane mesoporous
functionalized silica studied under batch experiments, material was characterized
and found BET surface area of 402.6 m?*/g and uptake of chromium was a chemi-
sorption process, endothermic in nature and maximum Cr(VI) adsorption was
84.90 mg/g in 60 min of time. Janik et al. (2018) worked on removal of precon-
centrated Cr(VI), he modified graphene oxide with different amino silane having
one(GO-1 N), 3-aminopropyltriethoxysilane(APTES), two (GO-2 N), N-(3-
trimethoxysilylpropyl)ethylenediamine(TMSPEDA) and three nitrogen(GO-3 N),
N1-(3-trimethoxysilylpropyl)diethylenetriamine. The results show detection limits
of 0.17 ng/mL with maximum adsorption capacities 15.1 mg/g (APTES >
TMSPEDA > TMSPDETA) and recovery of chromium is 99.7% at pH 3.5, tem-
perature 25 °C, initial concentration 0.025 mg/L and time 180 min. (El-Mehalmey
et al. 2018) used silica as a porous support and formed a composite on it with
Zr-based MOF (UiO-66-NH2) “Zr carboxylate amino derivative of Metal Organic
Framework (MOF)” and used it for column adsorption of chromium. UiO-66-NH2 @
silica has high surface area found 687 m*g. Cr(VI) uptake was reported as
277.4 mg/g at pH 5.0 and time 2 h. Huang et al. (2018) used surface ion imprinting
technique for the synthesis of chromium (VI) Ion Imprinting Polymer Cr(VDIIP,
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Table 4.9 Removal of chromium by natural clay-based sorbents

Adsorption
capacity

Type of clay Adsorbate | Conditions (mg/g) References

Vesicular basalt Cr(VI) pH 2, initial conc. 5.0 mg/L, |79.20 mg/kg | Alemu et al.
adsorbent dose 50 g/L, mono (2018)
layer adsorption.

Amino-functionalized | Cr(VI) Temperature 30 °C, pH 4.0 | 137.9 Pan et al.

alkaline clay (2016)

Natural Kaolinite Cr(VD BET surface area 48.75 m%g | 2.94 Hezil et al.

(2018)

Modified Kaolinite Cr(VD) BET surface area 63.72 m%g | 4.01 Hezil et al.

(2018)

Alkyl ammonium Cr(VI) BET surface area 28 m%/g 8.36 Stankovi¢

surfactant bentonite et al. (2011)

Cellulose-clay Cr(VD) BET surface area 87.09 m%g, | 22.2 Kumar et al.

composite initial conc. 100 mg/L, (2011)
pH 5.5, adsorption 99.5%.

Bentonite Cr(VD BET surface area 119.8 m%g, | 48.83 Wanees et al.
pH 2.0, time 120 min, initial (2012)
conc. 400 mg/L, spontaneous
and endothermic in nature.

Sepiolite Cr(III) Mono layer adsorption, temp | 27.07 Kocaoba
20 °C (2009)
Initial conc. 100 mgL/L

Bentonite Cr(III) BET surface area 62.56 m%g, | 13.79 Al-Jlil
porosity 16.7%, initial conc. (2015)

200 mg/L, temperature
20 °C, time 180 min

Polyaniline/ Cr(VD) Temperature 25 °C, pH 2.0, |308.60 Chen et al.

montmorillonite dose 1 g/L (2014)

composite

Modified Cr(VD BET surface area 23.18 m%g, | 23.69 Kumar et al.

Na-montmorillonite initial conc. 10 mg/L, (2012)
pH 2.5, adsorption 99.1%

Brazilian smectite Cr(VD) Contact time 20 min, BET 97.23 Guerra et al.
surface area 787.3 m*/g (2010)
pH 4.0.

Turkish vermiculite Cr(VD) pH 1.5, adsorbent dosage 87.70 Sari and
10 g/LL and 20 °C, monolayer Tuzen (2008)
adsorption, contact time
120 min.

Gaomiaozi bentonite | Cr(III) pH 7.0, temperature 20 °C, | 4.68 Chen et al.
contact time 120 min, (2012)
monolayer adsorption

Fe?* modified Cr(VD pH 1.0, time 60 min, removal | 87.72 Liu et al.

vermiculite 95% desorption 80%, initial (2010b)
concentration 50 mg/L mono
layers adsorption.

(continued)
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Table 4.9 (continued)

Adsorption
capacity
Type of clay Adsorbate | Conditions (mg/g) References
Natural sepiolite Cr(VI) pH 2, time 120 min, 25 °C 37.00 Marjanovi¢
et al. (2013)
Acid-activated Cr(VI) pH 2, time 120 min, 25 °C, | 60.00 Marjanovi¢
sepiolite multi layers adsorption etal. (2013)

(GO-MS) on graphene oxide mesoporous silica by using functional monomer, 3-(2-
amino ethyl amino) propyltrimethoxysilane and successfully removed Cr(VI) form
aqueous media, with a maximum adsorption capacity of 438.1 mg/g with a good
reusability of more than 5 cycles. Some other studies reported for the removal of
chromium by using silica based materials are given blow in Table 4.10.

4.3.3 Cellulose-Based Sorbents for the Removal of Chromium

Cellulose is considered renewable and most abundant polymer worldwide, More
than 1000 tons of cellulose is synthesized every year in a highly pure form by pho-
tosynthesis. Cellulose has been used for years in the form of cotton and serves as
clothing material, energy source and building materials. It is also used for the
removal of heavy metals by directly or by modifying it to have better adsorption
sites for the attachments of metal ions. For example, modification using different
functional groups onto cellulose backbone or grafting of monomers have shown
affinity towards metals ions.

Yang et al. (2018) used bacterial cellulose for the adsorption of Cr(VI) by using
poly m-phenylenediamine (BC/PmPD), which imparted high adsorption capacity to
BC/PmPD 434.78 mg/g and very good removal was reported among various cellu-
losic materials. Adsorptive interactions of Cr(VI) was attributed to protonated NH,.
Jiale Wang et al. (2018) used starch and Na-carboxymethyl cellulose coated with Fe
and Fe/Ni (SS-nZVI-Ni) nanoparticles for the removal of Cr(VI) and found maxi-
mum removal at lower pH 2.0. Velempini et al. (2017) synthesized ion imprinted
polymer (IIP) from sodium carboxymethyl cellulose for the removal of Cr(VI),
under optimized condition 20 mg adsorbent was used and the maximum adsorption
capacity of Cr(VI) 177.62 mg/g which is comparatively high than non-imprinted
polymer (NIP) 149.93 mg/g. Synthesized ion imprinted polymer gave very good
removal of chromium, the synthesized ion imprinted polymer can be recycled more
than 5 time with desorption capacity of more than 98% by using NaOH (0.1 M) as
a leachate. In an acidic medium, protonated amino functionalities attract the chro-
mium (Table 4.11).
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Table 4.10 Removal of chromium using silica and modified silica-based materials trimethoxysi-

lylpropyl diethy-lenetriamine, polyaniline, imidazole modified silica, silica magnetite
nanoparticles, nano-hydrotalcite, aminopropyl and with different activated carbon
Adsorption
capacity Removal
Material Conditions/ Characteristics | (mg/g) (%) References
SBA-15 N-(3- BET surface are of 330.88 100 Kim et al.
trimethoxysilylpropyl SBA-15891.3 m%g, (2018)
diethylenetriamine optimized parameters pH 3,
(DAEAPTS)- grafted Cr(VI) concentration
mesoporous silica 328.7 mg/L, temperature
30 °C, pH 3.0, adsorbent
dose 1 g/L, initial Cr(VI)
concentration
10-1000 mg/L, time 4 h,
removal efficiency 100% at
a dose of 3.0 g/L.
nZVI@MCM-41 silica BET surface area 609 m%g, | — 100 Petala et al.
temperature 25 °C, dosage (2013)
180 mg/L, pH 3.0, time 3 h,
Silica composite with Surface area 63.25 m%g, 193.85 95.0 Ahalya et al.
polyaniline (PANI) pH 2, adsorbent dose 8 mg, (2003)
initial conc. 100 mg/L,
450 min, temperature 35 °C
Imidazole-modified silica | BET surface area 47.79 97.4 Z. Wang
(SilprIm-cl) 260.13 m*/g, initial conc. etal.
150 mg/L, pH of 2.0, (2013b)
temperature, 30 °C,
adsorbent, 30 mg, time
60 min, reusability up to
eight times. Desorption
99.3%.
Functionalized silica BET surface area 185.2 90.0 Shariati
mesoporous magnetite 241.68 m*g, adsorbent etal. (2017)
nanoparticles 80 mg, pH 2.0, contact time
15 min
Silica magnetite pH 2.0, time 30 min, 30.2 90.0 Araghi et al.
nanoparticles temperature 25 °C, (2015)
desorption 97%
Nano-hydrotalcite/SiO, | Initial conc. 30 mg/L, - 94.6 Pérez et al.
(Nano-HT) adsorbent dose 1 g/L (2015)
Magnetic iron oxide/ BET surface area 1032 m?/g | 2.08 mmol/g |- Egodawatte
mesoporous silica pH 5.4, temperature 25 °C, etal. (2015)
nanocomposites time 2 h
(MCM-41)
Aminopropyl- BET surface area 834 m%*/g, | 87.1 95 Fellenz
functionalized pH 2.2, temperature 25 °C, etal. (2015)

mesoporous silica

time 15 min

(continued)
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Adsorption
capacity Removal

Material Conditions/ Characteristics | (mg/g) (%) References
Gelatin—silica-based BET surface area 94.47 89.7 Thakur and
hybrid materials 427.79 m*/g, pH 4.0, Chauhan

temperature 30 °C, contact (2014)

time 12 h, adsorbent dose

2 g/L, concentration of

adsorbate 50 mg/g,
Silica-based adsorbent BET surface area 68 80.0 Qiu et al.
grafting dimethyl 303.8 m*/g, ion exchange (2009)
aminoethyl methacrylate | capacity (IEC)
(DMAEMA) 1.30 mmol/g, pH 4.0, initial

conc. 100 mg/g and time

40 min
NH,-functionalized BET surface area 19.64 97.0 Taha et al.
cellulose acetate/silica 126.49 m*/g, pH 1.0, initial (2012)
composite FCA/SiO, conc. 100 mg/L and time

60 min,
Activated corban derived | Initial conc. 100 mg/L, 155.52 99.9 Zhang et al.
from algal bloom residue | pH 1, absorbent dosage (2010)

1 g/L, temperature 30 °C

and contact time 120 min
Prawn shell activated Adsorbent dose 0.04 g 100 99.9 Arulkumar
carbon initial conc. 100.6 mg/L and etal. (2012)

time 31 min and removing

efficiency 99%
Modified activated BET surface area 282 m%g, | 57.37 86.9 Nethaji

corban form corn cob

pH 2.0, adsorbent. Dosage
0.05 g/10 mL, temperature
27 °C and time 24 h and
removing efficiency 3.5 g of
MCCAC was able to treat
1.38 L of effluent
containing 25 mg/L of
Cr(VD),

etal. (2013)

Activated corban from BET surface area, - - Yang et al.
longan seed 1511.8 m*/g, pH 3.0, initial (2015)
conc. 100 mg/L, adsorbent
dose 0.1 g, temperature
27 °C.
Activated corban fiber BET surface area - 80.2 Huang et al.
felt (ACFF) 935.1 m%g, initial conc. (2014)

70 mg/L, pH 5.0, dosage
0.545 g and temperature
25 °C.
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Table 4.11 Removal of chromium using cellulose-based sorbents including natural cellulose and
modified with polyethyleneimine, amino-functionalized, aerogels, glycidyl methacrylate grafted
densified cellulose and with different cellulose based bio-composites

Adsorption
Capacity Removal

Adsorbent Conditions (mg/g) (%) References
Polyethyleneimine grafted | pH 4.8, time 10 min, 198.8 100.0 Lietal.
magnetic cellulose adsorbent dosage, 1.0 g, (2018)

initial conc. 108.0 mg/L,

contact time 120 min,

temperature 30 °C

reusability 96% after six

cycles.
Amino-functionalized pH 2.0, temperature 25 °C, | 171.5 - Sun et al.
magnetic cellulose time 10 min, desorption (2014a)

efficiency 98%.
Cellulose aerogels/zeolitic | Time 120 min, initial conc. | 41.8 99.7 Bo et al.
imidazolate framework 20 mg/g (2018)
(ZIE-8)
Ficus carica fiber cellulose | pH 3.5, time 3 h, sorbent | 28.90 - Gupta et al.
grafted acrylic acid dose 0.5 g temperature (2013b)

30 °C, conc. 400 mg/L
Cellulose grafted- pH 7.0, time 2 h, sorbent | — 19.67 Sharma and
(HEMA-co-AAm) dose 0.1 g, temperature Chauhan
hydrogel 25 °C, conc. 5.0 mg/L (2009)
Glycidyl methacrylate pH 4.5, time 1 h, sorbent | 123.6 100.0 Anirudhan
grafted densified cellulose | dose 0.1 g temperature et al. (2013)
with quaternary 30 °C, conc. 100 mg/L
ammonium groups
Quaternary ammonium pH 3.0, time 50 min, - 100.0 He et al.
functionalized cellulose sorbent dose 1 g, (2014)
nanofibers temperature 25 °C, initial

conc. 1.0 mg/L
Cellulose grafted-p(MA) |pH 6.0, time 2 h, sorbent | 280 99.0 Rahman
with poly hydroxamic dose 0.15 g temperature et al. (2016)
acid ligand 30 °C initial conc. 0.1 M.
Poly(amidoamine)-grafted | pH 2.0, contact time 10 h. | 377.4 - Zhao et al.
cellulose (2015)
Polyethylenimine pH 2.0, initial conc. 229.1 - Guo et al.
functionalized cellulose 100 mg/L, time 24 h, 2017)
aerogel beads temperature 25 °C
Polyethylenimine pH 3.0, initial conc. 36.8 100.0 Qiu et al.
facilitated ethyl cellulose | 4.0 mg/L adsorbent dose (2014)

3.0 g/L, time 5 min
Cellulose based pH 7.7, sorbent dose 0.1 g, | — 100.0 Periyasamy
bio-composites temperature 25 °C, time etal. (2017)

50 min
Spherical cellulose-based | pH 2.0, sorbent dose 209.6 100.0 Dong et al.
adsorbent 0.01 g, conc. 150 mg/L, (2016)

time 24 h.
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4.3.4 Carbonized Biomass-Based Sorbent

One of the most attractive and efficient adsorbent for the removal of chromium is
activated carbon and its derived materials from different sources (Gopinath and
Kadirvelu 2018; Mohan and Pittman Jr. 2006; Mudhoo et al. 2018; Pan et al. 2014).
Activated carbon adsorption seems to be an attractive choice for chromium removal
both for its exceptionally high surface areas which range from 500 to 1500 m?/g,
well-developed internal microporous structure as well as the presence of a wide
spectrum of surface functional groups like carboxylic group (Owlad et al. 2010).
For these reasons, activated carbon adsorption has been widely used for the treat-
ment of chromium containing wastewaters. Based on its size and shape, activated
carbon is classified into four types: powder-activated carbon (PAC), granular-
activated carbon (GAC), activated carbon fibrous (ACF), and activated carbon
clothe (ACC). Due to the different sources of raw materials, extent of chemical
activation and physicochemical characteristics; each type of activated carbon has its
specific application as well as inherent advantages and disadvantages in wastewater
treatment (Kurniawan and Babel 2003).

Sharma et al. (2018), used NaOH and NaClO treated activated carbon obtained
from stem of cornulaca-Monacantha and used it for the removal of Cr(VI). Results
show that adsorption is highly pH dependent, maximum adsorption was recorded at
pH 2. Monolayer adsorption capacity was found 68 mg/g and thermodynamically
reaction was spontaneous and endothermic. Cornulaca-Monacantha activated car-
bon can be used for more than five cycle with Cr(VI) uptake of 89.19%. Pérez-
Candela et al. (1995) used different types of powder-activated carbon prepared from
different raw materials to remove Cr(VI). It was found that the adsorption process
depends on the pretreatment of activated carbon and that the highest removal perfor-
mance was obtained with those prepared by physical activation. It was also reported
that at pH of 1.0, the retention of Cr(VI) was affected by its reduction to Cr(III)
(Pérez-Candela et al. 1995). Sharma (1996) studied the removal of Cr(VI) from
aqueous solution using GAC type Filtrasorb 400. It was reported that an adsorp-
tion capacity of 145 mg/g was achieved at a pH range of 2.5-3.0 (Sharma et al.
2018). This result is not in agreement with that obtained in the latter study (Fu
et al. 2013) conducting a similar comparative study using activated carbon LB 830
and Filtrasorb 400. It was reported that the maximum adsorption capacity of
Filtrasorb 400 in the latter study is only 0.18 mg of Cr(VI)/g. Hamadi et al. (2001)
studied the removal of Cr(VI) from aqueous solution using granular-activated car-
bon type Filtrasorb 400. It was found that reduction in particle size of adsorbents
increases its surface area for metal adsorption, and it results in higher removal effi-
ciency on Cr(VI). It was also indicated that the adsorption of Cr(VI) was more favor-
able at higher temperature. Park and Jung (2001) removed Cr(VI) by activated
carbon fibrous (ACFs) plated with copper metal. It was reported that the intro-
duction of Cu(Il) on activated carbon fibrous lead to an increase in the adsorption
capacity of Cr(VI) from an aqueous solution. It was pointed out that the adsorp-
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tion of chromium ions was essentially dependent on surface properties, rather than
by surface area and porosity of ACFs (Park and Jung 2001).

Many investigations are carried out to study the adsorption of Cr(VI) using acti-
vated carbon prepared from different raw material. Natale et al. (2007) used acti-
vated carbon produced by Sutcliffe Carbon starting from a bituminous coal to
uptake Cr(VI). It was found that the adsorption capacity for the activated carbon
strongly depends on solution pH and salinity, with maximum values around 7 mg/g
at neutral pH and low salinity levels. (Di Natale et al. 2007) Selomulya et al. (1999)
used different types of activated carbons, produced from coconut shell, wood and
dust coal to remove Cr(VI) from synthetic wastewater. The coconut shell and dust
coal activated carbons have protonated hydroxyl groups on the surface (H-type car-
bons), while the surface of the wood-based activated carbon has ionized hydroxyl
groups (L-type carbons). It was found that the optimum pH to remove total chro-
mium was 2.0 for wood-based activated carbon, while for coconut shell and dust
coal activated carbons, the optimum pH was around 3—4. The difference in the opti-
mum pH for different activated carbons to remove Cr(VI) from water can be
explained by the different surface characteristics and capacity of the activated car-
bons to reduce Cr(VI) to Cr(III) (Selomulya et al. 1999). Kobya 2004 used hazelnut
shell-activated carbon for the adsorption of Cr(VI) from aqueous solution. It was
reported that the adsorption of Cr(VI) was pH dependent. The adsorption capacity
as calculated from the Langmuir isotherm was 170 mg/g at an initial pH of 1.0 for
a Cr(VI) solution of 1000 mg/L concentration. Thermodynamic parameters were
evaluated, indicating that the adsorption was endothermic and involved monolayer
adsorption of Cr(VI) (Kobya 2004). Mohanty et al. (2005) prepared several acti-
vated carbons from Terminalia arjuna nuts, an agricultural waste, by chemical acti-
vation with zinc chloride and then tested for aqueous Cr(VI) removal. The isotherm
equilibrium data were well fitted by the Langmuir and Freundlich models. The
maximum removal of chromium was obtained at pH 1.0. (Mohanty et al. 2005)
Karthikeyan et al. (2005) used rubber wood sawdust-activated carbon for removal
of Cr(VI) in a batch system. It was found that Cr(VI) removal is pH dependent and
is maximum at pH 2.0. Many commercial activated carbons have been used for
Cr(VI) adsorption. The mechanism for Cr(VI) removal in most of the studies is
surface reduction of Cr(VI) to Cr(III) followed by adsorption of Cr(IIl) (Kalavathy
et al. 2005). Huang and Wu (1975) showed that Cr(VI) adsorption by activated car-
bon, filtrasorb 400 (Calgon), occurred by two major interfacial reactions: adsorption
and reduction. (Huang and Wu 1975). Cr(VI) adsorption reached a peak value at
pH 5.0-6.0. Carbon particle size and the presence of cyanide do not change the
magnitude of chromium removal. Hu et al. (2003) used three commercial activated
carbons FS-100, GA-3, and SHT to remove Cr(VI) from aqueous solution (Hu et al.
2005). Physiochemical factors such as equilibrium time, temperature, and solution
pH that affect the magnitude of Cr(VI) adsorption were studied. It was found that
both micropores and mesopores have important contribution on the adsorption.
However, desorption is more dependent on the mesoporosity of activated carbons.
Therefore, regeneration is easier for the carbon with high mesoporosity. Hamadi
et al. (2001) used commercial activated carbon F-400 for batch removal of Cr(VI)
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from wastewater under different experimental conditions (Hamadi et al. 2001). It
was reported that the adsorption capacity was calculated from the Langmuir iso-
therm was 48.5 mg/g at an initial pH of 2.0 for a Cr(VI) solution of 60 mg/L con-
centration. Mohan et al. (2006) used commercially available activated carbon fabric
cloth for the removal of Cr(VI) from tannery wastewater (Mohan and Pittman Jr.
2006). The results indicated that the Langmuir adsorption isotherm model fitted the
data better than the Freundlich adsorption isotherm model. It was found that the
activated carbon fabric cloth performed better than the other tested adsorbents with
adsorption capacity of 22.29 mg/g at an initial pH of 2.0.

Studies are reported where activated carbons are modified to improve the effi-
ciency of sorbents for removal of chromium (Bello and Raman 2018). Ranjbar et al.
(2018) studied the efficiency of the bone char -ZnO composite by using sol-gel
method. They studied that at pH 3, absorbent dose 0.9 g/L, temperature 48 °C, con-
centration of chromium 55 mg/L, contact time 3 h was able to remove 84% chro-
mium (VI). Derdour et al. (2018) have studied the removal of chromium (VI) using
iron catalysts derived activated carbon form walnut shell by impregnation process at
pyrolysis at 900 °C and heating under nitrogen flow, this activated carbon was used
as supporting material for iron oxides. Activated carbon was permeated with 5%
iron and under nitrogen flow calcined at 400 °C, the adsorptive capacity of this
activated carbon was found 10.11 mg/g at pH 2. (Mohammad et al. 2017) synthe-
sized activated carbon to remove Cr(VI) form hull of jatropha curcas seeds and
used ZnCl, for chemical activation and carbonized at 800 °C and found that adsorp-
tion is monolayer on absorbent surface with maximum capacity of 25.189 mg/g.
Some other studies reported for the removal of chromium by using activated carbon
are given blow in Table 4.12.

4.3.5 Nanomaterials

Nanomaterials refer to materials on the nanoscale level between approximately
I nm and 100 nm (Miretzky and Cirelli 2010). Generally, nanomaterials can be
categorized into carbon-based nanomaterials such as carbon nanotubes and gra-
phene or polypyrrole, and inorganic nanomaterials including the ones based on
metal oxides and metals. Combinations of different nanomaterials are also devel-
oped (Shi et al. 2011). Nanomaterials hold great promise in reducing contamination
of heavy metals.(Kumar et al. 2018) Among two types of organic nanomaterials;
carbon nanotubes and polypyrrole nanomaterials widely reported in metal ion
removal specifically for chromium removal. Both are discussed here separately.

4.3.5.1 Carbon Nanotubes

Carbon nanotubes (CNTs), mainly including single-walled nanotubes (SWCNTs)
and multi-walled nanotubes (MWCNTs) (Pyrzynska 2008). These have been widely
studied regarding their potential in environmental application as superior adsorbents



4 Materials and Technologies for the Removal of Chromium from Aqueous Systems

147

Table 4.12 Removal of chromium using activated carbons and modified activated carbons with
different functional groups

Adsorption
Type of activated Capacity Removal
carbon Optimized conditions (mg/g) (%) References
Activated carbon Cr(VI) initial conc. 50 mg/L, 27.2 90.4 Su et al.
modified with pH: 5.6, temperature 30 °C (2019)
micro-sized geothite
(mFeOOH)
Sludge based magnetic | Carbonization temperature 203 95.0 Gong et al.
carbon mFeOOH®@AC, | 800 °C, time 60 min, BET (2018)
surface area 131.1 m%/g,
pH 1.0, removing capacity of
Cr(VI) 200 mg/L at initial
conc. 800 mg/L, time 10 min
Powder-activated Initial Cr(VI) conc. 50 mg/L, - 80.0 Wang
carbon counter current | PAC dose 1.250 g/L, pH 3.0, (2018)
two-stage adsorption temperature 20 °C.
(CTA)
Polyacrylonitrile-based | BET surface are 2151.42 m%g, | 374.90 82.0 Feng et al.
porous carbon pH 1.0, initial Cr(VI) conc. (2018)
(PPC-0.8-800) 427.3 mg/L, contact time 24 h
and adsorbent dose 1.0 g/L,
reusability five cycles.
Magnetic biochar Melia | BET surface area 5.219 m*/g, |- 99.8 Zhang et al.
azedarach wood super-paramagnetic (2018)
(MMABC) magnetization 17.3, adsorbent
of dosage 5 g/L, pH 3.0, initial
Cr(VI) conc. 10 mg/L, time
540 min.
Hydro thermal carbon | BET surface area 1784 m?%g, 370.37 and |- Sun et al.
obtained from (AC-KOH-750) and 487 m%*g | 95.60 (2018)
microalgae (AC-NH3-900), time 24 h
Chlorococcum sp. temperature 25 °C, initial conc.
AC-KOH-750 °C and | 500 mg/L
AC-NH3-900
Fe,0;-carbon foam BET surface are e 458.59 m?/g, | 25.96 95.0 Lee et al.
time 30 min, initial conc. (2017)
38.6 mg/L
Activated carbon from | BET surface area of 2636 m?%/g, | 74.95 71.86 Kumar and
Fox nutshell initial conc. of Cr(VI) 35 mg/L, Jena (2017)

(FNAC-700-1.5)

pH of 2.0, temperature 45 °C
and contact time of 3 h.
Adsorption process
endothermic and spontaneous,
column parameters 4 cm bed
height, and 5 mL/min flow rate.

(continued)
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Adsorption

Type of activated Capacity Removal
carbon Optimized conditions (mg/g) (%) References
Activated carbon from | BET surface area 1400 m?%g, - Legrouri
molasses MP2(500) initial conc. 100 mg/L, etal. (2017)

temperature 30 °C, contact

time 120 min, pH 2.0
Magnetic porous pH 5.0, initial conc, Cr(VI) 21.23 81.8 Wen et al.
carbonaceous 100 mg/g, temperature 25 °C. (2017)
(MPC-300)
Activated carbon Initial conc. Cr(VI) 50 mg/L, 36.01 95.0 Ahalya
prepared from apple pH of 2, adsorbent et al. (2003)
(ACAP) 0.05 g/50 mL, contact time 4 h,

temperature of 28 °C,

spontaneous and endothermic.
Activated carbon pH 1.0, time 120 min, 66 85.0 El Nemr
developed from temperature 27 °C, initial conc. et al. (2015)
P. Capillacea (CRA) 125 mg/L
Activated carbon BET surface area 1332 m?/g, - 85.0 Sun et al.
(microwave-assisted initial conc. 23.3 mg/L, time (2014b)
H;PO, mixed with Fe/ |24 h, dosage 0.1 g/100 mL,
Al/Mn activation) temperature 20 °C, pH 5.38
AC-TA (tartaric acid BET surface area 1270 m?/g, - 100.0 Liu et al.
employed Zizania pH 2.0-3.0, dosage (2014)
caduciflora activated 40 mg/50 mL, initial conc.
carbon) 20 mg/L, time 48 h,

temperature 22 °C
Activated carbon Corn | BET surface area 924.9 m%/g, | 34.48 78.9— Tang et al.
Cob temperature 25 °C, initial conc. 100 (2016)

of 10 mg/L pH of 2.5, time 4 h.
Activated carbon / pH 2.0, initial conc. 10 mg/L, |- 99.0 Wau et al.
nanoscale zero-valent time 10 min. (2013)
iron (C-Fe") composite
Activated carbon waste | Surface area 465 m?/g, initial - 90.0 Gupta et al.
rubber tire Cr(III) conc. 100 mg/L, (2013a)

adsorbent dosage 0.5 mg,

pH 5.0, temperature 25 °C
Activated carbon BET surface are 0.518 m?/g, 145.5 98.0 Pakade
derived from pH 5.0, contact time 120 min, et al. (2016)
Macadamia nutshells and sorbent mass 0.10 g, initial

conc. 100 mg/L.
Activated carbon BET surface areas 1305 m*/g 106.4 and 98.0 Gueye et al.
African biomass and 751 m?*/g, pH 2.0, initial 140.8 (2014)

residues Jatropha wood,
peanut shells
(JKV2T700 and
CHV100T400)

conc. 60 mg/L, temperature
40 °C.

(continued)
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Table 4.12 (continued)

Adsorption

Type of activated Capacity Removal
carbon Optimized conditions (mg/g) (%) References
Activated carbon BET surface area 1511 m%/g, - 89.0 Zhang et al.
nitrogen-enriched initial conc. of 100 mg/ L, (2015)
(based bamboo) pH 2.0 time 24 h,
Activated carbon BET surface area 380 m%/g, - 94.0 Sugashini
carbonized rice husk by | initial conc. 100 mg/L, pH 2.0, and Begum
ozone activation temperature 32 °C adsorbent (2015)

dosage of 0.2 g, time of

2.5 min the adsorption is

spontaneous and exothermic.

for heavy metals (Chen et al. 2010; Gupta et al. 2011; Sitko et al. 2012) and organic
compounds (Fu and Wang 2011; Li et al. 2008; Rao et al. 2007; Yang and Chen
2008) including solid-phase extraction and wastewater treatment. Currently research
is focused on the adsorption of single solute by Carbon nanotubes in aqueous solu-
tion and ignores the potential interactions between mixtures of metal ions and
organic substances that may affect adsorption (V. Gupta et al. 2011; Nguyen et al.
2013; Yu et al. 2012). To improve the adsorption performance and avoid the disad-
vantage of Carbon nanotubes in adsorption process (e.g. easy aggregation and inher-
ent insolubility), various carbon nanotubes based composites have been synthesized
to explore the effectiveness of metal ions removal under different circumstances.
Specifically, combining magnetic properties of iron oxide with adsorption properties
of carbon nanotubes is of increasingly environmental concern as a rapid, effective
and promising technology for removing hazardous pollutants in water and has been
proposed for widespread environmental applications in wastewater treatment and
potentially in situ remediation (Fu et al. 2013). Oxidized carbon nanotubes have high
adsorption capacity for metal ions with fast kinetics. The surface functional groups
(e.g., carboxyl, hydroxyl, and phenol) of carbon nanotubes are the major adsorption
sites for metal ions, mainly through electrostatic attraction and chemical bonding
(Venkateswarlu et al. 2007). As a result, surface oxidation can significantly enhance
the adsorption capacity of carbon nanotubes. Overall, carbon nanotubes may not be
a good alternative for activated carbon as wide-spectrum adsorbents. Rather, as their
surface chemistry can be tuned to target specific contaminants, they may have unique
applications in polishing steps to remove recalcitrant compounds or in pre-concen-
tration of trace organic contaminants for analytical purposes. These applications
require small quantity of materials and hence are less sensitive to the material cost.
Carbon nanotubes have been extensively studied during recent years for the
treatment of water. Carbon nanotubes are rolled up graphene sheets which form a
tube like structure with a small diameter usually one nanometer (Dai 2002). Based
on number of layers of graphene sheets, carbon nanotubes are classified into single
walled carbon nanotubes consist of single layer graphene shell or multi walled car-
bon nanotubes consist of multiple layers graphene shell (Pan and Xing 2008). Easily
and eco-friendly synthesis gave great importance to carbon nanotubes for used as
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adsorbent. Various factors controls adsorption properties of carbon nanotubes
including surface area, functional groups, adsorption site, open or close ended car-
bon nanotubes (Abbas et al. 2016; Agnihotri et al. 2006). As compared to activated
carbons, carbon nanotubes have definite adsorption sites (Ren et al. 2011). Simple
and modified carbon nanotubes were studied for the removing of Cr(III) from aque-
ous solution, successful modification of carbon nanotubes with COOH increased
the adsorption. Atieh et al. (2010) synthesized florine doped carbon nanotubes and
investigated different parameters for removal of Cr(IIl). at 28 °C and 20 min of
contact time 50% and 65% removal was observed, respectively. AH, was —160.9 J/
mol indicates the exothermic adsorption process, sticking probability S* 0.719 J/
mol, Ea (activation energy) -162 J/mol K and AG, values was —0.770 J/mol K indi-
cates physisorption mechanism (Osikoya et al. 2014).

Gholami and Aghaie (2015) synthesized MnO, Multi-walled carbon nanotubes
by coprecipitation and used this nanocomposite for the removal of Cr(III) from
aqueous solution and optimized the condition for Cr(IIl) uptake, highest adsorption
was observed at pH 5, absorbent dose 0.005 g, temperature 25 °C, initial concentra-
tion 10 mg/L, contact time 40 min. Adsorption phenomenon was found spontaneous
and exothermic. Gupta et al. (2011), synthesized composite of multiwalled carbon
nanotubes with iron oxides (MWCNT/nano-iron oxide) for the removal of Cr(II)
from aqueous solution. Results from characterization through XRD, SEM, BET
indicates magnetite and maghemite (magnet phase) and revealed nano-iron-oxide
clusters with surface area of 92 m?%g, optimized parameters for uptake of Cr(III)
were found highest adsorption at pH 5-6, contact time 60 min, dosage 100 mg and
agitation speed 150 rpm. Mubarak et al. (2016) used microwave heated fabricated
carbon nanotubes for removal of Cr (II). It was found that at pH 8.0, contact time
60 min, agitation 150 rpm, initial concentration 2 mg/L and carbon nanotubes dos-
age .0.09 g removal efficiency of Cr(IIl) was 95.5% whereas maximum adsorption
capacity was 24.45 mg/g. Moosa et al. (2015) used oxidized multiwalled carbon
nanotubes with (1:3 by volume) (HNO;:H,SO,) for adsorption of Cr(IIl) form
wastewater. BET specific area was found 63.17 m?/g, optimized adsorption param-
eters were pH 6, temperature 45 °C, and adsorption dosage 25 mg shows maximum
adsorption 99.83%. Thermodynamic parameters shows that process is spontaneous,
endothermic and increased randomness at solid/solution interface.

Peng et al. (2018) used polyethyleneimine of two different molecular weight
1800 and 1700 multi walled CNTs-18 and multi walled CNTs-70 respectively.
These materials were characterized through TGA, XRD and SEM. TGA showed the
loss of mass 46.5% and 51.9% in multi walled CNTs-70 and multi walled CNTs-18
respectively. Entirely different form original multiwalled carbon nanotubes XRD
showed no significance difference between original and functionalized multi walled
carbon nanotubes. Optimized parameters were initial concentration of 0.4 mmol.
L™, pH 6, adsorption capacity of multiwalled CNTs-18 0.27 mmol/g and Multi
Walled CNTs-70 was 0.33 mmol/g and adsorption phenomenon was spontaneous.
Barakat et al. (2016) synthesized nanocomposite of binary metal oxyhydroxide
AlOOH and FeOOH decorated oxidized-multiwalled carbon nanotubes (FeOOH/
AIOOH/MWCNTs) and characterized through XRD, BET. Surface area of prepared
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nanocomposite was found 340.105 m*/g which is greater than multiwalled Carbon
nanotubes (289.33 m’g!), maximum adsorption was found at pH 3, contact time
240 min and monolayer adsorption capacity found 60.6 mg/g. Desorption of 39%
showed the strong interaction of Cr(VI) and synthesized nanocomposite.

Ghasemi et al. (2016) used functionalized carbon nanotubes with carboxylic
groups and magnetite nanoparticles (Fe;O,) were used to prepare multiwalled
CNTs/Fe;0, nanocomposite to remove Cr(VI) from aqueous solution. TEM images
of multiwalled carbon nanotubes and nanocomposite confirmed twisted network of
carbon nanotubes with Fe;O, clusters. XRD analyses show crystallite size of the
nanocomposite is 26.3 nm, optimized conditions were pH 2, contact time 45 min,
absorbent dosage 0.035 g for the maximum removal of Cr(VI) upto 90%. used acti-
vated carbon functionalized multiwalled carbon nanotubes (AC/f-MWCNTSs) and
activated carbon functionalized carbon nanospheres (AC/f-CNSs) with surface area
of AC/fMWCNTs, 982 m*/g as compared to AC/f-CNSs, 875.01 m*/g. The activated
carbon functionalized multiwalled carbon nanotubes have more active sites for
metal binding which leads to higher adsorption capacity 113.29 mg/g, and adsorp-
tion process is mono layer at pH 2, contact time 50 min showed greater adsorption.
Some other studies reported for the removal of chromium by using carbon nano-
tubes are given blow in Table 4.13.

4.3.5.2 Polypyrrole-Based Adsorbents

Polypyrrole is polymer obtained from pyrrole monomers using oxidants to trigger
the reaction. It can also be synthesized electrochemically. Polyrpyrrole (PPy) syn-
thesized in solutions with small dopants, such as Cl-, ClO,~, and NO;~, mainly
exhibits anion-exchanging behavior due to the high mobility of these ions in the
polymer matrix. Polypyrole has also exhibited good prospects in adsorption appli-
cations because of the nitrogen atoms present in the polymer chains (Muhammad
et al. 2016). Polypyrrole graphene oxide (PPy-GO) nanocomposite have superior
efficiency of 625 mg/g among all the reported sorbents for chromium removal at
pH 2.0. The composite is positively charged at this pH and have BET surface area
of 21.15 m?%g. Enhanced adsorption was seen using composite as compared to
Polypyrrole only. The composite is reported equally efficient in batch and flow
modes of adsorption (Setshedi et al. 2015).

Polypyrole nanoparticles hybrid nanocomposite fixed on nanosheets of graphene/
silica with greater surface area were obtained polypyrrole-graphene/silica (GS-PPy)
by in-situ polymerization. At pH 2, temperature 25 °C, maximum Cr(VI) was
adsorbed 429.2 mg/g and mechanism of removal was ion exchange, electrostatic
attraction and reduction process and adsorption process was endothermic (Fang
et al. 2018). Tahar et al. (2018) used pure maghemite (Magh) and crystalline mag-
netite rich (Magn) nanoparticles. Due to high active surface chemistry of these syn-
thesized particles,100% removal of chromium using 20 mg/L and the dose of 3 g/L
was reproted (Tahar et al. 2018). Some other studies reported for the removal of
chromium by using different polypyrrole are given blow in Table 4.14.
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Table 4.13 Removal of chromium using carbon nanotubes and functionalized carbon nanotubes

with various functional groups for the increase adsorption capacity

Adsorption
capacity Interaction
Adsorbents Q(mg/g) Conditions mechanism References
Oxidized carbon 24.8 BET surface area - Sathvika
nanotubes, bio sorbents 69.81 m*g, pH 2.0, et al. (2018)
(multiwalled carbon initial conc. 5 mg/L,
nanotubes rhizobium) time 180 min
Carbon nano fiberss- 234.9 BET surface area - Chen et al.
carbon nanotubes 398.127 m*/g 2018)
(CNF’s-CNT) grown removal efficiency
on carbon nanofibers 98%, initial conc.
by plasma-enhanced 60 mg/L, pH 3.0,
chemical vapor time 20 min, Cr(VI)
deposition (PECVD) removal
Raw multiwalled 3.1 pH 3, initial conc. Electrostatic Ihsanullah
carbon nanotubes 1 mg/L, adsorbent interactions et al. (2016)
dosage 75 mg
Oxidized multiwalled | 85.83 Temperature 25 °C, | Electrostatic Kumar
carbon nanotubes pH 2.5-4.0, interaction etal. (2015)
adsorbent dose
0.15 g, removal
efficiency 95%
Raw multiwalled 4.2 pH 2, initial conc. Surface Hu et al.
carbon nanotubes 3 mg/L, time 20, complexation (2009)
temperature 20 °C
Acid modified 1.3 pH 3, initial conc. Electrostatic Ihsanullah
multiwalled carbon 1 mg/L, adsorbent interactions et al. (2016)
nanotubes dosage 75 mg
Oxidized carbon 31.6 BET surface area, - Sathvika
nanotubes bio sorbents 37.029 m*g, pH 2.0, et al. (2018)
CNTY multiwalled initial conc. 5 mg /L,
carbon nanotubes-yeast time 180 min,
Single walled carbon | 20.3 pH 4.0, initial conc. |- Jung et al.
nanotubes 500 pg/L adsorbent (2013)
dose 100 mg/L,
contact
Time 12 h, removal
efficiency 72.9%
Multiwalled carbon 13.2 pH 2.5-4.0, initial Electrostatic, Kumar
nanotubes conc. 20 mg/L cation—p etal. (2015)
interaction,
anion—p
interaction

(continued)
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Table 4.13 (continued)

Adsorption
capacity Interaction
Adsorbents Q(mg/g) Conditions mechanism References
Multiwalled carbon 2.48 pH 4.0, initial conc. |- Jung et al.
nanotubes 500 pg/L, adsorbent (2013)
dose 100 mg/L,
contact
Time 12 h removal
efficiency 51.9%
zCeria nanoparticles 30.2 pH 7, initial conc. Ton exchange Diet al.
supported on aligned 3 mg/L (2006)
carbon nanotubes
(CeO2/ACNTs)
Raw MWCNTs 0.37 pH 7, initial conc. Electrostatic Atieh et al.
1 mg/L interactions (2010)
Acid modified 0.5 pH 7, initial conc. Electrostatic Atieh et al.
multiwalled carbon 1 mg/L interactions (2010)
nanotubes
Nitrogen doped 12.28 mmol/g | pH 8 Chemical Shin et al.
magnetic carbon adsorption (2011)
nanotubes
Raw carbon nanotubes | 20.56 pH 7.5, initial conc. | Ion exchange Di et al.
33.28 mg/L (2004)
Carbon nanotubes 9 pH 2, initial conc. - Atieh
activated carbon 0.5 mg/L (2011)
Raw multiwalled 1.02 pH 3, initial conc. Electrostatic Ihsanullah
carbon nanotubes 1 mg/L, adsorbent interactions et al. (2016)
dosage 75 mg
Acid modified 0.96 pH 3, initial conc. Electrostatic Thsanullah
multiwalled carbon 1 mg/L, adsorbent interactions etal. (2016)
nanotubes dosage 75 mg
Multiwalled carbon - pH 2.5-4.0, initial Electrostatic, Kumar
nanotubes conc. 20 mg/ L cation- & etal. (2015)
interaction,
anion- T
interaction
Pristine carbon - pH 7.8 - Xu et al.
nanotubes (2011b)
Acid treated carbon - pH 7.8 Ion exchange Xu et al.
nanotubes (2011b)
Oxidized multiwalled 1.0 pH 5.0, initial conc. | Surface Hu et al.
carbon nanotubes 3 mg/L, temperature | complexation (2009)

20 °C
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Table 4.14 Removal of chromium using polypyrrole based sorbents

Adsorption

Adsorbents Optimized parameters (mg/g) References
Polypyrrole graphene oxide Temperature 25 °C, pH 2, time | 625 Setshedi et al.
(PPy-GO NC) 50 min, 200 rpm and dose (2015)

0.025 g,
Polypyrrole graphene oxide Temperature 25 °C, contact 497.1 Alvarado
nanosheets (GO-aCD-PPy) time 24 h, pH 3.0 etal. (2013)
Polypyrrole/maghemite Temperature 25 °C, 209 Chavez-
(PPy/y-Fe,05) equilibrium time 15 min, Guajardo

pH 5.0 and pH 2.0 etal. (2015)
Hierarchical porous Temperature 20 °C, batch 3.47 mmol/g | Yao et al.
Polypyrrole nano clusters adsorption equilibrium time (2011)

20 min, and pH 2
Polypyrrole—titanium(IV) Temperature 25-45 °C, pH 2, | 31.64 Baig et al.
phosphate nanocomposite batch adsorption equilibrium (2015)
(PPy-TP) time 19 min, initial conc.

200 mg/L and dose 0.2 g
Graphene/Fe304@PPy Temperature 25 °C, pH 2.0, 348.4 Yao et al.
nanocomposites magnetic separation and batch (2014)

adsorption
Polypyrrole coated Fe;0, Temperature 25 °C, residence Muliwa et al.
nanocomposites time 30 min, and continuous 2016)

flow rate 0.2 L/min with

20 mg/L
Exfoliated polypyrrole- Temperature 20 °C, pH 2.0, 119.34 Setshedi et al.
organically modified contact time 24 h and dose 2013)
montmorillonite clay 0.15¢g
nanocomposite
(PPy-OMMT-NC)
Polypyrrole decorated reduced | Temperature 30-45 °C pH 3, 293.3 Wang et al.
graphene oxide-Fe;0, batch adsorption equilibrium (2015)
magnetic composites (Ppy— time 720 min
Fe304/Rgo)
Polypyrrole functionalized Temperature 30-50 °C, pH 4.8, | 28.92-35.22 | Karthik and
chitin contact time 60 min, initial Meenakshi

conc. 50 mg/L dose 0.1 g, (2014)

250 rpm
Fe;O,/Polypyrrole composites | Temperature 25 °C, pH 2.0, 209.2 Wang et al.
microspheres contact time 30-180 min (2012)
Peroxyacyl nitrates/ Temperature 25 °C, 62 Jiangiang
Polypyrrole core shell equilibrium time 30-90 min, etal. (2013a)
nanofiber mat pH 2.0
Polypyrrole glycine doped Temperature 25 °C, pH 2.0-5.0 | 217 Bhaumik et al.
composites and adsorption contact time (2012)

3h.

(continued)
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Table 4.14 (continued)

Adsorption

Adsorbents Optimized parameters (mg/g) References
Fe;0,@glycine-doped Temperature 25 °C, pH 2.0, 238 Ballav et al.
Polypyrrole magnetic adsorption contact time (2014)
nanocomposites 3 hours, initial concentration.

200 mg/L and dose 0.1 g
Bamboo-like Polypyrrole Temperature 25 °C and pH 2.0 | 482.6 Lietal.
nanotubes (2012)
Polypyrrole/Fe;0, magnetic Temperature 25 °C, pH 2.0 169.4 Bhaumik et al.
nanocomposites adsorption contact time 12 h (2011)
Polypyrrole saw dust Temperature 25 °C, time 34 Ansari and

15 min, dose 0.5 g, initial conc. Fahim (2007)

100 mg/L, pH 5.0

4.4 Conclusion

Reuse of metals in industrial process, especially those involve solvated metals, can
reduce the burden of mining which eventually reduce the contamination of environ-
ment. Precipitation methods like coagulation and flocculation which are currently
employed techniques in tannery waste generates huge amount of sludge containing
chromium that require effective treatment again for safe disposal. Even after
removal, metals remain in one or another form in nature; therefore, reclamation and
reuse of spent metals would help reduce the burden of metal contamination in the
environment. Therefore, removal methods that can efficiently remove chromium (or
other metal ions) from environment and pose little treatment of the waste generated
during treatment processes would be of interest in solving metal decontamination
issue. It would also be of interest to focus on the development of technologies where
reclamation of chromium is feasible. This would result in reuse of waste chromium,
reduction in wastewater treatment cost and savings from reusing the chromium in
place of using fresh chromium.

Sorptive removal process is seen as viable technology for removal and reclama-
tion of chromium. Among various sorbents compiled in this chapter, aminated
wheat straw showed highest adsorption capacity of 454 mg/g in the category of
natural sorbents (Yao et al. 2016)while Polypyrrole graphene oxide nanocomposite
showed 625 mg/g in synthetic sorbents (Setshedi et al. 2015). It may be concluded
that removal of chromium is efficient when sorbents possess high density of amine
functional groups. Efficiency can be further enhanced by improving accessibility of
active sites of sorbents. Morphological changes in Polypyrrole and its composite
would be materials of interest in this regard.

Continuous flow processes should be investigated using highly efficient adsor-
bent materials keeping in view industrial conditions. These studies should focus on
the methods, which can reclaim chromium from industrial wastewaters. Membrane
based processes have gained more attention over fixed bed reactors in recent years
for chromium removal. Aminated-Fe;O, nanoparticles filled chitosan/PVA/PES
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dual layers nanofibrous membrane is a good effort in this direction (Koushkbaghi
et al. 2018). Certain electro driven membrane-based processes are also reported,
however more studies are needed to develop an industrially feasible process.
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Chapter 5
Water Quality Assessment Techniques

Priti Saha and Biswajit Paul

Abstract Water is a major resource for the sustenance of the living organisms.
However, water resources are exploited to satisfy the demand of the growing popu-
lation for drinking, domestic activities as well as economic expansion of the nation
through industries, irrigation and other activities. This led to scarcity of fresh water
and impacts on economy, environment and human health. This review details the
standard limit of major cations, anions and heavy metals recommended by various
organizations, as well as sources and health impacts. It also describes water quality
assessment steps. Therefore, it draws an attention to develop interdisciplinary tech-
niques to minimize the large data volume into an understandable format. The suit-
ability of water for drinking, irrigation and industries through indices, health risk
assessment through mathematical model, and source identification through statisti-
cal procedures as well as application of geostatistics are also reviewed. It reveals
that water quality index is very effective technique to determine the suitability of
water but it is limited to drinking water quality only. Moreover, the conventional
indices evaluating the suitability of water for irrigation or industries does not clearly
specify the status as these indices does not aggregate all required compounds. Even,
the existing assessment techniques do not estimate the required percentage of pol-
lutants to be removed from the water bodies.

Keywords Water pollution - Pollutants - Irrigation - Health impact - Data
management - Geographical information system (GIS)
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AHP Analytical hierarchy process
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BIS

CA
CCMEWQI
CDI
CPCB
CR

EC
EPA
EU

FA

GIS

HI

HQ

I1SO
LOAEL
LSI
MH
NOAEL
NGL
NM
NSFWQI
OWQI
PC
PCA

PI

PSI
RfD
RSC
RSI
SAR
SF

TDS
USEPA
WAWQI
WHO
WQI
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Bureau of Indian Standard

Cluster Analysis

Council of Minister of the Environmental Water Quality Index
Chronic daily intake

Central Pollution Control Board

Corrositivity ratio

Electrical conductivity

Environmental Protection Agency

Council of the European Union

Factor analysis

Geographical information system

Hazard index

Hazard quotient

International Organization for Standardization
Lowest observed adverse effect level
Langelier saturation index

Magnesium hazard

No observable toxic effect

No guideline limit

Not mentioned

National Sanitation Foundation Water Quality Index
Oregon water quality index

Principal component

Principal component analysis

Permeability index

Practical scale index

Reference dose

Residual sodium carbonate

Ryznar stability index

Sodium adsorption ratio

Slope factor

Total dissolved solid

United States Environment Protection Agency
Weight Arithmetic Water Quality Index
World Health Organization

Water Quality Index

5.1 Introduction

Water, the driver of nature as well as hub of life is the most important asset required
for the sustenance of environment and life in this planet. It serves for the basic meta-
bolic reaction of all living organism; ensure food security through irrigation, indus-
trial production; conserve biodiversity and environment. More than 96% of 1.386
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Table 5.1 Water distribution of the planet Earth, showing a very small percentage of usable-fresh
water present in underground aquifers, lakes, swamp and rivers

Water volume Percent of Percent of total
Water Source (Km?®) freshwater water
Oceans, seas, & bays 1,338,000,000 - 96.5
Ice caps, glaciers, and Permanent | 24,064,000 68.7 1.74
SNOW
Ground water 23,400,000 - 1.69
Fresh 10,530,000 30.1 0.76
Saline 12,870,000 - 0.93
Soil moisture 16,500 0.05 0.001
Ground ice and Permafrost 300,000 0.86 0.022
Lakes 176,400 - 0.013
Fresh 91,000 0.26 0.007
Saline 85,400 - 0.006
Atmosphere 12,900 0.04 0.001
Swamp water 11,470 0.03 0.0008
Rivers 2,120 0.006 0.0002
Biological water 1,120 0.003 0.0001

Source: Gleick (1993)

million km? of water is saline, whereas the reaming percentage 4% is fresh water.
However, 68.7% of the fresh water is locked as ice cape, glaciers and permanent
snow, which cannot be used for any productive purpose (USGS 2016). The remain-
ing 30.1% and 1.2% of fresh water is groundwater and surface water respectively,
which is also not readily available for human use. The water distribution shows that
less 0.3% of total fresh water resource is useable (Table 5.1).

The development of global economic system due to industrialization and mod-
ernization has deteriorated water quality, which proportionally diminish the total
useable amount. Therefore, apart from the investigation on the quantity of this
resource, research on quality is equally important for sustainable development.
Hence, water quality assessment as a component of water quality management has
become a popular topic among researchers and scientists for the protection of the
water environment. This review emphasis on the importance of water quality
assessment, explore the background of water pollutants, which includes its source
and health impacts and conclusively quality assessment techniques.

5.2 Inorganic Water Pollutants

The fresh water that is readily accessible for public use contains many dissolved
constituents. These constituents are attributed to the medium of contact, which may
pose threat to human health and environment. Therefore, suitability assessment of
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this water for drinking, domestic use, irrigation, industrial activities, fishery, and
other purposes is vital, which is affirmed by quality analysis. The quality of water
in a particular area is assessed through evaluating its biological, organic and inor-
ganic constituents. The inorganic component comprises the cations such as (Na‘),
potassium (K*), calcium (Ca®"), magnesium (Mg*"), anions such as carbonate/bicar-
bonate (CO; >~/ HCO; 7), sulfate (SO, *7), chloride (C17), phosphate (PO, *7), nitrate
(NOj3") and fluoride (F~) and heavy metals. The metallic elements with relative den-
sity greater than 4 g/cm?, i.e. 5 times or more than water and is toxic or poisonous
even at low concentration are termed as heavy metals (Duruibe et al. 2007; Nagajyoti
et al. 2010; Sujitha et al. 2014). These constituents when go beyond the concentra-
tions endorsed by the World Health Organisation (WHO) and different organisa-
tions, as well as have undesirable effects are termed as “pollutant”.

Table 5.2 illustrates recommended standards given by various organisations
across the world. The “Water pollution” is defined by various researchers and scien-
tists as, contamination of the water bodies by the content of substances beyond the
desirable limits set by different organisations that are responsible to cause hazards
to living organisms or interferes with legitimate use of the water resources (Holdgate
1980; Chapman 2007; Dung et al. 2013).

5.3 Sources and Health Impacts

The pollutants enter into the water bodies through natural and anthropogenic sources
(Jarvie et al. 1998; Ravichandran 2003; Wong et al. 2003). Atmospheric deposition
of natural salts, water-soil and water-rock interaction are the major categories of
natural source of water pollution (Liu et al. 2003), whereas, the rapid urbanization
and haphazard industrialization are the most important anthropogenic sources
(Olajire and Imeokparia 2001; Akoto et al. 2008; Karbassi et al. 2008; Murray
et al. 2010).

5.3.1 Natural Sources

Geology and geochemical characteristics of the aquifer regulate the occurrence of
pollutants in water environment (Gibert et al. 1994; Edmunds et al. 2003; Wang and
Mulligan 2006; Warner et al. 2012). Table 5.3 shows natural sources of the major
inorganic components that pollute both surface and groundwater. Weathering of
minerals and rocks are considered as the major natural activities, which releases the
toxic pollutants into water bodies. The basic sources of pollutants are sedimentary
rocks such as limestone, dolomite, shale and sandstone. Interaction of water with
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Table 5.2 Acceptable limits of major cations, anions and heavy metals recommended by different
organizations for human consumption through drinking or cooking

Compounds USEPA (2009) WHO (2011) EU (1998) BIS (2012)
Na (mg/L) NGL NGL 200 NM
K (mg/L) NGL NGL NM NM
Ca (mg/L) NM NM NM 75
Mg (mg/L) NM NM NM 30
CO,/HCO, NM NM NM 200
SO, (mg/L) 250 NGL 250 200
Cl (mg/L) 250 NGL 250 250
PO, (mg/L) NM NGL NM NM
NO; (mg/L) 10 50 50 45
F (mg/L) 4 1.5 1.5 1
Fe (ng/L) 300 NGL 200 300
Pb (ug/L) 15 10 10 10
Zn (ng/L) 5000 NGL NM 5000
Cd (pg/L) 5 3 5 3
Cu (pg/L) 1300 2000 2000 50
Hg (ng/L) 2 6 1 1
Cr (ng/L) 100 50 50 50
As (pg/L) 10 10 10 10
Ni (ng/L) NM 70 20 20
Mn (pg/L) 50 400 50 100
Co (pg/L) NM NM NM NM

*USEPA United States Environment Protection Agency (2009), WHO World Health Organisation
(2011), EU Council of the European Union (1998), BIS Bureau of Indian Standard, IS 10500
(2012), NM Not Mentioned, NGL Guideline Limit not given

igneous rocks such as granite, gabbro, nepheline syenite, basalt, andesite and ultra-
mafic also contributes some major cations, anions as well as heavy metals. More
specifically weathering of andesite rocks consisting of plagioclase feldspar miner-
als, i.e, albite, anorthite, microcline and orthoclase also increase the levels of Na, K,
Ca, Mg, Fe and Mn in aquafier. The major minerals that dissolve the ions and metals
are carbonate, silicate and clay. The specific minerals or ores that increases the level
of contaminants are: muscovite (K); biotite, augite, hornblen (Mg); hydroxyapatite,
fluorapatite (PO,); fluorspar, cryolite, apatite, mica, hornblende (F); magnetite,
hematite, goethite, siderite (Fe); calcite, cuprite, malachite, azuite (Cu) ; chromite
(Cr); kaolinite, montmorillonite, arsenic trioxide, orpiment, arsenopyrite (As); cala-
mine, smithsonite (Zn); pyrolusite, rhodochriste (Mn); linnact, smaltyn, karrolit
(Co). Moreover, heavy metal such as arsenic (As) concentrated in sulfide-bearing
mineral deposits, especially associated with gold mineralization also leads to water
pollution (Nordstrom 2002). Moreover, few minor elements such as Cd, Co, Mn
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occur in earth crust along with other minerals also elevate the level of heavy metals
in water environment (Jarup 2003). Apart from the water-rock or water-soil interac-
tion, dry fall out or atmospheric precipitation of the natural salts entrapped in the
form of aerosol also increase the level of pollutants in both surface and groundwater
(Hsu et al. 2010; Huang et al. 2014; Li et al. 2014). Aerosols formed by the wind-
blown dusts, forest fires and volcanic emissions are also included in the natural
sources.

5.3.2 Anthropogenic Sources

The carrying capacities of water bodies are decreasing rapidly due to anthropogenic
activities. Domestic and industrial wastewater is one of the major anthropogenic
sources of water pollution. Some of the industrial units discharge their untreated
effluents directly into nearby pits, ponds, tanks and streams (Carpenter et al. 1998;
Subrahmanyam et al. 2001; Rim-Rukeh et al. 2006; Karbassi et al. 2007; Gowd and
Govil 2008; Sekabira et al. 2010; Amadi et al. 2012; Giri and Singh 2014), while
some discharge their effluents indirectly to water bodies through unlined channels
(Purandara and Varadarajan 2003; Shankar et al. 2008; Lohani et al. 2008).
Moreover, the groundwater also get polluted by leaching from dump of slag, dust,
sludge, metal shell, flyash and other industrial waste or bi-products (Nalawade et al.
2012; Peter and Sreedevi 2012). Even runoff from these solid wastes pollutes the
surface water bodies. The percolation of rainwater and runoff from the municipal
landfill also pollutes the aquifer (Zanoni 1972; Slack et al. 2005; Raman and
Narayanan 2008). Moreover, atmospheric deposition of the aerosols due to incin-
eration of municipal solid wastes, emission from industrial activities and vehicular
movements also make a count in anthropogenic sources (Subrahmanyam and
Yadaiah 2001). Mining activities and agricultural practices are also counted as
major anthropogenic sources, which deteriorate the quality of water with the time-
line (Singh et al. 2008; Krishna et al. 2009; Giri et al. 2010; Reza and Singh 2010bj;
Ameh and Akpah 2011; Giri and Singh 2014; Bhat et al. 2014). Acid mine drainage
(AMD), is one of the water pollutant in few coal mining areas, which result in acidic
pH as well as increase the concentration of dissolved metals such as As, Cd, Cu, Zn
and anions such as COj;, SO, in water (Olas et al. 2004; Razo et al. 2004; Johnson
and Hallberg 2005; Akcil and Koldas 2006). Table 5.3 lists the major anthropogenic
source of the cations, anions and heavy metals in water system.

5.3.3 Health Impacts

The main exposure route of ions and heavy metals in the human body is through
oral ingestion or dermal contact from wells, ponds, reservoirs, lakes and other water
sources. Although the presence of these elements is vital for the regulation of human
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biological function, but it act as toxin once it exceeds its threshold limit agreed by
different regulatory agencies across the world. These pollutants result in physical,
muscular, neurological degenerative processes that can cause acute and chronic dis-
eases, such as muscle weakness, skin lesions, diarrhoea, gastric problems to an
extent alzheimer’s, parkinson’s, multiple sclerosis, methaemoglobinemia, cancer,
and other catastrophic diseases (Mishra et al. 2010; Mebrahtu and Zerabruk 2011).
Near about 58% of total mortality rate, or 842000 deaths per year, is attributable to
unsafe water use (WHO 2016). Table 5.3 details the effect of the cations, anions and
heavy metals on human health. Since, the pollutants has a huge impact on human
health, therefore water quality assessment is paramount importance.

5.4 Water Quality Assessment Techniques

The researchers and pollution control boards of various countries, emphasis on
water quality management after realizing the importance of water quality (Simeonov
et al. 2003; Qadir et al. 2008). Water quality assessment or monitoring is one of the
important and crucial step of water quality management for sustainable develop-
ment. The International Organization for Standardization (ISO) defines monitoring
as: “the programme of sampling, measurement and subsequent recording or signal-
ling, or both, of various water characteristics, often with the aim of assessing con-
formity to specified objectives” (CPCB 2007). It is the intensive programme to
measure and observe the quality of the aquatic environment for a specific purpose.
Water Quality monitoring involves mainly eight steps starting from setting the
objective to quality assurance (Fig. 5.1) (CPCB 2007).

The seasonal monitoring and physico-chemical analysis of the samples generate
huge data sets. The elemental data sets are not understandable by the general public
or regulatory authorities as it does not represent the accurate status of the water
body. Therefore, it draws an attention to manage the huge data set into an under-
standable format that can represent the water quality of an area. Various interdisci-
plinary techniques and tools are investigated that can effectively minimize the large
data volume. These tools help in assessment of water quality, identification of pol-
lution sources and documentation of water quality management report.

The most popular and most convenient interdisciplinary branches that help in
assessment of water quality are mathematics, statistics and geomatics. Integration
of geographical information system (GIS) with the data sets is also one of the most
advanced and popular technique among hydrologist, as it helps in better visualiza-
tion of water quality in the earth surface. The step of water quality assessment
involves the suitability assessment of the water bodies for various purposes such as
drinking, irrigation, industries, fisheries and its associated health risk followed by
pollution source apportionment.
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[ Step 1: Setting Water Quality Monitoring Objectives ]
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Fig. 5.1 Water quality monitoring steps, starting from setting objectives to quality assurance.
(Source: CPCB 2007)
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5.4.1 Estimation of Water Quality Status

The water quality status is determined by the indexing techniques. It compiles all
the parameters to understand about the pollution status. Numerous approaches were
developed across the world and modified with time for assessment of suitability of
water for various uses.

5.4.1.1 Drinking Water Quality

Assessment of drinking water is the most important aspect as it is directly related to
human health. Various organisations of different nations have recommended the
standards for drinking water quality to ensure good health (Table 5.2). However, the
comparison with these standards does not clearly specify the suitability of water for
drinking. Therefore, the researchers formulated water quality index (WQI) to assess
the water quality for drinking very effectively and efficiently. It aggregates the mea-
sured concentration of water quality parameters into a single digit. Although there is
no standard protocol for computing WQI, however, every nation or region calculates
according to its own convention. Horton in 1965 developed WQI as a mathematical
method to check the status of water system by incorporating the eight significant
parameters (Horton 1965). Subsequently in 1970s, Brown et al. proposed a modified
index in collaboration with National Sanitation Foundation of USA, known as
National Sanitation Foundation Water Quality Index (NSFWQI) (Brown et al.
1972). However, all these additive formulae lacked sensitivity, as a single toxic
parameter can affect the value of all the parameters that cumulatively gives the result
of water quality index (WQI). Hence Brown et al. again formulated a multiplicative
index to overcome this limitation. Further, many scientists and researchers have
modified the concept as per the need of the hour and the region (Lumb et al. 2011).
Numerous water quality indices such as Canadian Council of Minister of the
Environmental Water Quality Index (CCMEWQI), National Sanitation Foundation
Water Quality Index (NSFWQI), Oregon Water Quality Index (OWQI), Weight
Arithmetic Water Quality Index (WAWQI) etc. was formulated by various organiza-
tion. Moreover, the increasing threats due to toxic metals has raise the need to assess
the heavy metal pollution. Therefore, Mohan et al. (1996) developed a specific
heavy metal pollution index (HPI) to evaluate the water quality based on heavy
metal concentration only. The result of all of these indices varies according to water
quality standards of different nations and the parameters set by the researchers.
Table 5.4 briefs the important water quality index used globally. However, a general
indexing approach (Tyagi et al. 2013) has the following three steps:

1. Selection of parameters based on the usage of water, i.e. drinking, ecological
impact, swimming etc.

2. Determination of sub-indices, which transform the different scale of data to a
non-dimensional scale values.

3. Integration of sub-indices with mathematical expression i.e., through arithmetic
or geometric averages.
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5.4.1.2 Irrigation Water Quality

The soil quality and crop yield depends on the quality of water. The dissolved salts
in the irrigation water mainly influence the crop production as these remain in the
soil and subsequently taken up by the crops. The poor irrigation water quality cause
many hazards to soil, which are broadly categorised by the soil scientists as: (1)
salinity hazards, (2) infiltration and permeability problems, (3) specific ion toxicity,
and (4) miscellaneous problems (Simsek and Gunduz 2007). The long-term use of
irrigation water with varying concentrations of total salts such as sodium, calcium,
magnesium, carbonate, and bicarbonates alter the physical properties of soil.
Irrigation water with high salinity diminishes the plant growth as the salt accumu-
lates in the root zone. It causes a “physiological” drought condition where the roots
are unable to absorb the water, even though the field has plenty of moisture. The
salinity hazard results in wilting, darker to bluish-green colour as well as thicker and
waxier leaves (FAO 2018). The salinity is measured by total dissolved solids (TDS)
or electrical conductivity (EC). Moreover, sodium content also impacts the plant
growth by influencing the normal infiltration rate. The high level of sodium with
respect to calcium and magnesium content in irrigation water results in adsorption
of sodium in soil particles. Fine textured soils, especially clay particles are dis-
persed by this action, which clog soil pores and also regulates the cation exchange
capacity. Low calcium or magnesium in the water also results the same problem.
Even, excessive bicarbonate in water precipitate calcium as calcite and magnesium
as magnesite in soil solution and these allow sodium to be dominant in the soil. It
also results in sodicity and its related effects such as reduction in soil permeability
(Hwang et al. 2016; Kaur et al. 2017). The infiltration or less permeability of water
into the soil causes crusting of seedbeds, excessive weeds, nutritional disorders,
decaying of seeds and poor yield (FAO 2018). This hazard is usually investigated
through sodium adsorption ratio (SAR). It is the ratio of sodium (Na) to calcium
(Ca) and magnesium (Mg) content in water. Apart from these major ions, chloride,
boron and other toxic elements often hinders the plant growth. The US Salinity
Laboratory with the help of water agencies project planners, agriculturalists, scien-
tists and trained field people has developed a water quality assessment guideline for
finding its suitability for irrigation (Table 5.5). This has been adopted by many
countries. However, few nations where the soil quality and climatic condition dif-
fers have developed their own guideline values. Apart from this, various indices
such as percent sodium (%Na), residual sodium carbonate (RSC), permeability
index (PI) and magnesium hazard (MH) were developed to assess the irrigation
water quality (Eaton 1950; Spandana et al. 2013; Rakotondrabe et al., 2018).
Moreover, Doneen plot based on the permeability index (PI) and interaction of cal-
cium, magnesium, sodium and bicarbonate also evaluate the water quality (Doneen
1964). Wilcox (1955) also classified water for irrigation purposes based on percent
sodium electrical conductivity (EC).
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Table 5.5 Guidelines for evaluating the suitability of water for irrigation based on water quality
parameters recommended by the US salinity laboratory

Degree of Restriction on Use
Parameter Units None Slight to Moderate Severe
EC, dS/m <0.7 0.7-3.0 >3.0
TDS mg/L <450 450-2000 >2000
SAR =0-3 EC, = >0.7 0.7-0.2 <0.2
=3-6 = >1.2 1.2-0.3 <0.3
=6-12 = >1.9 1.9-0.5 <0.5
=12-20 = >2.9 29-1.3 <13
=20-40 = >5.0 5.0-2.9 <29
Na
Surface irrigation meq/L <3 3-9 >9
Sprinkler irrigation meq/L <3 >3
Cl
Surface irrigation meq/L <4 4-10 >10
Sprinkler irrigation meq/L <3 >3
Boron mgq/L <0.7 0.7-3.0 >3.0
Nitrogen NO, mg/L <5 5-30 >30
HCO;
Overhead sprinkling only meq/L <l.5 1.5-8.5 >8.5
Ph 6.5-8.4

Source: Richards (1954)

5.4.1.3 Industrial Water Quality

The industries uses water for production, processing, washing, cooling or transpor-
tation. However, the quality of water is responsible for safeguard of industrial
equipment and manufacturing process. It has potential for corrosion, abrasion or
precipitation, which hampers production output. The researchers or the authorities
consider water to be safe for industrial use if it has neither scale-forming nor cor-
rosive in nature (Hoseinzadeh et al. 2013). The scale formation and corrosion of
cooling water is evaluated by certain indices such as Langelier saturation index
(LSI), Ryznar stability index (RSI), Puckorius scale index (PSI), corrositivity ratio
(CR) (Table 5.6). Although these indices predict the scaling of water, but is limited
to calcium carbonate scaling only. The Langelier saturation index depends mainly
on five factors which are pH, total alkalinity, calcium hardness, temperature and
total dissolved solids. Positive value of Langelier saturation index indicates the
scale formation due to super saturation of calcium carbonate in water, whereas neg-
ative value indicates under saturated water, which removes calcium carbonate pro-
tective coatings. However, the neutral value indicates the suitability of water for
industrial use. Further, Langelier saturation index was modified by Ryznar in
1994 as an alternative method for computation of calcium carbonate scale. It is
calculated on basis of the pH of calcium carbonate saturation and equilibrium pH
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Table 5.6 List of indices to evaluate the suitability of water for industries based on corrosion and

scale formation characteristics

Parameter

Classification

References

LSI =pH, - pH;
pH,=093+A+B)—(C+D)

A = (log,zTDS — 1)/10

B= —13.12 x log;o('C + 273) + 34.55
C =log,((Ca* as CaCO — 0.4

D = log,(Alkalinity as CaCO;)

pH,, = measured pH

Negative=corrosive
Positive=scale forming
Neutral= Suitable

Hoseinzadeh et al.
(2013), Hwang et al.
(2016) and Patel

et al. (2016)

RSI = 2(pH,) - pHy

<5.5 = Heavy scale
5.5-6.2 = Moderate Scale
6.2-6.8 = Suitable for use
6.8-8.5 = Aggressive water
and corrosion is likely

>8.5 Very aggressive water
and corrosion is possible

Hoseinzadeh et al.
(2013) and Patel
et al. (2016)

PSI = 2(pH,) - pH,
pH, = 1.465 x log,o(alkalinity) + 4.54

<6 = scale forming
>6 = corrosive tendency

Hoseinzadeh et al.
(2013) and Kumar
et al. (2012)

<1 = non-corrosive
>1=corrosive

Hwang et al. (2016),
Patel et al. (2016)

and Kaur et al.
(2017)

e
355 48 50

(Kumar et al. 2012). Moreover, Puckorius developed an index that predicts the scal-
ing tendency more accurately. Apart from these the corrositivity ratio, defines the
susceptibility of water to corrosion only, based on the alkaline earth and saline salts
(Kaur et al. 2017).

5.4.2 Health Risk Assessment

The contaminated water poses health hazard to the depended population. The
expensive and tedious standard medical diagnosis does not always able to forecast
health risk (Aitman 2001). Therefore, few approaches were developed to assess the
health risk. The first assessment technique is two parameter-based approaches,
which compares the existing water quality standards with the measured water qual-
ity. This approach assumes that the water quality complying with the standard is
safe for health as the water quality standards are recommended based on the human
health. However, this approach only deal with the drinking water quality. It neither
evident the impact of water quality on dermal exposure, nor it defines the risk as
cancerous or non-cancerous. Therefore, quantative health risk was developed to pre-
dict risk more accurately. The United States Environmental Protection Agency in its
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publication of the carcinogenic risk assessment guidelines in 1976 has defined the
guidelines and empirical models for health risk assessment, which consists of the
following steps:

Hazard identification: It identifies the hazardous components, which adversely
affect human health. The hazardous chemicals are divided according to their
mechanism of action and effects such as toxic chemicals, carcinogens and endo-
crine or endocrine disrupting compounds.

Exposure assessment: It measures the frequency, intensity and duration of human
exposed to the hazard. It also identifies the exposure pathway, i.e. through oral
ingestion or dermal contact.

Dose-response assessment: It quantifies the toxicity level of the hazardous agents.
The toxicity data are derived from the experiments in which the laboratory ani-
mals were exposed to increasingly higher concentrations or doses and observe
their corresponding effects. The result is interpreted through various mathemati-
cal models such as one-hit model, the multistage model, the multihit model, and
the probit model, that establish the correlation between the exposure of the
human to the concentration of hazardous element and the risk of an adverse
result from that dose (Gerba 2000). However, environmental protection agency
prefers linear multistage model (Fig. 5.2), a modified form of the multistage pro-
totype, to determine the toxicity dose because it considers carcinogens, co-
carcinogens, and promoters that probable knocks cancer to human. The curve
generated by this mathematical model gives a dose-response Eq. (5.1) for a car-
cinogen as:

Lifetime Risk = Average Dose x Slope factor 5.D

The slope factor is the slope at low dose of the dose-response curve and average
dose is the risk produced by a lifetime average dose of 1 mg/kg/day (Navoni et al.
2014; Giri and Singh 2015).

Moreover, dose-response curve also determine the threshold dose below which
there is no observable toxic effect (NOAEL) or a lowest observed adverse effect
level (LOAEL) of a substance where probable health effect can be predicted
(Fig. 5.3).

These thresholds are represented by the reference dose of a substance that has
adverse effect on human health by its exposure. The reference dose is expressed as
intake of the hazardous substance per unit body weight per day (Eq 5.2):

No Observable Toxic Effect
( Uncertainty factor ) R (Uncertainty Jactor ) , X (Uncertainty factor )n

(5.2)

Reference Dose =

A tenfold of uncertainty factor is used for sensitive individuals such as pregnant
women, young children, and the elderly population. Moreover another factor of 10
is added when ‘no observable toxic effect’ is extrapolated for human from the data
of animals.
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Fig. 5.2. Dose-response graph developed by the multistage model to determine the toxicity dose
while considering carcinogens, co-carcinogens, and promoters that probable knocks cancer to
human. (Source: Modified after Toxicologicalschools 2018)
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Risk characterization: The assessment is done by integration the exposure and
dose—response output. It accesses the risk to human under specific exposure con-
ditions with appropriate media and pathways. The incremental lifetime risk of
cancer is estimated as (Eq. 5.3):

Incremental lifetime risk of cancer = Chronic Daily Intake x Slope Factor
(5.3)

The chronic daily intake is defined as (Muhammad et al. 2011; Bhutiani et al.
2016; Rahman et al. 2017) (Eq. 5.4),
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Averahe daily dose (mgday’1 )

Chronic Daily Intake = -
Body weight (kg)

54)

Moreover, non-cancerous risk is also calculated by hazard quotient as (Bhutiani
et al. 2016; Tripathee et al. 2016; Saha and Paul 2018a) (Eq. 5.5):

Average daily dose during exposure period (mg,rkg’lday’1 )
RfD (mgkg’lday’1 )

Hazard Quiotient =

(5.5)

However, the risk is due to cumulative impact of many hazardous chemicals;
therefore, the cumulative risk is investigated through hazard index. It is the sum of
hazard quotients of all the toxic pollutants (Boateng et al. 2015; Moses and Etuk
2015; Tripathee et al. 2016; Saha and Paul 2018b).

5.4.3 Pollution Source Assessment

The data analysis is easy for a diminished set of data, but it becomes rather complex
when analysis is to be performed for larger information sets. For the comprehensive
appraisal of water, in order to find the solution of the major issues related to environ-
ment and health requires dealing of large data set comprising many variables. Many
scientists have acknowledged that this kind to data set can be effectively transfer to
meaningful information by using some advanced sophisticated statistical method-
ologies. Many hidden phenomena and inherent hydro-chemical behaviour is
expressed through these methods without much loss of original information.
Simultaneous evaluation of several variables with respect to time and space can be
illustrated by these procedures. A variety of statistical techniques were devised
since the early 1920s for investigation of system to find origin of threat and effect
on water environment.

5.4.3.1 Bivariate Statistics

The most elementary kind of statistical tool that defines the empirical relation
between two variables (often denoted as X, Y) is bivariate statistics. Most common
measure for bivariate analysis that is used by various researchers related to field of
hydrochemistry is Pearson correlation analysis, which measures the familiarity
between a pair of data (Mondal et al. 2005; Bhattacharyya et al. 2014). Sir Karl
Pearson developed the concept of correlation proposed by Sir Francis Galton into
statistical form and published his research on correlation and regression in the
Philosophical Transactions of the Royal Society of London in 1846 (Stanton 2001).
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Table 5.7 Broad Value of r | Interpretation
interpretations of Pearson’s 071t 1.0
correlation based on the value
of correlation coefficient, r

Strong linear association

0.5t0 0.7 | Moderate linear association

0.3t0 0.5 | Weak linear association

0t0 0.3 Little or no linear association
Source: ARMCANZ and ANZECC (2000)

The correlation coefficient varied from —1 to +1, where closeness to +1 or —1,
reflects the perfect linear relationship between bivariates (ARMCANZ and
ANZECC 2000). Table 5.7 demonstrate the detailed interpretation of correlation
coefficient. The correlation coefficient, r,, between two variables x and y with mean
values x and y is determined by the following Eq. (5.6):

_ zi=1(x,-—x)(yi—)’) (56)

TS )

5.4.3.2 Multivariate Statistics

A monitoring database consist of large number of sampling sites with numerous
parameters for different time-period, which cannot be effectively evaluated by using
mathematical models because of the interrelationship among the parameters, sam-
pling sites and time period. Multivariate statistical method has overcome this limita-
tion by giving a better interpretation of this type of complex database. The
multivariate statistical approaches were successfully applied in a number of
hydrogeo-chemical studies (Simeonov et al. 2003; Singh et al. 2005; Kowalkowski
et al. 2006; Boyacioglu and Boyacioglu 2008). The basic multivariate statistical
techniques, cluster analysis (CA) and factor analysis (FA) reduces a large data set
into an interpretable form that reveals the relationship between the variables based
on their similarities.

Cluster Analysis (CA) It is a multivariate hydrostatical technique with a primary
aim to assemble the homogeneous set of correlated parameters in the configuration
of clusters, which are based on the similar features of the parameter (Bhat et al.
2014). Hierarchical cluster analysis (HCA), non-hierarchical cluster analysis (non-
HCA) and combination of both methods can be applied to the dataset for the analy-
sis of results. The hierarchical cluster analysis confirms its application on any type
of research question with a guarantee of optimum clustering of observations.
However, separate interpretation is required for understanding the relation in each
cluster in non-hierarchical cluster analysis, whereas a single interpretation will esti-
mate the outcome of all clusters in hierarchical cluster analysis. The main objective
of cluster analysis is to determine the data structure by clubbing the most similar
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observations into groups. Similarity measurement, cluster formation and group for-
mation are the three basic steps for cluster analysis. Similarity measurement is exe-
cuted by a set of rule, which exemplifies the level of correspondence among
parameters used in the analysis. Correlational measure is relatively less used tech-
nique of similarity measurement, where correlation coefficients show the similarity
between the parameters, whereas, the distance measure is the most popular method
to assess similarity. Euclidean distance, Square Eucledian distance, Chebychev dis-
tance, etc. measure distance with specific characteristics. The most popular distance
method used by researchers in the field of hydrology is Euclidean distance, which is
expressed by the following Eq. (5.7).

(5.7)

Where, d;; = Euclidean distance for two individuals i and j, each measured on q
variables, X, Xy, 1=1....... q-

Once the distance between observations are calculated, then the two most similar
or closest observations are combined together to form cluster through an algorithm.
The algorithm in hierarchical procedure is designed to move in stepwise mode.
Further, the algorithm is categorized as divisive and agglomerative. Divisive algo-
rithm begins with whole objects in one cluster, subsequently at each step divided
into more clusters that comprise the most dissimilar objects and looped until it
forms cluster 1 to n sub clusters, whereas, agglomerative hierarchical procedure
begins where each observation is stated as a cluster and then combining the similar
clusters successively until all observations are in a single cluster, i.e., from n sub
clusters to 1 cluster. Average-linkage, centroid method, complete-linkage/farthest
neighbor, single-linkage/nearest neighbor, wards method are various agglomerative
algorithms. The most popular algorithm used in hydrology study is wards method,
which sorts variables in an easily explainable clusters by using analysis of variance
approach. It also evaluates the distance between clusters, which is calculated by the
total sum of square deviations from the mean of a cluster (Shrestha and Kazama
2007; Abu-Khalaf et al. 2013). The graphical representation of clustering is tree-like
structure dendrogram.

Factor Analysis (FA) It is another multivariate statistical technique that dimin-
ishes and classifies a large data set into a smaller data set. Confirmatory Factor
Analysis (CFA) and Exploratory Factor Analysis (EFA) are the two major catego-
ries of factor analysis (DeCoster 1998; Thompson 2004). The exploratory factor
analysis is most popular among researchers as it serves to explore the research ques-
tions or large information set to identify patterns (Swisher et al. 2004; Henson and
Roberts 2006). The main steps involved in factor analysis are extraction of factors
and selection of rotational methods. Data extraction step reduces large number of
items into factors. The factors can be extracted through Generalized least square,
maximum likelihood, principal axis factoring, principal component analysis and
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unweighted least square methods (Pett et al. 2003). The researchers recommend to
use principal component method, when no prior theory or model exists to establish
preliminary solution (Williams et al. 2010). The eigen values and eigen vectors
known as loading or weightings in this process are computed from the covariance or
correlation square matrix. The square matrix is constructed from the original data
set (Raschka 2014). Hydrologist generally uses correlation matrix for displaying the
relationships between individual parameters. Eigen vector with the highest eigen
value is termed as principal component or factors. Statistically, principal component
are termed as the unrelated or orthogonal variables obtained by multiplying original
correlated variables with eigen vectors (Vega et al. 1998; Helena et al. 2000).Then
feature vector is built by picking out the selected principal components from the list
of eigen vectors obtained in the former steps. The final step of the method is to mul-
tiply the transpose matrix of eigen vector with the transpose of original dataset. The
following Eq. (5.8) shows principal component generated through principal compo-
nent analysis:

Vi =X, X, X +a,,x, (5.8)

Where
y = component score
a = component loading
x= measured value of the variable,
i= component number
j= sample number and
m = total number of variables.

Component score sometimes called factor score is the value of transformed vari-
able corresponding to a particular data point. The first principal component accounts
for the maximum possible proportion of the total variance in the data set followed
by the second component, which accounts for the maximum of the remaining
variance and so on. Merely a few numbers of principal components with eigenvalue
greater than one are held back in principal component analysis (Bhat et al. 2014).
The selection of principal components with eigen value greater than one is known
as Kaiser criteria. The number of principal components are less than or equal to the
number of original variables (Shrestha and Kazama 2007; Krishna et al. 2009). To
make the interpretation of the extracted factor more easier and reliable, rotational
method is applied as proposed by Thurstone in 1947 and Cattell in 1978 (Osborne
2015). Orthogonal and oblique are the two common rotation techniques, where the
former generate uncorrelated factors (the angle between the axes is 90°) and the
latter produce correlated factors (the axes has different angle than 90°). Researchers
on the ground of their interpretation skill choose orthogonal varimax or oblique
albumin rotation (Abdi 2003). The most common rotational technique used in factor
analysis is orthogonal varimax rotation developed by Sir Thompson (Thompson
2004). Most of the literature has cited orthogonal varimax rotation for data analysis
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because of the fact that uncorrelated factors are more easily interpretable (Panda
et al. 2006; Yidana et al. 2008; Bhattacharyya et al. 2014).

5.4.4 Geospatial Assessment

Reporting water quality status depending only on field study is not reliable and
economic at present time. Apart from this, future demand is to determine water
quality status of an area that needs a high degree of flexibility of data management.
One way to achieve flexibility is to use a highly automated and intelligent informa-
tion system such as geographical information system (GIS). It facilitates in reducing
the understanding gap between researchers as it also provides the visual summary
of water quality status of an area. It is an integrated approach to evaluate the quality
of water by assimilating data sets and statistical results with geographical locations.
The hydrological, temporal and spectral data can be processed using geographical
information system technology (Ahn and Chon 1999; Babiker et al. 2004; Usali and
Ismail 2010). In term of assessing water quality, researchers has used this technique
for modelling and mapping of thematic layers (Fritch et al. 2000; Gogu and
Dassargues 2000; Khan and Moharana 2002; Asadi et al. 2007). Hydrologists col-
lect discrete data from the field sampling, which need to convert into continuous
surface for further interpretation. The spatial interpolation tool provided in the soft-
ware interface helps in formation of continuous surface. The classification of inter-
polation methods are geometrical, statistical, basic functions and artificial neural
network (Sarkozy 1999). Various models has been developed and integrated in the
software for conversion of vector data structure (data represented by point, line or
polygon) to raster data structure (data represented as surface divided into regularly-
spaced grid cells, known as pixels). The deterministic models use a mathematical
function to predict unknown values and further use for creation of continuous layer
of the studied parameter (Xie et al. 2004). It creates surface from measured points,
based on either the extent of similarity or the degree of smoothing. Inverse distance
weighting, natural neighbourhood interpolation, spline interpolation and rectangu-
lar interpolation are few mathematical based models. Apart from this, statistical
techniques also help in interpolation with higher accuracy. The most popular geo-
statistical technique is krigging that finds the relation between the observations at
measured points and autocorrect statistically (Childs 2004). It follows two steps: I)
creation of semivariogram, which is a discrete mathematical function. This explains
the degree of relationship between spatial random points (known as spatial autocor-
relation); II) prediction of unknown values through statistical estimator. Ordinary
kriging, simple kriging and universal kriging are the three different methods of krig-
ing interpolation (Childs 2004). However, the major disadvantage of using krigging
interpolation is that it does not pass through any of the point values and causes
interpolated values to be higher or lower than real values. According to the require-
ment of the research, one of the mentioned techniques can be used for spatial inter-
polation, which simplifies the data analysis.
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5.5 Key Findings

1. The pollutants enter into an aquatic system through natural (water-soil and
water-rock interaction) and anthropogenic (industries, municipal, domestic,
agriculture, atmospheric precipitation of the emissions) sources.

2. These pollutants result in physical, muscular, neurological degenerative pro-
cesses that can cause acute and chronic diseases.

3. The researchers and various authorities have proposed protocol that details about
the water quality of an area.

4. Water quality management plan starts with the sampling of the water and ana-
Iytical analysis of the water quality parameters.

5. The analytical results of periodic monitoring of numerous samples generate
huge data sets that is neither understandable by the general public nor regulatory
authorities, nor represents the actual status of the water quality. Therefore, it
draws an attention to manage the huge data set into an understandable format
that can represent the water quality of an area.

6. Researchers and scientists have developed numerous interdisciplinary tech-
niques to minimize the large data volume that also assists in evaluation of suit-
ability of water for various purposes, health risk assessment and pollution source
identification.

7. Suitability of water for drinking is checked through comparing the measured
concentration of water quality parameters with the recommended standards or
water quality index. Moreover, the suitability for irrigation and industrial use is
evaluated through comparative analysis or various indices based on specific
parameters. Even few mathematical models have devolved to assess the human
health risk.

8. Many scientists have acknowledged that various bivariate and multivariate statis-
tical approaches such as Pearson correlation, factor analysis, cluster analysis etc
helps in pollution source apportionment.

9. Geographical information system integrates the data sets and assessment results
with geographical locations (geospatial assessment) that provide the visual sum-
mary of water quality status in earth surface. It helps in documentation of effec-
tive water quality management plan.

5.6 Research Gap

(a) Water quality index helps in transformation of analytical data set into a single
digit that indicates the overall water quality of a water body. However, the appli-
cation of this index is limited for assessing drinking water quality only.
Moreover, water quality for irrigation, industries and other purposes were deter-
mined by indices relying on specific parameters. These conventional approaches
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do not clearly specify the suitability of water, which requires attention towards
formulating an effective tool for evaluation of water quality for various
purposes.

(b) The indexing techniques as their primary objective predict the overall water
quality status (as polluted or non-polluted) and its health impact (as unsafe or
safe for human use). There is no such assessment technique available in the
literature that quantifies the concentration of toxic pollutants present in the
water body that are responsible for health hazard. Even, the existing assessment
techniques do not estimate the required percentage of pollutants to be removed
from water bodies in order to make these safe for human health. Therefore,
there is a need to a technique, which aggregates the toxicity level of pollutants
in water body responsible for health impact. This technique should also aims to
predict the required removal percentage of individual pollutants from the water
bodies.

This review illustrate that the statistical method, indexing approach and GIS
added method effectively helps in analysis of both ground and surface water.
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Effect of Emerging Contaminants b
on Crops and Mechanism of Toxicity
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Abstract Human activities have induced the rise of emerging pollutants in the
environment, and, as a consequence, have increased the pressure on food produc-
tion. This pressure is acute in developing countries where food demand exceeds the
available resources. Pollutants are mainly of industrial origin and medical dis-
charges. Pollutants can be translocated from soil to plants, and in turn be transferred
to consumers. Pollutants include steroidal estrogens, organochlorine, ibuprofen,
bromoform, caffeine, and methyl dihydrojasmonate. The concentration of pollut-
ants in irrigated agricultural waters ranges from 10 to 5000 ng L~-!. The average
concentration of pollutants in crops ranges from 1 to 7500 ng kg=!. Approximately
10 pg of pollutant per person were detected in humans from consumption of fruit
and vegetable. Plants and microbial-based phytoremediation and bioremediation of
pollutants have been. Here we review the sources of contaminants, toxicity and
remediation strategies.
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Abbreviations

CVD Chemical vapour deposition
DDT Dichlorodiphenyltrichloroethane
OCPs Organochlorine pesticides

PAHs Polycyclic aromatic hydrocarbons
PAN Peroxyacetyl nitrate

PBDEs Polybrominateddiphenyl ethers
Perfluorinated alkyl acids Perfluorinated alkyl acids
Perfluorosulfonamide Perfluorosulfonamide

PFOA Perfluorooctanoic acid

PFOS Perfluorosulfonate acid

Volatile organic compounds  Volatile organic compounds

6.1 Introduction

Soil is the primary sinks of all kinds of waste chemicals which might cause adverse
effects for plants and human health (Teng et al. 2014). Presence of pharmaceuticals,
hormones, artificial sweeteners along with pesticides is referred as emerging con-
taminants (Manoli et al. 2019). These waste trace elements chemicals is either per-
sonal care, industrial or agricultural goods. These emerging contaminants in
municipal wastewater has attracted for research in recent year (El-Said et al. 2018).
The unregulated and mismanagement disposal of these waste trace elements could
raise the effective risk to soil ecosystem such as micro-and macro-organisms and
plants (Bender and Heijden 2015). Plants considered as a primary source for food
production for all the terrestrial consumers. Any disturbance in the lifestyle of plants
could have a latent impact of consumers at primary tropic level (producers) in the
food chain (Zhuang et al. 2009). Plants have unique features for the uptake of micro-
chemicals present in the soil. This has been established through plant-based phy-
toremediation for the removal of chemical contaminants from soil. Phytoremediation
based removal of this contaminant (heavy metals) has been established for several
years. Recently, improvement in technological advancement has allowed more
attention which detecting trace amount of emerging contaminants in soil, water,
food or part of plant tissue at any stage (Stefanakis and Becker 2015; Cincotta et al.
2018). Due to industrialization and commercialization, several new chemicals have
been arising in the soil which harms soil biota and imbalance the ecological system
(Estévez et al. 2005) (Fig. 6.1). These waste trace elements chemicals released in
soil concern with major contaminants are considered as emerging contaminants.
The term emerging contaminants (Table 6.2) refers as those compounds origi-
nated via anthropogenic activities which have not occurred previously in the envi-
ronment at a global scale and cause severe effects on the ecosystem or human health
(Stuart et al. 2012; Firouzsalari et al. 2019). Mostly these emerging contaminants
are organic compound and together with it transformed in other products. It is not
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Fig. 6.1 Source and fate of contaminants in soils. Directly or indirectly, plants become exposed
with contaminants through either by foliar spray or soil application. Contaminants present in soil
are absorbed through the roots system

always part of regular existing contaminant but may be a runner for the future
parameter. The focus also takes an account for emerging contaminants concerns,
contaminants which have been present previously for a long time in the environ-
ment, but for those contaminants which have been raised recently. A neurotoxin
B-N-methylamino-L-alanine compound was detected in irrigation water whose
translocate in roots and shoots in Triticum aestivum (Contardo-Jara et al. 2014).
Moreover, cyanobacteria occurred in large amount in the fresh water body. But due
to anthropogenic activity, cyanobacteria population is spread in agricultural prac-
tises. Cyanotoxins a secondary metabolite secreted from cyanobacteria is account
as an emerging contaminant (Bouaicha and Corbel, 2016). Their potential toxicity
is affected aquatic environment and soil body, and may also responsible to affects
human health (Testai et al. 2016). Several other emerging contaminants may be
existing includes personal care products, plasticizers, surfactants, pesticides, food
additive, pharmaceutical products, industrial additives, herbicides and whose eco-
toxicological effects are relatively unknown (Murray et al. 2010). Due to easily
solubilisation and mobilization in water and mixing in soil, they adversely affect the
food chain. Conventional wastewater treatment is not much effective design for
complete removal of these emerging contaminants and related compounds from the
environment (Kiimmerer 2009; Pal et al. 2010). Therefore, these compounds persist
continuously in the environment and may be bio accumulate in the existing
organisms.

Reports highlighted regarding agriculture status that fulfils the demand for food
as the world human population increases from 7.3 to 9.7 billion by 2050; agricultural
production needs to double at present requirement. FAO (2016) stated that agricul-
tural production increase by 70% to be meet actual requirement perhaps needs to be
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attained third green revolution. In the last 50 years, several genetic engineered crops
variety, use of high yielding crops as well as different types of organic pesticides and
non-organic chemicals fertilizers has been commercially used in the agriculture
field. Since the source of these emerging micro-pollutants has a broad range includ-
ing industrialization, agriculture, and forming, they can easily reach the hydrological
cycle and enter in the food chain through running water or irrigation water (Kemper
2008; Radke et al. 2010). Crop uptake of these emerging contaminants through irri-
gation water may affect crop productivity and human health. It has been reported
that some pharmaceutical compounds like carbamazepine and antimicrobials can be
uptake by crops through running water, irrigation water or soil (Jones-Lepp et al.
2011; Shenker et al. 2011). Due to the flexible nature and behaviour of these
Emerging contaminants in the environment, their probable risks might vary. In the
present review, we explored emerging contaminants and their potential risks to
plants and range of factors that affect the uptake, removal, growth.

6.2 Fate of Emerging Contaminants in Irrigated Water

Global climate change has drastically affected water availability and has been
increasingly affected in almost every continent figuring about 40% of the world
population. About 70% of global water withdrawals account for agricultural used
and is further rises to 80% in arid and semiarid regions. Treated wastewater had
evolved a reliable alternative to reused water both direct and indirect for crop irriga-
tion and contributes trace elements strategic options in seasonal drought and weather
variability that may able be cope up in peak water demand. This could be useful in
farming activities which require continuous irrigation and could potentially reduce
the incident of crop failure and income losses (EC 2016). Proper assessment of
nutrients in treated wastewater could also decrease fertilization needs associated
with reducing environmental contamination with fewer production costs (Haruvy
1997). This stands to be benefitted in peri-urban areas where farming system
required high water demand and proximity to treated wastewater (Kurian et al.
2013). However, treated wastewater may contain toxic pollutants that might cause
severe environmental hazards when applied as irrigation (Prosser and Sibley 2015).
These pollutants include so-called contaminants of emerging concerns, synthetic
chemicals or chemicals deriving from a natural source that are potentially harmful
on environment and human health (Naidu et al. 2016).

Moreover, treated wastewater has also rise concern of containing heavy metals
such as Cu, Zn, Fe, Pb and Ni which thereby could affect human health and agricul-
tural productivity when such contaminants are translocated in crops (Fig.6.1)
(Rattan et al. 2005). Although there are countries where such metals have been regu-
lated due to health implications (Khan et al. 2015) however, emerging contaminants
remain unregulated. Irrigation of crops with secondary treated wastewater contains
a higher amount of emerging contaminants such as pharmaceuticals and personal
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care products (722 mg L~' on average) than groundwater (31 mg L~' on average)
(Calderdén-Preciado et al. 2013). It was reported that emerging contaminants induce
phytotoxic, morphological and physiological changes in crop plants (Shahid et al.
2015; Christou et al. 2017). But effects on crop productivity have not been reported
in field level. Rattan et al. (2005) reported that irrigation with treated wastewater for
20 years have significantly increased the deposition of extractable Trace elements
(Trace element) such as Zn (208%), Fe (170%), Ni (63%), Pb (29%) and Cu (170%)
as compared to adjacent region irrigated through tube-well water. The threshold for
Trace elements in crop production depends on the crop and the element (FAO 1985).
For instances, arsenic toxicity in the plant ranges from 12 mg /L for Sudan grass to
0.05 mg/L for rice. Cobalt show phytotoxicity in tomato plant at 0.1 mg/L in nutri-
ent solution whereas, copper show phytotoxic at 0.1 to 1.0 mg/L. Zn toxicity in
plant ranges widely while nickel range from 0.5 to 1.0 mg/L; in both the cases,
toxicity is reduced at alkaline or neutral pH. Moreover, boron shows the positive
effect at 0.2 mg/L in some crops while at 1-2 mg/L it shows phytotoxicity. Recent
research has shown that irrigation with treated wastewater that contain micro and
macronutrients positively affect crop production (Li et al. 2015a, b; Urbano et al.
2017). However, there is no report on the co-occurrence of emerging contaminants
and Trace elements in irrigated water supply through treated wastewater and their
plant responses in field conditions.

Peri-urban horticulture provides certain ecological services to nearby urban
areas while performing various environmental and socioeconomic functions. They
disseminate low carbon footprint such as in vegetables which favour environmental
sustainability, provides recreational, landscape structure and other services (Van
Veenhuizen and Danso 2007). Nevertheless, peri-urban agriculture faces certain
adversities such as atmospheric and water pollution which are the result from trans-
portation infrastructure such as airports, harbours, highways and use of reclaimed
water which contain contaminants of various toxic origins like organic micro-
contaminants and Trace elements leading to deposition in soil and potentially affects
crop productivity (Colon and Toor 2016). In particular, the supplementation of
manure and biosolids as a soil amendment in irrigated water have found to contrib-
ute to Organic micro-contaminants that negatively affects crop productivity (Eggen
and Lillo 2012). On the other hand, due to climate change water scarcity has been
increasing and the need for reliable option cantered towards the use of reclaimed
water for crop irrigation especially in arid and semi-arid regions (WHO 1989).
There are reports where reclaimed water has been contaminated by organic micro-
contaminants from pharmaceuticals and personal products which range from mg/L
to pg/L. Their continual release in the environment coupled with their transforma-
tion products has evolved as a “pseudo-persistent” way (Daughton and Ternes
1999). Reclaimed water use as irrigation is the sources of Trace elements along with
soil amendment, bio-solid and atmospheric deposition (Liacos et al. 2012). As a
result, Trace elements have contributed to negative effects on crop production in
peri-urban areas (Singh and Kumar 2006). Bioaccumulation of organic micro-
contaminants has continuously been observed in crops grown under field condition
irrigated with treated wastewater (Wu et al. 2014). It was found that the highest
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concentrations were detected in the edible part of leafy vegetables (Carbamazepine,
347 ng/g dry weight in lettuce) rather than in root or fruit-bearing vegetables
(Riemenschneider et al. 2016). There is limited research regarding the irrigation
with treated wastewater in crop under field condition (Calderén-Preciado et al.
2011). In another research, it was found that long term irrigation with treated waste-
water for three consecutive years have a significant impact on crop uptake and accu-
mulation of organic micro-contaminants (Christou et al. 2017).

Trace elements such as Pb, Cd, and Zn have been found to accumulate higher in
the road side of peri-urban than rural sides (Nabulo et al. 2010). This has created an
alarming situation concerning human exposure to organic micro-contaminants and
Trace elements as has been found in edible parts of plants (Pan et al. 2014). This can
be incorporated with insightful research in field studies depicting the real scenario.
However, there is limited information published regarding the above concern
(Malchi et al. 2014). Another substantial adverse effect of the use of reclaimed
water in agriculture is its high nitrate content. This nitrate is eventually taken by as
a dietary need by humans and about 5% nitrate get converted to a toxic form of
nitrite (Santamaria 2006). Nitrate fertilization and reuse of treated wastewater con-
tribute to nitrate uptake by food crops (Castro et al. 2009).

The presence of organic micro-contaminants and trace elements in agricultural
soil exhibits morphological and physiological changes in the exposed plants. For
instance, Hurtado et al. (2017) demonstrated that the presence of organic micro-
contaminants at the environmentally relevant concentration in the treated wastewa-
ter supply as irrigation leads to decrease in chlorophyll content, morphological
changes, and alteration in the metabolic profile of lettuces. In zucchini plant, it has
been shown to reduce biomass productivity and alteration in hormone and nutrient
content due to the presence of carbamazepine and verapamil at an environmentally
relevant concentration of 0.005-10 mg/L in soil (Carter et al. 2015). Increase in Pb
concentration in plants can decrease chlorophyll biosynthesis and reduce carbohy-
drate content in vegetable (Peralta-Videa et al. 2009), while the presence of Cd cause
lipid peroxidation (Monteiro et al. 2007). There are reports regarding the regulation
of Trace elements and pesticides residues in EU (EFSA), USA (FDA), China,
Australia and New Zealand, and FAO has published international guidelines (FAO
2016). However, there are no regulations regarding Organic micro-contaminants.

6.3 Occurrence of Pesticide Contamination

6.3.1 Toxicity

According to Pan et al. (2017), pesticides are defined as a group of chemicals which
persist in soil for a longer period. Environmental contaminants such as pesticides
residues pose a serious threat to humans and animals. Application of organochlorine
pesticides to control weeds induces resistance to insects and pests and vector-borne
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diseases (Abhilash and Singh, 2009). Dichlorodiphenyltrichloroethane in soil takes
along time to degrade which ranges from 4 to 30 years, and chlorinated organochlo-
rine pesticides may remain stable for many years after their application (Afful et al.
2010). Due to the slow degradation process, Dichlorodiphenyltrichloroethane is
hampered in physical, chemical, biological and microbiological ways (Afful et al.
2010; Kumar and Singh 2017). These chemicals are fat-soluble components and can
easily bioaccumulate inside the lipid domain of biota including fatty tissues, breast
milk, and blood through the food chain. As a result, humans, and animals are more
prone to these micro-pollutants that are originated from contaminated soil or water
(Mishra and Bharagava 2016). Apart from these threats, pollutants are also highly
toxic to aquatic fauna and eventually cause serious diseases in human and animals
(Aiyesanmi and Idowu 2012) and soil micro-flora (Megharaj 2002).

To alleviate these environmental issues, different physicochemical methods such
as chemical amendment, land-filling, incineration and composting or burning have
been employed to exclude pesticide contamination from the environment over the
last few decades (Wehtje et al. 2000). Using a broad spectrum of chemicals in agri-
cultural production has dominated over the years which have provided significant
protection and reduce losses of crops in both developed and developing nations.
However, the continual use of these pesticides expectedly results in accumulation of
residues in food and lead to potential adverse effects on the environment and human
health. These damages are more prone to farm workers as they are continually
engage in the field. Moreover, pesticides residue has been found in drinking water
and food crops especially in fruits and vegetables which received the largest dos-
ages of pesticides and posed a serious threat in human health (Pimentel et al. 1992).
The pesticides which are currently available have a large mixture of chemical com-
pounds which exhibits a different mode of action, absorbance by the body, metabo-
lism, removal from the body and toxic effect on humans and other living organisms.

Some pesticides exhibit acute toxicity, but when they come in the body, they
metabolized an eliminated. But some other show lower acute toxicity and have
strong inclination to assemble in the body. Toxic effects may also be caused by criti-
cal ingredients and other impurities also by solvents, emulsifiers, carriers and other
constituents of the formulated products. Implementation of low cost and environ-
mentally friendly technologies such as bioremediation could be better alternatives
in the present scenario (Singh and Seneviratne 2017). Presently, microbial-based
bioremediation has been proposed to be safe and environmental friendly associated
with sustainability in the removal of contaminated trace elements.

6.3.2 Effect of Pesticides on Plants

Application of pesticides not only affects the target plants but also non-target plants.
For instance, phenoxy herbicides are toxic in trees and shrubs (Dreistadt 2016).
Herbicides, sulfonylureas, sulphonamides, and imidazolinones have an intense
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effect on the productivity of non-targeted crops, plants and associated wildlife
(Fletcher et al. 1993) (Table 6.2). Also, glyphosate herbicides can increase the sus-
ceptibility of plants to disease and infection (Brammall and Higgins 1988).
Pesticides such as carbamate trace elements, pyrethroids, and organophosphate
trace elements could potentially harm the population of beneficial insects such as
beetles and bees. Several methods are employed such as spraying on the crop plant
or the soil, mixing with soil and as granular form. These pesticides after their appli-
cation dispersed in the air or degrade in the soil and leaching which eventually lead
to water bodies and may be consumed by aquatic flora and fauna (Caicedo et al.
2011). Over application of fungicides could affect the functioning of soil biota and
indirectly affect soil fertility. Man and Zucong (2009) reported that nitrification and
de-nitrification processes are disrupted by application of fungicides chlorothalonil
and dinitrophenyl.

6.4 Miscellaneous Compounds as Emerging Contaminants

6.4.1 Perfluorinated Compound

The major constituents of organofluorine compounds of a class of perfluorinated
compounds contain carbon. Based on functional groups, they are classified as per-
fluoroalkyl or perfluorocarboxylic acids. In textile and refrigeration industries they
have a wide range of applications. These compounds are presents in soil and plants
can uptake it is broadly trace elements. Interesting findings had shown that the
reclaimed water which is used for irrigating soil grown plants consists of perfluori-
nated alkyl acids. It was proven that in edible plants such as strawberry and lettuce
perfluorinated alkyl acids tended to be bio-accumulated at the exposure concentra-
tion of 0.2-4.0 mg/L (Blaine et al. 2014). In tomato, cabbage and zucchini plant, it
has been revealed that the potential uptake of 14 different types of perfluorinated
alkyl acids compounds in addition to the hydroponics studies (Felizeter et al. 2014).
The perfluorinated alkyl acids s which have more than 11 carbon atoms have higher
root uptake, and in the edible parts, these long chained perfluorinated alkyl acids s
were not found. It was observed that translocation part of the plant which is edible,
the amount of simple structured perfluorinated alkyl acids s taken up less (Felizeter
et al. 2014).

Similarly, it was observed in wheat plants for their uptake and translocation of
perfluorinated alkyl acids. The uptake of perfluorohexanoic acid was highest among
all these PFCAs; then with either increase or decrease in the number of carbons, it
decreased significantly. Thus, in PFCS the role of several carbon atoms is signifi-
cant. In other similar study, the uptake by carrot and lettuce plants was trace ele-
ments for three different PFCs: the perfluorooctanoic acid, perfluorosulfonate acid,
and perfluorosulfonamide (Bizkarguenaga et al. 2016). Based on root core, root and
the leaves in the case of carrots and into heart and leaves for lettuce, the plant was



6 Effect of Emerging Contaminants on Crops and Mechanism of Toxicity 225

harvested, and the harvested plants were divided into it. The higher concentration of
PFOA and perfluorosulfonamide were observed in the case of carrot leaves (0.6 and
3.4) while in the core and peel compartments its lesser value was observed. In the
edible part of lettuce, the PFOA was accumulated more than PFOS (Bizkarguenaga
et al. 2016). Thus, in both plants PFOA was early taken and translocate.

6.4.2 Polybrominated Diphenyl Ethers Compounds

There are other chemicals in addition to the previous chemical mentioned that are
also trace elements for their uptake and translocation. For instance, it was trace ele-
ments that the uptake and translocation of polybrominateddiphenyl ethers in wheat
plants. Wheat roots and straw successfully take only the decabromodiphenyl ether
(BDE 209) of seven different types of compounds (Li et al. 2015a, b). Cucumber
and carrot plants take dioxin-based compounds (Engwall and Hjelm 2000). Tomato
plants take phthalate compounds, and it was reported that only 1% was taken by its
fruits (Sablayrolles et al. 2013). The negligible amount of polychlorinated biphenyl
was taken up by the plants (Mikes et al. 2009; Sablayrolles et al. 2008).

6.4.3 Steroid Compounds

For a growing global population, the major challenge for the agricultural sector is to
produce more and safe food. Livestock industry products such as meat and dairy
products and the growth promoters such as the use of synthetic steroid hormones
(Bartelt-Hunt et al. 2012), increasing the muscle mass in the developed countries
these are most adopted practices. The natural estrogen is estimated to discharge
30,000 kg/year for 7 billion of world human population and form contraceptive pills
practices of synthetic estrogens (EE2) of about 700 kg/year (Adeel et al. 2017).
Livestock is contributing much greater possible unit of estrogen to the environment,
the U.S and European Union alone calculated that by livestock excretion annual
estrogen secretion is about 83,000 kg/year, which is more than double as produced
by the world human population. The relation between annual feeding operations
and the detection of estrogen is an aquatic environment has been made (Shrestha
et al. 2012). Hormones produced from animal and human waste trace elements are
natural but use damaging effect on the environment, the widely adopted practice in
modern agriculture is to apply animal manure or sludge bio-solids onto agricultural
land as substituting fertilizer to organic products (Xuan et al. 2008).

The presence of many classes of organic pollutants such as steroid estrogen in
reclaimed water has been well documented in the study. In all over the world in
agriculture treated sewage sludge is widely used and for the next, the most adopted
practice of disposal is land application (Calderén-Preciado et al. 2013; Gabet-
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Giraud et al. 2014). Previous studies indicate that in beans aquatic macrophytrace
elements and algae, the steroid estrogen can be taken up, accumulate in, or metabo-
lized (Shi et al. 2010; Card et al. 2012). For instance, in terrestrial plants including
leafy vegetables and fruits the animal excrement and reclaimed water were taken up
by them which are derived from steroid estrogens (Karnjanapiboonwong et al.
2011; Zheng et al. 2013). The emerging pollutants are entering the food chain of
terrestrial which is the result of land application of reclaimed water and animal
manure. In soil, the bioavailable concentration of estrogens affect plants to be taken
by up, so it tends to be estimated that the concentration is difficult to measure
(Dodgen 2014). In soil, 74 ng g~ 17p E2 and in ground water 69 ng L~! have been
found in our study (Song et al. 2018). In many physiological processes, for instance,
development and reproductive process as well as management of protein, sugar, and
mineral. These compounds participate in a hundred types of steroid estrogenic com-
pounds produced by plants and animals (Janeczko et al. 2012; Sherafatmandjour
etal. 2013). E1, E2 and E3 type of steroid compounds lie on interconnecting meta-
bolic pathways. Reverse transformation of E2 to E1 occurs in microbes and after-
ward degraded to E3 under aerobic conditions. The inorganic contents of barley,
maize, chickpea, and bean seeds can be significantly improve biochemical level by
mammalian sex hormones (MSH) (Erdal et al. 2012) and chlorophyll, sugar, carot-
enoids, and protein in duckweed seed, lentil, soybean and fennel (Czerpak and
Szamrej, 2003; Dumlupinar et al. 2011; Sherafatmandjour et al. 2013). Vegetative
growth of alfalfa plants inhibited by steroid estrogen found in sewage water (Shore
et al. 1993). Steroid estrogens reduced root growth at a concentration of 1 pM and
also caused morphological abnormalities including epinasty in tomato plants (Guan
and Roddick 1988). Hence, in various ecological environments, it is important to
evaluate their disruptive potential. To date, the effects of these hormones to plants as
stresses have been described in a few studies.

6.4.4 Volatile Compounds

In ‘acid rain’ the acid derived from inorganic gases produced by fossil fuel combus-
tion, sulfur dioxide, and nitrogen oxides and these air pollutants mainly affect veg-
etation. Peroxyacetyl nitrate (PAN) and ozone are oxidants produced
photo-chemically and have the deleterious effects. For over 30 years, the direct
effect of these gases has been known following the classic studies in the San
Bernardino mountain of California (Miller and McBride 1999). The pressure of
volatile organic compounds, nitrogen oxides (NOx) and sunlight are required for
the photochemical production of phytotoxic concentration of ozone. An attempt has
been introduced to reduce the concentration of secondary pollutants by emission
controls on both volatile organic compounds and NOx. At current ambient concen-
tration, the volatile organic compounds have the potential to effect the plants directly
largely at high concentration of volatile organic compounds based on short term
exposure of vegetation. However, the relative role of volatile organic compounds
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becomes important as primary pollutants, as a reduction in emission on traditional
inorganic pollutants. Based on laboratory and field data, this review considers the
available long term evidence.

6.4.4.1 Effect of Volatile Organic Compounds in Plants

Volatile organic compounds are compounds which contain carbon atoms (such as
xylene containing eight carbon atoms), nitrogen, and oxygen or halogen atoms
respectively (Table 6.1). At normal temperatures, the vapour pressure gradient for
organic compounds equals that of gases present in the atmosphere. Therefore, vola-
tile organic compounds are not implicitly different from semi-volatile organic com-
pounds. Certain compounds such as polychlorinated biphenyls, dioxins and
polycyclic aromatic hydrocarbons, where a large fraction of the material in the
atmosphere may exist in the particulate phase rather than as a gas, are excluded
specifically from this study.

It has been observed from the previous experimental studies that there is a short
term exposure of plants to large concentrations of volatile organic compounds rela-
tive to ambient air. Although there is no report on direct effects of Volatile organic
compounds on plants, certain data on experiments where plants have been exposed
to substances in the vapour phase has been mentioned in the United State trace ele-
ments EPA web-searchable database PHYTOTOX (http://www.epa.gov/med/data-
bases/databases.html#-phytotox). Seven hundred ninety-three entries had been
produced by this database search for the above defined volatile organic compounds.
However, five published papers on examining the effects of ethylene have reported
that only 23 entries involve fumigation with concentrations of 100 nl L' or less.
Many experiments have been conducted on a large number of plants using high
concentrations (factor of 100 or more) of Volatile organic compounds showing
exposure time in hours particularly. Under these conditions, effects are likely to be

Table 6.1 Effects of different volatile organic compounds in plants

Conc
vOoC (nl L) Plant species Effects References
Ethylene 85 Phaseolus Epinasty, chlorosis, van Haut and
vulgaris reduction in dry weight | Prinz (1979)
1-10,000 | Ricinodendro- Seed germination at Keegan et al.
nrautaneni 1nll! (1989)
10-100 Lilium Reduced shoot, flower Blankenship
longiflorum dry wt, earlier flowering | et al. (1993)
10nl 1!
Tetrachloroethane | 1-300 12 species Reduced pod number and | Franzaring et al.
shoot dry wt (2000)
Halon 1301 1 Lepidium sativum | Reduction in protein Debus and
content Schroder 1991
Peroxyacetyl 10-60 Petunia hybrid Reduced leaf area, total | Izuta et al.
nitrate dry wt. at 30 nl 17! (1993)
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observed on plants as well as plant parts which are more sensitive on exposure to
very high concentrations as in case of chemical spillage or accident). However, it is
quite uncertain whether those plant species and plant parts would resist very small
concentrations for a long period or not. Abeles (1992) suggested two examples of
non-linear relationships of dose-response involving Volatile organic compounds
and expressing dose as a concentration-exposure time product. When Digitalis plant
was exposed to 1000 ml L=! over 6 h and 50 nl L~! over 24 h, similar effects of eth-
ylene on senescence of flower were observed; the same ethylene induced flowering
response was observed in case of Iris bulb on exposure to different concentrations
as well as time period- 80,000 nl L~! for 1 h, 2000 nl L=! for 6 h and 300 nl L=! for
24 hrespectively. Though the relationship between concentration and exposure time
is non-linear, there is difficulty in the prediction of concentration which would pro-
duce a similar effect for exposure to a longer period.

Recently, C. melo var. reticulatus bearing medium sized fruit having a thin retic-
ulated rind with sweet orange flesh, has obtained the designation of Protected
Geographical Indication. As a consequence of several petrochemical activities in
the south of Sicily, two areas-Augusta-Priolo and Gela with large industrial facili-
ties have been designated as high-risk areas based on the national concern (Mudu
et al. 2014). Guerriero et al. (2011) reported the existence of many chemical com-
pounds which occur in high levels in soil, water, groundwater, air sediments, fish
and shellfish from both areas. According to Mudu et al. 2014, benzene, toluene,
ethylbenzene and xylene have been considered as major contaminants. However,
several reports are being presented regarding the uptake of environmental contami-
nants by plants and the exposure of human beings through the intake of diet. Studies
have shown that crops could potentially uptake environmental contaminants
(Goldstein et al. 2014). The uptake of aromatic organic contaminants found in soil
and their internal storage by vegetables influences the mobility of environmental
contaminants (Chang et al. 2013). Studies showed on the identification of an
extensive array of emerging environmental contaminants and their quantification in
water, soil, air and food products (Table 6.2).

6.5 Pathways of Contamination of Emerging Contaminants

It is already known to us that poor disposal practices and over spraying of water
courses are responsible for the occurrence of higher amounts of agricultural chemi-
cals in water supplies. Generally, higher levels of agricultural chemicals attribute to
percolation of contaminated run off into the pathway of nature as well as man-made
pathways through soil (Fig. 6.3). Most importantly, wells- a source of water supply
are being polluted due to the availability of lesser facilities and direct infiltration of
contaminated runoff and this has been considered as one of the most common
causes of artificial pollution. Likewise, leaching of highly cracked soil and finely
cracked rocks results in groundwater contamination. While applying highly soluble
and mobile herbicides during downward movement of water and when plants tran-
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Table 6.2 Lists of plant parts exposed by emergent contaminants in different plant species
Detected in
Class Types of Chemical plant part Plant species | References
Polycyclic Pyrenne, anthracene, Root and Alfalfa Alves et al.
aromatic phenanthrene shoot (2017)
hydrocarbons Naphthalene, phenanthrene | Root, shoot Rice Patowary et al.
and grain (2017)
Fluoranthene, pyrene, Straw and Wheat Li and Ma
indenopyrene, grains (2016)
benzo-perylene
Phenanthrene, Root and Couch grass, | Gworek et al.
anthracene,fluoranthene, leaves wood (2016)
pyrene, benzo(a) small-reed,
anthracene, chrysene wild
buckwheat,
and white
goosefoot
Fluorene, phenanthrene Root and Wheat, alfalfa | Salehi-Lisar
shoot and sunflower | et al. (2015)
Pharmaceutical | Chlortetracycline, Root and Radish Chung et al.
and personal enrofloxacin, and leaves (2017)
care products sulphathiazole
Tetracycline Seedling and | Pea Margas et al.
stem (2016)
Sulfamethoxazole, Seed Pakchoi Wang et al.
norfloxacin and germination cabbage and | (2016)
doxycycline radish
Triclosan, triclocarban Leaf, root skin | Radish and Fu et al. (2016)
and root core | carrot
Sulfadiazine Root, leaf and | Hazel plants | Michelini et al.
seed (2015)
Galaxolide, Tonalide, and | Root and Carrot, barley,  Macherius
triclosan leaves meadow plant | et al. (2012a)
Triclosan Root Carrot Macherius
et al. (2012b)
Pesticides Chlordecone Leaf, root and | Radish Létondor et al.
tuber (2015)
Aminocyclopyrachlor Stem, leaves | Trumpet Reis et al.
and root flower (2015)
Chlorpyrifos Stem, leaves | Chinese Zhang et al.
and root cabbage and | (2011)
cabbage
Perflourinated Perfluorooctanoic acid, Root core, root | Carrot and Bizkarguenaga
compounds perfluorooctane sulfonate | peel and lettuce et al. (2016)
leaves: Carrot
heart and

leaves: Lettuce

Perflourinated alkyl acids

Root, stem,
leaves and
edible parts

Zucchini and
cabbage

Felizeter et al.
(2014)
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spire less, there is a possibility of leaching of these herbicides to groundwater.
Generally, the applications of agricultural chemicals were done directly to plants
through foliar spraying or to the soil. The concentrations of these chemicals in sur-
face water depend on various factors such as soil characteristics, rainfall, irrigation,
interception loss and rate of application (both over application and misapplication).
Agricultural practices, improper disposal of excess chemicals, water resulted from
the washing of equipment applied and spills heavily contaminate surface water.
Chemical storage facilities nearer to water sources, chemicals treatment trace ele-
ments, trace elements for animal treatment by dipping and spraying where a high
concentration of spills occur, etc. are some other examples of important sources of
contamination (Fig. 6.2).

Emergent contaminants
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l Ground water | | l Surface water PA——
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Fig. 6.2 Types of contaminants, and how these contaminants enter in consumer body through dif-
ferent pathways
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6.6 Strategy for Removal of Emerging Contaminants

6.6.1 Photodegradation Method

Organic micro-pollutant can be phyto-degraded in the presence of sunlight either by
direct or indirect ways (Rivera-Utrilla et al. 2013; Vione et al. 2014). In case of
direct mechanism for the degradation of micro-pollutant; its chemical property
decides the threshold level of photo energy which leads the breakdown of bonds to
present between the micro-pollutants leads to degradation (Rivera-Utrilla et al.
2013). Also, photo-degradation of the micro-pollutant by indirect mechanism pro-
mote trace elements by ROS which is produced by the action of the photosensitizers
such as nitrate, nitrite or chromophoric chemical substances which degrade the
organic matter present in water (Niu et al. 2016). A lot of studies conducted on
photo-degradation of organic micro-pollutant in laboratory condition with simu-
lated sunlight and in natural waters which acknowledged us that photo-degradation
of organic micro-pollutant is the key removal mechanism (Packer et al. 2003;
Rivera-Utrilla et al. 2013).

6.6.2 Adsorbent Method

Numerous reviews showing the removal of waste water organic pollutant by using
different adsorbents have been published over the last few decades (Hamdaoui and
Naffrechoux, 2009). Investigations have been done on the treatment of various
Emerging contaminants from water and wastewater sludge sediments and soil, pes-
ticides, human pharmaceuticals from the environment (Kuster et al. 2005; Hernando
et al. 2005; Grassi et al. 2012; Brooks and Huggett 2012). Several nano-materials
have been developed in recent years which can be used as effective adsorbents for
the sorption of Emerging contaminants from effluents (Kaur et al. 2017). Graphene
layers are produced through the exfoliation of graphite by using oxidizing agents;
methane and other hydrocarbons deposited by the chemical vapour deposition,
ultrasound can also be used for graphene synthesis (Chowdhury and Balasubramanian
2014; Muthoosamy and Manickam 2017). The methods involved in the production
of carbon nanotubes are mainly chemical vapour deposition, as well as combustion
chemical vapour deposition, arch discharge using carbon electrodes and laser abla-
tion using graphite (Dahman et al. 2017). Interestingly, the effective treatment of
Emerging contaminants involves both graphene and carbon nanotubes (Jauris et al.
2016; Zhao et al. 2016). Furthermore, activated carbons, clay nanotubes, mesopo-
rous silica, and tailored composite trace elements, nano composite trace elements of
carbon nanotubes/nanofibers and layered silicate trace elements, biochars, etc. are
also used as adsorbents.
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6.7 Abiotic Factors Influencing the Uptake of Emerging
Contaminants by Plants

One of the major components of soil, the humic acids, plays a significant role in the
uptake of emerging contaminants. For instance, the humic content is determinant
for the retention of emerging contaminants, such as PAHs, in soil (Khan et al. 2013).
Whereas, in the case of the ENMs, the overall bioavailability towards plants is nega-
tively influenced by the humic content, since ENMs tend to form aggregate trace
elements in soil. Humic acids can also act as adsorbents for certain chemicals such
as PCBs and PPCPs (Yu and Bi 2015).

Soil enriched with higher humus layer signifies a higher amount of PCBs (Wenzel
et al. 2002). Some soil components like colloidal clays act as transport carriers for
PPCPs in the soil (Xing et al. 2016). The bioavailability of emerging contaminants
is influenced by the pH. If the pH is alkaline, it increases the bioavailability of
emerging contaminants because of the increase in microbial growth. The adsorption
of emerging contaminants on the soil was facilitated by acidic pH. This sorption is
generally due to interactions between the donor and acceptor and the outer- and
-inner-sphere complex in the soil (Guo et al. 2016). When emerging contaminants
leaches into the lower layers of the soil, makes them less bioavailable to the roots of
plants (Xu et al. 2009). Some factors including mobility and aging in soil hugely
influence the emerging contaminants uptake by plants. Also, hydraulic conductivity,
wettability of soil and swelling capacity affects the emerging contaminants trans-
port in plants (Avila et al. 2014). The divalent ions and chelating agents can signifi-
cantly influence the uptake of emerging contaminants, because of the cation
exchange capacity of the soil. In some cases, soil residues are formed by the poten-
tial exchange of chemicals with soil (Masih et al. 2012) (Fig. 6.3).

6.8 Conclusion

Increasing anthropogenic application of huge organic chemicals and their misman-
age disposal of these chemicals in the environment rising huge questions in con-
cerns with food safety. Biodegradation, photo-degradation and certain environmental
factors eliminate the emerging contaminants at a certain extent. Also, plant species
have also an important role in the removal of emerging contaminants from the envi-
ronment. Although emerging contaminants are very less quantity and still persist
environment that promotes trace elements plant growth and development. This
emerging contaminant present in the root part, with the lowest in fruit and grain.
Another aspect of the accumulation of emerging contaminant arises where chemi-
cals are bio-accumulated in plants with a high content of lipid. This could be pos-
sible due to the solubility of emerging compounds in lipid molecules. Overall, the
uptake of emerging contaminant with plants could arise a major problem for food
safety and food security. Since, there is no strong legislation related to the disposal
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Fig. 6.3 Expected mechanism of uptake of emerging contaminants from soil to plants.
Uptake of emerging contaminants from outside to inside takes place either by through passive (a)
or active transport mechanism. Lipid bilayers of plant cell facilitate the transport of some low
molecular weight and volatile polycyclic aromatic hydrocarbons through the diffusion process. (c)
shows the route of transport of emerging contaminants in through plant cell wall

of an emerging contaminant in the soil, have been followed. As a result, it is assumed
that these emerging contaminants will continuously increase. It will always be chal-
lenging in future to understand the actual concentration of emerging contaminant in
plant and human and their toxic effects to achieve the best management to risks to
plants, human health, and the environment.
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