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Preface

The rapidly increasing demand for food presents a major challenge to the scientific
community. More efficient developments in agricultural and industrial sector are
needed to face this issue. Novel techniques which result in high-quality products
with high yield and reduced adverse effects are required. In ancient times, a major
problem which scientists faced was the inefficiency of the pest control agents due to
the inability of these products to reach the target and deliver optimum quantity
within a short span of time. Mostly, the conventional mode of pesticide application
resulted in wastage of 80% of applied pesticides through leaching, degradation, and
evaporation. This intern resulted in reduced performance and environment pollu-
tion. This led the scientists to think about delivering chemicals to the target in a
controlled manner. With the use of novel technologies such as nanotechnology and
polymer technology, scientists could develop controlled release pesticides.

In this book, we discuss different aspects of controlled release pesticides.
Chapter 1 of this book gives a general introduction about the conventional pesticide
application and its adverse effects on health and environment. Chapter 2 discusses
the methods for pesticide analysis and their role in the agriculture fields. Chapter 3
deals with the chemical nature and toxicology behind different chemical pesticides
and insecticides of today’s use. In Chap. 4, we give an overview of controlled
release pesticides and their bioengineering aspects for the sustainable crop pro-
duction. In Chap. 5, we explain different methods for synthesizing controlled
release pesticides.

Types of slow and controlled release pesticides and their characteristics are
discussed in Chap. 6. Types of pesticides based on different parameters and their
physical as well as chemical characteristics are included in this chapter.
Nanotechnology has played a major role in the field of controlled release tech-
nology. Nanotechnological aspects in pest control are included in Chap. 7. To
release pesticides in a controlled manner, encapsulation in a porous carrier is
needed. Polymers play a major role as pesticide carrier. Polymer technology for
pesticide release is incorporated in Chap. 8. To detect the release of pesticides from
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carriers, novel sensors were developed by many scientists. Chapter 9 provides a
detailed data on fabrication and working of such sensors. Chapters 10 and 11 are
dealing with controlled release of herbicides and plant hormones to tune the crop
production.

Kottayam, India Rakhimol K. R.
Kottayam, India Sabu Thomas
Krasnoyarsk, Russia Tatiana Volova
Kottayam, India Jayachandran K.

vi Preface



Contents

1 Conventional Methods of Pesticide Application in Agricultural
Field and Fate of the Pesticides in the Environment
and Human Health . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
V. Dhananjayan, S. Jayakumar and B. Ravichandran

2 Methods for Determination of Pesticides and Fate of Pesticides
in the Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Angel G. Polanco Rodríguez and Jesús Alfredo Araujo León

3 Chemistry and Toxicology Behind Insecticides and Herbicides . . . . 59
S. Sousa, M. L. Maia, L. Correira-Sá, V. C. Fernandes,
C. Delerue-Matos, C. Calhau and V. F. Domingues

4 Controlled Release Pesticides as a Route to Sustainable Crop
Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Maya Rajan, Vinaya Chandran, S. Shahena and Linu Mathew

5 Manufacturing of Slow- and Controlled-Release Pesticides . . . . . . . 127
V. R. Remya, Jesiya Susan George and Sabu Thomas

6 Characteristics and Types of Slow/Controlled Release
of Pesticides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Ayilalath Ashitha and Jyothis Mathew

7 Advanced Controlled Nanopesticide Delivery Systems
for Managing Insect Pests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
R. K. Saini, S. Patel, J. Bajpai and A. K. Bajpai

8 Polymer Formulations for Pesticide Release . . . . . . . . . . . . . . . . . . 185
Abhilasha Mishra, Rajesh K. Saini and A. K. Bajpai

vii



9 Molecularly Imprinted Sensors for Detecting Controlled
Release of Pesticides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
Fatma Yılmaz, Nilay Bereli, Ali Derazshamshir, Duygu Çimen,
Semra Akgönüllü, Yeşeren Saylan, Aykut Arif Topçu
and Adil Denizli

10 Controlled Release Herbicides and Allelopathy as Sustainable
Alternatives in Crop Production . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
S. Shahena, Maya Rajan, Vinaya Chandran and Linu Mathew

11 Controlled Release of Plant Hormones for Modifying
Crop Yield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
Vinaya Chandran, S. Shahena, Maya Rajan and Linu Mathew

viii Contents



Chapter 1
Conventional Methods of Pesticide
Application in Agricultural Field
and Fate of the Pesticides
in the Environment and Human Health

V. Dhananjayan, S. Jayakumar and B. Ravichandran

Abstract The increasing growth of world population required raising overall food
production. In order to meet the requirement, food supply factors of increasing
yields, expanding agricultural area and increasing the productivity of crop and
animal agricultural are necessary. As a consequence, application of pesticide for
protection of crop involves wide variety of chemicals with various applicable
techniques. The pesticides are very commonly used in agriculture sector with
several methods of applications in recent years. However, in developing countries,
the conventional method of application of pesticide is the major practice. The
knowledge and awareness of application play a major role in fate of pesticides in
the environment and human health. Several studies have reported the handling
practices and subsequent exposure of farmers to pesticides and pesticide accumu-
lation. In addition to the preparation and application of pesticides, there are several
important problems related to pesticide use that should be understood by every
applicator. Generally, in the conventional way, application of pesticides did not
include any regular inspections for safety procedure and follow-up inspections of
problem areas. Some of the methods, however, may result in problems such as over
application, not reaching the pest habitat while using a minimum amount of pes-
ticide, and depositing unsafe residues. Proper techniques of application not only aid
in effectiveness but also ensure workers’ safety, public protection and protection of
the environment. Although newer pesticides are capable of degrading fast, the
adverse impact of these chemicals with already existing persistent pesticides on
environment including humans is reported in recent years. The application of
pesticide is not merely the operation of sprayer or duster. It has to be coupled with a
thorough knowledge of the pest problem. The application techniques ideally should
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be target oriented so that safety to the non-targets and the environment is ensured.
Therefore, environmentally responsive controlled release of pesticide through
advance technologies is needed and recommended. This chapter deals with the
different types of pesticide application, their distribution and occurrence in the
environment and human health-related issues.

Keywords Pesticide application � Fate of pesticides � Health effects

1.1 Introduction

Agriculture is the most important enterprise and it is the major key to economic
development in many developed countries. The agriculture remains traditional and
labour intensive; little or no external inputs are used. Pest management practice
under these conditions is a built-in process in the overall crop production system
rather than a separate well-defined activity [1]. The most important concern asso-
ciated with agricultural production is the problem of pests (weeds and insects). An
important step for raising productivity and increasing the gross output of agricul-
tural products is the elimination of losses of the harvest due to pests, plant diseases
and weeds. The farmers use pesticides to control weeds, microbes, insects, rodents
and other higher organisms to protect their crops and preserve food materials [2–4].
In the initial stages of agricultural practice, the cultivation together with crop and
animal husbandry was largely eco-friendly, although the yields were not as high as
of the present day. During 1874, the German chemist Othmar Zeidler had first
synthesized dichlorodiphenyltrichloroethane (DDT) compound, but failed to realize
its value as an insecticide. Similarly, a series of chemical pesticides were synthe-
sized to protect crop plants against insect pests. While the immediate benefits of
these pesticides were indeed quite impressive, their long-term harmful effects on
environment and non-target organisms came to be understood only after much
damage to ecosystems had already been done. After the description of Carson [5]
on deleterious effects of DDT and other chlorinated pesticides in her book on
‘Silent Spring’, there has been a growing campaign against the use of chemical
pesticides in agriculture. As an alternative to the organochlorine pesticides (OCPs),
organophosphates (OPs) and carbamate pesticides are largely used in agriculture
field. The introduction of these synthetic insecticides—organophosphate (OP) in
the 1960s, carbamates in 1970s and pyrethroids in 1980s—and herbicides and
fungicides in the 1970s–1980s contributed greatly to pest control and agricultural
output. Ideally, a pesticide must be lethal to the targeted pests, but not to non-target
species, including man. Unfortunately, this is not the case, so the controversy of use
and abuse of pesticides has surfaced. The rampant use of these chemicals, under the
adage, “if little is good, a lot more will be better” has played havoc with humans
and other life forms.

During the past three decades or so, a significant amount of Integrated Pest
Management (IPM) or IPM-related research has been conducted in many parts of
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the world including in the developing countries [4, 6]. However, the use of
chemical pesticides continue for a long time in small quantities, particularly in
highly populated developing countries like India and China [7]. Agriculture in the
twenty-first century faces multiple challenges: it has to produce more food and fibre
to feed a growing population with a smaller rural labour forces and more feedstocks
for a potentially huge bio-energy market, contribute to overall development in many
agriculture-dependent developing countries, adopt more efficient and sustainable
production methods and adapt to climate changes [8]. There is limited scope for
significantly expanding agricultural land after constraints and trade-offs are con-
sidered. The incorporation of new lands into production is likely to come with
important social and ecological constraints and costs. Therefore, the initiation of
exploitative agriculture without a proper understanding of the various consequences
of every change introduced into traditional agriculture, and without first building up
a proper scientific and training base to sustain, it may only lead us, in the long run,
into an era of agricultural disaster rather than one of agricultural prosperity.

The conventional methods of pesticide applications are the major practice in
developing countries. Persistence and accumulation nature of pesticides on various
stages of food chain and environment affects human. Humans are exposed to
pesticides through occupational or environmental exposure. The occupational
exposures occur among rural workers, greenhouse workers, workers in pesticide
manufacturing [2]. The group that receive the greatest exposure are those who
involved in mixing, loading, transporting and applying pesticides. Furthermore, the
lack of training and equipment to safely handle pesticides increases the health risk
[9]. Gangemi et al. [10] summarized the most recent findings on the association
between occupational pesticide exposure and the development of chronic diseases.
As regards to environmental exposure, this mainly affects the general population
through the consumption of polluted food and drinking contaminated water or using
pesticides in the home or living close to sprayed fields. Thus, risk assessment and
prevention from pesticide exposure are not a simple process, particularly when we
consider several limitations, such as differences in the time and the levels of
exposure, the class of pesticides (chemical structure and toxicity), mixtures or
cocktails used, and the geographical and climate features of the areas where pes-
ticides are applied. For these reasons, it has been suggested that pesticide safety
should be tested before and after marketing, in order to evaluate whether the
estimated or predicted individual exposure on a given task is suitable [11].

Pesticide applicators utilize many methods in the application of pesticides. Most
of these methods have been developed as the result of years of studying the most
effective methods. Some of the methods, however, may result in problems such as
over application, not reaching the pest habitat while using a minimum amount of
pesticide, and depositing unsafe residues. Proper techniques of application not only
aid in effectiveness but also ensure workers’ safety, public protection and protection
of the environment [2–4, 12]. Competence in pest control includes basic knowledge
of pests and pest problems, the ability to choose the right pesticides and equip-
ments, and knowledge of proper methods of application. The proper technique of
application probably plays a greater part in achieving the target job. Therefore, the
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present chapter was aimed at exploring the existing conventional method of pes-
ticide application and the consequence of pesticide in man and environment. A brief
continuation of the types of equipment and techniques of application used in
agriculture practices, maintenance of equipment, knowledge of pesticide applicator,
fate of pesticides in the environment, health of effects associated with pesticides and
various modern techniques in controlled release of pesticides in agriculture field are
presented in the following section.

1.2 Importance of Pesticide Application

Agriculture was developed to produce crops and livestock for human consumption.
As the human population increases, the amount of food produced is very important.
Unfortunately, there are other organisms out there that want to consume the crops
that are meant for humans. It is estimated that nearly 37% of all crops produced in
the USA each year are destroyed by agricultural pests, which results in an economic
loss of around $122 billion a year. Due to this high loss in food production,
pesticides are often used to combat the problem. There are many different types of
pesticides on the market today, but the most common are herbicides and insecti-
cides, which kill or manage unwanted plants and insects. The damage caused by
agricultural pests is a global problem, and over the past half-century, the amount of
pesticides used have increased severalfold. Over the years, the widespread use of
pesticides had several benefits and also have caused damage to the environ-
ment and human health [12–15]. The benefits of pesticides include increased food
production, increased profits for farmers and the prevention of diseases. Although
pests consume or harm a large portion of agricultural crops, without the use of
pesticides, it is likely that they would consume a higher percentage. Due to the use
of pesticides, it is possible to combat pests and produce larger quantities of food. By
producing more crops, farmers are also able to increase profits by having more
produce to sell. Pesticides also increase farm profits by helping the farmer save
money on labour costs. Usage of pesticides reduces the amount of time required to
manually remove weeds and pests from fields. In addition to saving crops and
livestock, pesticides also have direct benefits to human health. It is estimated that
since 1945, the use of pesticides has prevented the deaths of around seven million
people by killing pests that carry or transmit diseases. Malaria is transmitted by
infected mosquitoes, known as deadly diseases to human that have decreased in
prevalence due to the use of pesticides. Other diseases were also minimized due to
the use of pesticides include the bubonic plague transmitted by both fleas and body
lice [13]. Similary several diseases are being curtailed by application of pesticides.

4 V. Dhananjayan et al.



1.2.1 Benefits of Pesticides

The primary benefits are the consequences of the pesticides’ effects—the direct
gains expected from their use. For example, the effect of killing caterpillars feeding
on the crop brings the primary benefit of higher yields and better quality. The main
effects result in primary benefits ranging from protection of recreational turf to
saved human lives. The secondary benefits are the less immediate or less obvious
benefits that result from the primary benefits. They may be subtle, less intuitively
obvious or of longer term. It follows that for secondary benefits it is therefore more
difficult to establish cause and effect, but nevertheless they can be powerful justi-
fications for pesticide use. For example, the higher cabbage yield might bring
additional revenue that could be put towards children’s education or medical care,
leading to a healthier, better educated population. There are various secondary
benefits identified, ranging from fitter people to conserved biodiversity.

1.2.2 Improving Productivity

Tremendous benefits have been derived from the use of pesticides in forestry,
public health and the domestic sphere—and, of course, in agriculture, a sector upon
which the countries like Indian economy is largely dependent. Food grain pro-
duction stood at a mere 50 million tons in 1948–49, had increased almost fourfold
to 198 million tons by the end of 1996–97 from an estimated 169 million hectares
of permanently cropped land. This result has been achieved by the use of high-yield
varieties of seeds, advanced irrigation technologies and agricultural chemicals
(Employment Information: Indian Labour Statistics, 1994). Similarly, outputs and
productivity have increased dramatically in most countries, for example wheat
yields in the UK and corn yields in the USA. Increases in productivity have been
due to several factors including use of fertilizers, better varieties and use of
machineries. These pesticide are used to control various pests and diseaes carriers,
such as mosquitoes, ticks, rats and mice [16]. Therefore, pesticides have been an
integral part of the process by reducing losses from the weeds, diseases and insect
pests that can markedly reduce the amount of harvestable produce. There are many
different types of pesticides; each is meant to be effective against specific pests.
Some examples are given in Table 1.1.

1 Conventional Methods of Pesticide Application in Agricultural … 5



1.3 Types of Application

Pesticide application plays an important role in pest management. Proper technique
of application of pesticide and the equipment used for applying pesticide are vital to
the success of pest control operations. The application of pesticide is not merely the
operation of sprayer or duster. It has to be coupled with a thorough knowledge of
the pest problem [2, 4, 17]. The use of pesticides involves not only of knowledge
on application equipment, but also of pest management as well. The main purpose
of pesticide application technique is to cover the target with maximum efficiency
and minimum efforts to keep the pest under control as well as minimum contam-
ination of non-targets. All pesticides are poisonous substances, and they can cause
harm to all living things. Therefore, their use must be very judicious. The appli-
cation techniques ideally should be target oriented so that safety to the non-targets
and the environment is ensured. Therefore, proper selection of application equipment,
knowledge of pest behaviour and proper dispersal methods are vital [15, 17–19].
The complete knowledge of pest problem is important to define the target, i.e.
location of the pest (on foliage, under the leaves, at root zone, etc.). The most
susceptible stage of the pest for control measures will help to decide the time of
application. The requirement of coverage and spray droplet size depends upon the

Table 1.1 Type of pesticides used and its target function

S. no. Pesticide Target species/function

1 Acaricide Mites, ticks

2 Algaecide Algae

3 Anticoagulant Rodents

4 Attractant Attracts insects or birds

5 Avicide Birds

6 Bactericide Bacteria

7 Defoliant Plant leaves

8 Desiccant Disrupts water balance in arthropods

9 Fungicide Fungi

10 Growth regulator Regulates insect and plant growth

11 Herbicide Weeds

12 Insecticide Insects

13 Miticide Mites

14 Molluscicide Snails, slugs

15 Nematicide Nematodes

16 Piscicide Fish

17 Predacide Vertebrate predators

18 Repellent Repels vertebrates or arthropods

19 Rodenticide Rodents

20 Silvicide Woody vegetation

6 V. Dhananjayan et al.



mobility and size of the pest. The mode of action of pesticide, its relative toxicity
and other physicochemical properties help to decide the handling precautions,
agitation requirement, etc. Further, the complete knowledge of the equipment is
necessary to develop desired skill of operation, to select and, to estimate the number
and type of equipment needed to treat the crop in minimum time and to optimize
use of the equipment.

The objective of the application of pesticide is to keep the pest under check. The
pest population has to be kept suppressed to minimum biological activities to avoid
economic loss of crop yields. Thorough killing of pest or eradication of pest is
neither practical nor necessary. The objective of pesticide application besides
keeping the pest population under check should also be to avoid pollution and
damage to the non-targets. The success of pest control operations by pesticide
application greatly depends on the following factors:

1. Quality of pesticide.
2. Timing of application.
3. Quality of application and coverage.

Different types of pesticides are used for controlling various pests. For example,
insecticides are applied against insect pests, fungicides against crop diseases, her-
bicides against weeds, etc., in order to protect the crop losses. But it is essential that
besides choosing an appropriate pesticide for application it has to be a quality
product, i.e. proper quantity of pesticide active ingredient (a.i) must ensure that the
quantity is maintained in production and marketing of pesticide formulations. The
application of pesticide is very successful when applied at the most susceptible
stage of the pest. If the timing of pesticide application is carefully considered and
followed, the results will be good and economy. Therefore, for large area treatment,
careful selection of equipment becomes necessary so that within the available time
the area could be treated. Even though good quality pesticide is used, an optimum
timing for the application of pesticide is also adopted; unless the pesticide is applied
properly, it will not yield good results. Therefore, the quality of application of
pesticides is very important in pest control operations. The following points can be
ensured during pest control operation.

1. Proper dosage should be applied evenly.
2. The toxicant should reach the target.
3. Proper droplet size.
4. Proper density of droplet on the target.

The dosage recommendation is generally indicated for acre or hectare, e.g. kg/ha
or L/ha or g ai/ha. It should be properly understood, and the exact quantities of the
formulated pesticide should be applied.

Pesticides are dispersed by different methods like spraying, dusting, etc. For
spraying of pesticides, different types of nozzles such as hydraulic, air blast, cen-
trifugal and heat energy type are used. Water is a common carrier of pesticides, but
air or oils or soap solutions are also used as carriers. Selection of proper droplet is

1 Conventional Methods of Pesticide Application in Agricultural … 7



an important consideration. The shape, size and surface of the target vary greatly.
For spraying against flying insects, the hydraulic nozzles will not be effective.
Hence fine size spray particles are needed to remain airborne for longer time.
However, for weed control operation, usually the requirement is drift-free appli-
cation or coarse spray droplets. An adequate number of spray droplets should be
deposited necessarily. For fungicide application, the number of droplets deposited
per unit area should be more, and maybe for translocated herbicide application, it
can be less in number. It may need fewer numbers of droplets to be deposited in
case of highly mobile (crawling) insect pests. The pesticides are formulated in
liquid form, dust powder or granule forms such that it makes possible to apply small
quantities of pesticides over large area. Some of the pesticides are applied as low as
few grams a.i. per hectare. Therefore, the adoption of proper application technique
is vital for uniform depositing of pesticide.

1.4 Equipments Used for Applications

1.4.1 Spraying Techniques

The liquid formulations of pesticide are either diluted (with water, oil) or directly
applied in small drops to the crop by different types of sprayers [20]. Usually, the
formulations and wettable powder are diluted suitably with water which is a
common carrier of pesticides. In some cases, however, oil is used as diluent or
carrier of pesticides. The important factors for spray volume consideration are
depends upon the spray type and coverage, total target area, size of spray droplet
and number of spray droplets. It is obvious that if the spray droplets are in coarse
size, then the spray volume required will be larger than the small size spray dro-
plets. Also if the thorough coverage (e.g. both the sides of leaves) is necessary, then
the spray volume requirement has to be more.

On the basis of the volume of spray mix, the technique of spraying is classified as:

1. High-volume spraying (300–500 L/ha).
2. Low-volume spraying (50–150 L/ha).
3. Ultra-low-volume spraying (<5 L/ha).

The range of volume of spray mix in each of the above case is arbitrary. Usually,
for field crop spraying, the spray volume ranges are taken as guide. There is distinct
advantage in the case of lower volume application over the high-volume applica-
tion. The higher the volume to be applied, the more the time, the more the labour
and the more the cost of application due to labour cost. However, the lower volume
applications are concentrated spraying of pesticide which should also be considered
properly.

8 V. Dhananjayan et al.



1.4.2 Dusters

Dust formulations are pesticides in which the active ingredient is mixed with a
substance which is usually light in weight (talc or clay). However, heavier weighted
carriers are also essential for the proper distribution in certain situations. Many
lightweight dusts are not acceptable in many areas since they may be a hazard to the
applicator or vicinity in which the application is made [17, 21, 22]. Ultimate drift of
dispersed dust must be of considerable concern to the applicator. Precautionary
measures in the use of dust equipment consist of the following:

• Because dusts are usually exerted under some degrees of pressure, all working
parts of the equipment should be carefully examined.

• All literature provided by the manufacturer should be carefully read.
• Goggles and respirators should be included in the safety equipment.
• The operator should be acquainted with operations and limitations of each piece

of equipment.
• Complete removal of dust remaining in the hopper and any extensions of the

duster should be accomplished after the completion of job.

1.4.2.1 Hand-Operated Dusters

Getz Applicator A simple device in which a spring is surrounded by a rubber
sleeve sealed at one end by a filler plug and the other by a small release tube.
Contracting the two ends compresses the spring and releases a limited quantity of
dust through the tube orifice. Releasing the grip on the spring forces the sleeve to
resume its original position. The capacity of this device is very small (six ounces),
and usually, it is only used for crack and crevice treatment. It is one of the most
versatile equipment used for all field crops. Small void areas can be expertly treated
with this device [17].

Flexible Bulb This is similar to theGetz applicator but does not depend upon a spring
to re-establish its flexibility. Instead, by the nature of its construction, it resumes its
original shape and upon compressing releases dust through a small orifice. Depending
upon theweight of the dust used, it may hold slightlymore than theGetz applicator. Its
uses are identical as for the Getz applicator. It is highly applicable for any powdered
insecticides and being used effectively in home gardens [17].

Plunger Tube Dusters It is simple in construction and consists of a dust chamber,
a cylinder with a piston or plunger, a rod and a handle. Retraction of the plunger
allows air and dust to mix in the cylinder and upon depression of the cylinder,
repeats the above process. This device is suitable for crack, crevice or void
applications. Its capacity is usually greater than both of the previously mentioned
dusters. It is highly useful for small-scale use in kitchen garden and in
household (TNAU Aagritech Portal, http://agritech.tnau.ac.in/index.html).

1 Conventional Methods of Pesticide Application in Agricultural … 9
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Hand Crank Dusters These dusters have a hopper for the dust which varies in
capacity from 1 to 10 lb. At the bottom of the hopper is an orifice which is
adjustable in size and which allows the dust to fall into an airstream created by fins
attached to a shaft. The shaft in turn is attached to a crank which is driven by hand
power. A tube of varying length leads from the hopper to the final area of dis-
persion. This unit is typically used exteriorly or occasionally under the sub-areas of
a house (TNAU Aagritech Portal, http://agritech.tnau.ac.in/index.html).

Foot Pump Dusters This is really a duplicate of the plunger-type duster, but in the
place of the fixed release tube a hose is substituted and a place to set the operator’s
foot is provided. The plunger propels the dust through the tube, usually into a
rodent burrow. In most cases, this style of duster is used in exterior areas (TNAU
Aagritech Portal, http://agritech.tnau.ac.in/index.html).

Power Dusters As their name implies, the following equipment either uses electric
motors, gasoline engines or compressed air as the power to run the mechanism which
propels the dust. Where the hand-type units are usually for small applications, power
dusters are obviously used where large quantities of dust are to be dispersed. In the
structural pest control industry, this type of duster is usually restricted for use in large
enclosed areas such as attics or sub-areas. However, where necessary and practical,
exterior application is in order. Drift hazard and time of application are definite limiting
factors in their use (TNAU Aagritech Portal, http://agritech.tnau.ac.in/index.html).

Electric Motor-powered Dusters This equipment, as indicated by the name, uses
an electric motor which powers the propeller that creates the air to force the dust
through an applicator tube. The hoppers for these dusters usually hold from 5 to
15 lb. One of the distinct limiting factors is the necessity for the availability of
electricity which, in some instances, could limit the application area [17].

Gasoline Motor-powered Dusters The most common example of this is the
knapsack or backpack duster. However, there are also wheel-mounted units for
large-scale applications. In this type of duster, gasoline-operated engines accom-
plish the same effect as outlined above for the electric motor. Particularly, with the
knapsack or backpack, there is an extremely large area of mobility because the
power unit is self-sustaining. Also, many of these units can be used with minor
changes for both dust and liquid applications. The hopper in the case of a dust
applicator has a capacity of 5–25 lb [17].

Air Pressure Dusters This type of duster is a modification of the fire extinguisher
so as to enable the air pressure built up within the tank to expel dust through a hose.
Its limitations are that the quantity of dust is small (1–2 lb) and additional equip-
ment must accompany the unit to build up air pressure. A truck-mounted air
compressor or gasoline facilities could also be used. Once the unit has been filled
with dust and pressured with air, it is self-sustained until either the dust or the air is
dissipated. Except for the above limitations, it is a very flexible piece of equipment
for the treatment of cracks, voids, sub-areas and attics (TNAU Aagritech Portal,
http://agritech.tnau.ac.in/index.html).

10 V. Dhananjayan et al.

http://agritech.tnau.ac.in/index.html
http://agritech.tnau.ac.in/index.html
http://agritech.tnau.ac.in/index.html
http://agritech.tnau.ac.in/index.html


Bellows Duster It has a pair of bellows made of leather, rubber or plastic. The
bellows can work with a handle just like a Blacksmith does. The dust is placed
either in the bellows or in a separate container made of wood, metal or plastic
attached to one end of the bellows. The air current that is created runs through the
container and drives the dust out through an opening.

Hand Rotary Duster They are also called crank dusters and fan-type dusters.
They may be shoulder mounted, back or belly mounted. Basically, a rotary duster
consists of a blower complete with gearbox and a hopper with a capacity of about
4–5 kg of dust. The duster is operated by rotating a crank, and the motion is
transmitted through the gear to the blower. The air current produced by the blower
draws the dust from the hopper and discharges out through the delivery tube which
may have one or two nozzles. It is used for dusting field crops, vegetables and small
trees and bushes in orchards. The efficiency of these dusters is 1–1.5 ha/
day (TNAU Aagritech Portal, http://agritech.tnau.ac.in/index.html).

1.4.3 Sprayers

There are many ways to classify equipment in this category. The present system is
based on the method by which the pressure is originated to force the liquid from any
designated holding container [20–22].

1.4.3.1 Hand-Operated Sprayers

Flit Gun This is probably one of the oldest types of sprayers used in the industry.
Its basic principle of operation is that a plunger is situated above a small supply
container. As the plunger is compressed, air is diverted through a small hole sit-
uated above a syphon tube from the supply container. When the air passes
through the tube and siphons, the pesticide liquid from the tank reaches the nozzle
tip. Because of tremendous advancements in equipment, this type of sprayer is
seldom used today in pest control operation.

Small Hydraulic Sprayer This sprayer is the adaptation of the equipment that
used in service stations to spray oil in a pin stream to springs and other lubricated
parts of an automobile. It consists of a small supply container, rarely exceeding a
quart. Inserted into this container is a tube enclosed plunger which is connected to a
hand-pulled trigger. By exerting pressure on the trigger, the plunger forces liquid
through a tube to an adjustable nozzle. The nozzle can be adjusted from a pinpoint
sprayer to cone shape. Either oil base or stable emulsions can be used in this
equipment. More often than not, this sprayer is used to apply a residual insecticide
rather than a knock-down formulation. One distinct disadvantage is the small
capacity of this applicator. This type of application has few uses for spraying the
yard and sub-area (TNAU Aagritech Portal, http://agritech.tnau.ac.in/index.html).
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Compressed Air Sprayers This is probably the most commonly used sprayer in
our industry. It is composed of a tank (usually holding from one-half to 3 gal of
liquid), a pump to compress air and a discharge hose with a valve to control the
discharge through a nozzle. An airtight tank, preferably stainless steel, is filled
approximately to three-fourths of its capacity with a pesticide, and its operation is
relatively simple. The remaining space is utilized for the compressed air to be
generated by the hand-powered plunger-type cylinder within the tank. A check
valve is located at the bottom of the cylinder to allow the air to enter the tank but
closes to prevent the liquid from entering the cylinder. A tube within the tank is
located so that its source originates near the bottom of the tank but closes to prevent
the liquid from entering the cylinder. Somewhere prior to the nozzle is a
hand-controlled shut-off valve. There is usually a pressure valve where the pipe
emerges from the tank and the hose connection. The sprayer should not be used
with pressure exceeding 50 psi nor less than 25 psi. The nozzle can be either a
multi-purpose type (pin stream to fan or hollow cone) or a fixed pattern. This type
of application is usually confined to inside work and sometimes outside in monthly
service calls. Most likely the greatest use of this type of application is in cockroach
clean-out calls (TNAU Aagritech Portal, http://agritech.tnau.ac.in/index.html).

1.4.3.2 Electric or Gasoline-Operated Sprayers

Powered Spraying For the most part, power spray usually refers to the typical 50–
100 gal spray rigs owned by most structural pest control firms. Most will have some
form of agitation, either jet agitation or blades mounted inside the tank. When
spraying either a yard or sub-area, a moderately low pressure with a relatively high
volume will aid in a safe even distribution. Where grass or weeds are thick, it may be
necessary to adjust the pressure upwards to be sure and drive the pesticide down into
the soil or turf. However, the spray pattern should be kept coarse to ensure wetness.
Low pressure, high volume is particularly valuable when spraying a dry, dusty
sub-area. High pressure tends to ball up the top layer of dust or soft soil and move it
around in a sweeping motion, without ever getting the soaking action that is desir-
able. Needless to say, some servicemen will use higher pressure to speed up a job.
A conscientious applicator will move about with a low-pressure, high-volume type of
application and reach all areas. This power can be transmitted to the pump by belts
and pulleys, chains and sprockets, power take-off assemblies or direct drive. In all
cases, the liquid is ejected by the action of a pump through hoses or wands and finally
through a nozzle or groups of nozzles. In this industry, the most commonly used type
of pumps is the centrifugal, gear and piston pumps. The selection of a sprayer must
obviously be governed by the magnitude of the job. Various types of formulations
also play an important part in deciding the tank, pump, hose, regulator or nozzle to be
used. The following section indicates the various ramifications of this selection by
pointing out the various components of some of the systems now in use (TNAU
Aagritech Portal, http://agritech.tnau.ac.in/index.html).
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Tanks They should be of a capacity commensurate with the job. This seems, in most
cases, to be of the 50–100 gal capacity. There are tanks available as large as 500 gal.
The tank should be of stainless steel, aluminium, fibreglass, plastic or steel which is
coated interiorly with a protective lining or is galvanized. The filling opening should
be large, equipped with a strainer and be of a size large enough to enable easy access
for repair of the lining or any mechanical device within the tank. A secure hatch
should cover the filling opening to avoid spillage of the formulation while in use. In
order for the tank to be adaptable to all types of formulations, it should have a
mechanical agitator or a properly placed return of the overflow from the regulator.
A drain should be located at the lowest point of the tank and, preferably, should be
easily accessible. The inlet to the pump should be of adequate capacity to supply the
needs of the pump. An exterior plastic or glass liquid level gauge should be available
to check the actual or remaining quantity of pesticide in the tank. All of the newer
tanks and liners have been developed to overcome the serious problem of corrosion.

Pumps A pump is the most important part of the spraying system. It is imperative
that it is chosen to satisfy the widest range of applications unless its use is for a
single purpose. In most instances, the pump comes as an integral part of a complete
unit in which the engineering requirements have been satisfied. In other words, it
has been specifically designed and manufactured by a company in this field. As one
can imagine, there are many styles of pumps, some specifically for high gallonage
delivery with little pressure, while others are styled for both small and large
delivered quantities and high pressure. The most common types of pumps are
discussed in the following section.

1. Piston Pump: It is one of the most common pumps in existence, which has the
ability to produce large volumes at high pressure—for example, 55 gal per
minute at 800 psi. However, it can also be regulated to deliver 2 gal per minute
at 150 psi. The only feature which makes this type of pump undesirable is its
pulsating action on hoses and regulators which causes them to wear at a rate
faster than that with other types of pumps.

2. Centrifugal Pumps: It is one among the best pumps noted for its ability to
deliver high volumes of liquid at low pressure. These are constructed to handle
corrosive and abrasive materials.

3. Roller Pumps: This is a popular pump in the industry because of its wide
variety of uses. It has either nylon or rubber rollers and can produce a wide
range of volumes and pressures.

4. Internal and External Gear Pumps: These are the high-pressure pumps which
produce limited volumes. Although all pumps diminish in efficiency from wear,
this is more critical in this specific model.

5. Diaphragm Pump: It is one of the low-volume pumps and the main restriction
is related to using a material which will not affect the material of the diaphragm.

6. Flexible ImpederPump: It is a pump restricted to lowpressure and limited volume.
7. Vane Pump: This pump requires materials which afford some lubricating

properties.
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Hoses The object of any hose is to convey a liquid from the power source to the
target. The material of which hoses are made varies considerably. Originally, most
hoses were constructed of natural rubber, but today, synthetic rubber, plastic or
sometimes both are commonly used. As with so many other aspects of equipment in
this industry, it is important to know what is expected of the hose relative to
performance.

Nozzles There are many types of nozzles, of which the primary concern is that the
specific type provides the pattern desired. Generally, the pattern is confined to a
solid/pin stream, to a fan or to a hollow/solid cone nozzle. Many of the above
combinations are available in adjustable brass, but can also be made of stainless
steel, aluminium and sometimes wearable parts of plastic. Except for nozzles used
on small equipment, the gallonage delivered by a specific nozzle, regardless of
design, should be clearly known by the applicator. The capacity of the pump, the
pressure on the liquid, the friction loss and size of the hose, and the size of the
orifice in the nozzle will govern the ultimate gallonage delivered from the nozzle.

Strainers These are screens made of various materials, preferably stainless steel,
which usually are 50 mesh or coarser. They are located at the filling opening,
suction line to the pump and the nozzle tip. Their presence is to prevent any foreign
substance access to the spraying system. Routine cleanings are imperative not only
for the sprayers to function properly, but also extremely important if the calibrated
delivery system is functioning accurately.

Valves There are many types of valves with some being extremely sophisticated.
Their purpose is to shut off the flow of the liquid. Consequently, they are strate-
gically located to be most effective in the advent of an emergency or in the normal
function of the shutting off of the supply of liquid pesticides.

Pressure Regulators As the name implies, this unit controls the pressure of the
liquid being delivered to the nozzle. As with many other parts, there are numerous
types of regulators. Spring tension which is controlled by a hand-adjusted screw
mechanism exerts pressure on the liquid as it flows through the regulator on its way
to the nozzle. They can be operated from zero pressure to as high as 800 psi. The
indicator/gauge for pressure is located adjacent to or is a component part of the
regulator and, as indicated, records the pressure as pounds per square inch. In
addition to establishing the pressure, a provision exists for the excess or overflow to
bypass the regulator and return to the tank. In many sprayers, this return line is
located near the bottom of the tank and can be either the primary or secondary
measure in the agitation of the spray material in the tank.

Agitators This is a means by which the contents of a spray tank are mixed and
agitated. The object is to keep the pesticide in continuous suspension so that it
results in an even distribution of the material. In some formulations (wettable
powders), mechanical is the only type of agitation that maintains suspension. In this
method, a set of paddles is attached to a horizontally located shaft at the lower
portion of the tank. Exteriorly, the shaft is connected to the power source. Bypass
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agitators are a frequently used method of agitation. This technique utilizes the
overflow from the regulator to stir the contents of a tank.

Gas Generating Sprayers There are essentially two types of gas generated
sprayers, floating piston type and the very common aerosol spray-cans. In the
former, a cylinder with a floating piston having nitrogen gas is in one end of the
cylinder and the pesticide, which is pumped under pressure of 300–1000 lb/in.2, at
the opposite end. This compresses the piston against the nitrogen and forces the
insecticide through a high-pressure hose into a very fine orifice nozzle. Although it
can be used independently for a limited time, it depends upon a pump situated
reasonably close to the job for reloading. Aerosol can dispersal of pesticides,
although not new, has been very popular both with the public and with pest control
operators. Their range in capacity, from 6 oz to 30 gal, has made them very pop-
ular. The small sizes have push type release nozzles, while those with a capacity of
5 lb and up have a mechanical shut-off nozzle. They also come particularly in the
sizes of less than 5 lb, in disposable type containers. Their construction is very
simple, consisting of a container in which designated amounts of pesticides and
freon are placed. As long as the temperature in the vicinity of the area, the material
to be dispersed, is warm, the freon will propel the pesticide out of the orifice.

Farmworker applying liquid insecticide using hand-operated backpack sprayer
(photo by S. Jayakumar)
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Farmworker applying liquid insecticide using power-operated sprayer (photo by
S. Jayakumar)

Farmworker applying liquid insecticide using backpack sprayer with round nozzle
(photo by S. Jayakumar)
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Farmer applying granular pesticide without using personal protective equipment
(PPE) (photo by S. Jayakumar)

Granular Application As the name implies, the applicator used to apply granular
formulations of pesticides in field. Essentially, these are small hopper-type units
with an orifice for the material to drop onto the crank-operated spinning disc which
throws the material over a 15- to 20-foot swath. Also, the same equipment is
available in gasoline or power take-off drives which employ the same above
principle only on a larger scale. Granules are ready for immediate application.
Granular applicators, except in the case of weed control, are rarely used in pest
control process (TNAU Aagritech Portal, http://agritech.tnau.ac.in/index.html).

Brush Application Brush application quite often is recommended on the label for
use in areas where a wet application is desired; however, care is to be exercised in
preventing the movement of a pesticide to non-target areas. This technique is
usually confined to application along baseboards, window sills and door thresholds.

Fumigant Injection The only fumigant injection method which might be used by
a structural pesticide applicator, other than those described in the section on
fumigation, is local spot injection for control of dry wood termites and wood boring
beetles. This technique utilizes a small hand-held CO2 pressurized application with
a nozzle designed to penetrate into either the small emergence holes created by the
insects or specially drilled holes which open into the galleries.

Spot Treatment Spot treatment is an application to limited areas on which insects
are likely to occur, but which will not be in contact with food or utensils and will
not ordinarily be in contact with workers. These areas may occur on floors, walls
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and bases or outsides of equipment. For this purpose, a ‘spot’ shall not exceed two
square feet.

Crack and Crevice Treatment Crack and crevice treatment is the application of
small amounts of insecticides into cracks and crevices in which insects hide or
through which they may enter into a building. Such small openings commonly
occur in expansion joints, between different elements of construction, and between
equipment and floors. These openings may lead to voids such as hollow walls,
equipment legs and bases, conduits, motor housings or switch boxes.

Ultra-Low-Volume Application (ULV) Ultra-low-volume application is the
spraying of undiluted pesticides in small volume, usually at rates of 1/2 gal per acre
or even less. This term when used in structural applications has a somewhat dif-
ferent meaning. It is sometimes referred to as ultra-low dosage (ULD). The prin-
ciple of ULV application is the dispensing of a low volume of insecticides over
relatively larger areas. This technique is accomplished by breaking the insecticides
down into tiny particles prior to applications.

Soil Injection This technique employs a long hollow, pointed probe connected to a
spray rig and a shut-off valve at the top of the injector. It is mostly used in placing
termiticides deep into the soil around exterior foundation.

Sub-Slab Injection This technique is used for treating soil beneath slabs for the
control of subterranean termites. It is one of the most useful tools developed for
termite control. The sub-slab injector can be adapted to both 1/2 and 3/4-in holes
drilled in slab. The inability to know exactly the direction of the flow beneath the
slab is considered as the disadvantage of this technique. The application method
depends on the nature and habits of the target pests, characteristics of the target sites
and properties of the pesticide formulations. One must consider the suitability of the
application equipment, cost and efficiency of alternative methods.

Wiper Applicator It could be used to wipe a non-selective herbicide to selectively
kill individual weeds. The wiper’s wetness must be less than dripping and handled
carefully to avoid accidentally treating desired plants.

1.5 Maintenance of Equipment

Plant protection machines in general are not well maintained regularly either in
godowns/depots where they are stored or in the field where they are used. Life of a
machine depends entirely on its care and maintenance. Even though machines are
made with high standards of skill and workmanship, they can easily be ruined due
to improper care and maintenance. Good and constant performance from machines
can be obtained only when they are used and serviced periodically. The purpose of
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maintaining a machine is for increasing the useful life of the machine and to be
available in working order whenever put to use. The maintenance of a machine
involves proper care, operation, servicing, repair and keeping it in good working
order.

1.5.1 Maintenance

Normal maintenance jobs include cleaning the equipments and applying necessary
lubricating oils and greases to the rubbing and moving parts. If this normal
maintenance is neglected, the machine gets rusted and moving parts wear out
quickly resulting in loss of efficiency, frequent replacement of spare parts and
finally uneconomical working. Besides the normal maintenance as above, special
care has to be taken for maintaining the plant protection equipments. The pesticide
formulations are chemically aggressive on metals/other materials. The cleaning and
washing of the chemical tanks, discharge lines, nozzles, etc., are to be done reg-
ularly after the day’s spraying work is completed; otherwise the residues of
chemicals used for spraying act on the parts and cause corrosion and deterioration
of materials. If this aspect of thorough cleaning is not done on the plant protection
machine, even though it is made of high standard materials, it will not serve its
normal life and would lead to premature condemnation.

1.5.2 Maintenance of Hand-Operated Equipments

1. Cleaning the chemical tanks, hoses, valves and nozzles, etc., and flushing suf-
ficiently to avoid pesticide residue which is corrosive.

2. Cleaning the machine equally well from outside also as it is contaminated due to
leakage and spilling of pesticides.

3. Lubricating suitably the pump parts like piston, cylinder, valves and other
rotating, sliding, moving parts.

4. Storage of machine in dry place duly protected from sun and rain.

1.5.3 Maintenance of Power-Operated Equipments

All the above maintenance jobs apply to power equipments also. But the engines
have to be taken care of specially. All engines need fuel, air and proper system of
ignition. Thus, in petrol engine, clean petrol, clean air and healthy ignition (spark
plug and magnets) are essential. Besides those, the engine also needs perfect
lubrication. In two-stroke petrol engine, care must be taken to mix lubricating oil
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and petrol in exact ratio as recommended by engine manufacturer. Similarly, in
four-stroke petrol engine, the lubricating oil should be kept in sufficient quantity by
observing the level gauge. The air cleaner should be cleaned occasionally. The
spark plugs should be also cleaned, carbon removed and proper electrode gap
should be maintained. The two-stroke petrol engines used in low-volume spraying
should invariably be in good order; otherwise, the pesticide spraying will not be
efficient. Sufficient care should be taken at the depots to clean, oil and check
equipment periodically when they are stored, whenever machines are sent out to
work, and when returned from fieldwork. This minimum care to inspect the
equipment, clean and flush and keep it duly oiled, would go a long way in
improving the availability of good working sprayers and dusters and also pro-
longing their useful life [21].

1.5.4 Repairs and Replacements

The plant protection equipment is often found requiring frequent repairs and
replacements in nature. Hand-operated equipment generally needs minor repairs
such as replacement of plunger washers, springs and nozzle, and these repairs could
as well be attended by the operators themselves with little training and experience.
It is essential to supply them the necessary spare parts and tools well in time for
repairing. In the case of power-operated sprayers, the engine repairs are classified
into minor and major respires.

1. Minor Repairs: Spark plug cleaning and adjustment, air cleaner, carburettor
cleaning, fuel cock and lines cleaning and starter repairs are considered as minor
retirements; it can be attended by the operators themselves with little experience
and training.

2. Major Repairs: These repairs include replacement of parts like piston, rings,
liners, crankshaft, bearings, valves, etc. These repairs have to be carried out
systematically in well-equipped workshops by the competent and trained
mechanics. Untrained personnel should not be allowed to handle such major
repairs.

1.5.5 Suggestions on Maintenance

To improve the maintenance of sprayers and dusters, the following suggestions are
made:

1. Plant protection equipment manufacturers, their dealers, state agricultural
engineering workshops and extension officers need better coordination and
cooperation to reduce the number of sick equipment.
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2. The field operating staff needs to be given the orientation training on proper
maintenance, repairs, operations and calibration of equipment on periodic basis.

3. An adequate number of mechanics and supervisory staffs have to be posted for
checking the maintenance and effectiveness of equipment.

4. A district-wise service station could be established, which certainly facilitates
the users to repair their power-operated equipment within their zone.

1.5.6 Safety Systems

Pesticide Containment Pad If one often stores, handles, mixes and loads pesti-
cides, or cleans equipment at the same location, one must have to install a pesticide
containment pad (as per EPA to determine when a containment pad is required).
These pads are designed to contain spills, leaks, overflows and wastewater for reuse
by the applicator or for disposal by a commercial waste management contractor.
They make it easier to clean up spills and help to prevent environmental
contamination.

Impervious Containment Pad Generally, the containment pad must be made of
impermeable material. It should be concave or have curbs and berms/walls high
enough to hold the largest amount of spill, leak or equipment wash water likely to
occur at the site. It must also have a system to remove and recover spilled, leaked or
released material by either an automatic pump system or a manually operated
pump. Smaller, portable pads and lightweight trays made of heavy-duty plastic may
be used when mixing and loading at the application site.

1.5.7 Sprayer Components

Tank A tank is necessary to contain the spray mix. Choose one made of, or coated
with, a material that does not corrode and that can be cleaned easily. Cleaning
prevents accumulations of corrosion and dirt that clog screens and nozzles,
increasing wear on the equipment. Large tanks require an opening in the bottom to
aid in cleaning and draining. A large top opening is useful for filling, cleaning and
inspecting the tank. The opening must have a watertight cover to prevent spills.
A tank agitation system/device is useful for most sprayable formulations, especially
for wettable powders or dry flowables. Constant mixing of a pesticide and liquid
carrier produces a uniform spray mixture (suspension) and results in an even
application of the chemical.
Exposure to sunlight and corrosive chemicals can shorten the life of polyethylene
tanks.
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Three common signs of wear and potential tank failure are as follows:

• Scratches are on the surface could be noted.
• Crazing is a network of fine lines/cracks that may look like a patchwork, but

often cannot be seen with a visual inspection. Crazing can be seen when using
one of the testing methods explained below. Crazing occurs within the tank wall
and can be a sign of deterioration of the plastic, which may lead to cracks. Tanks
that show signs of crazing will still hold liquids, but the integrity of the tank is
questionable. For this reason, caution should be used when putting any haz-
ardous substance in tanks that show crazing.

• Cracks extend through the plastic wall and can be visually seen and felt. Cracks
may run parallel or at right angles to each other.

Pump A pump agitates the spray mixture and produces a steady flow to the
nozzles. Pump parts must resist corrosion and abrasion, especially when wettable
powders or similar formulations are used. Pump will never be operated at speeds or
pressures above those recommended by the manufacturer. Pumps depend on the
spray liquid for lubrication and to prevent overheating.

Nozzle Maintenance In general, the correct screen size for each nozzle could be
selected. Cleaning of nozzle tips could be carefully done with a soft brush, but not
wire or a knife tip, which may damage the nozzles.

Sprayer Cleanup Spray equipment should be cleaned in the field after the spray
job has been completed. Some pesticide labels provide specific information on
cleaning spray equipment, and one should consult the label for guidelines. The
users do not clean spray equipment in areas where rinse water will contaminate
water supplies, streams or injure susceptible plants, wildlife and human.

Flushing spray equipment with water may be sufficient to remove potentially
harmful amounts of many pesticides. However, certain groups of pesticides may
require special attention. Thorough clean-out procedures are critically important
when switching applications between crops to help avoid significant crop injury. As
a rule, a sprayer that has been used to apply 2,4-D or other growth regulator-type
herbicides should not be used to treat susceptible plants. A triple rinse—water, then
ammonia, then water again—minimizes the risk of injury from dicamba and 2,4-D.
Inconsistent applications result in control failures or injury to turf or landscape
plants. Things to watch for when using this type of application are as follows:

• Pump pressure is set correctly.
• Consistent, accurate walking speed.
• Nozzle is correct for desired flow rate.
• No partially blocked nozzle openings.
• Hose is not kinked.
• Strainer screen is not clogged.
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1.6 Knowledge of Pesticide Applicator

Pesticide usage in agricultural practices has become a crucial part of present-day
farming and takes part in a foremost role in increasing the productivity of agricultural
product. However, the indiscriminate and widespread use of pesticides stands for one
of the major environmental and public health problems across the world [23, 24].
Pesticides are very important risk factors on human life not only effects on health as a
result of misuse or accident, but also via leave a lasting harmful chemicals into the
environment. The improper usage of pesticides is a significant sources of air, water
and soil contamination, which can lead to destruction of non-target species [25, 26].
The most persistent and toxic nature of pesticide residues in agricultural products
jeopardizes both the environment and human health. In global scale, it was estimated
that approximately 200,000–300,000 people die every year due to the pesticide
exposure [27, 28]. It has also been estimated that only about 0.1% of pesticides used
reach the target organisms, and all other remaining portions of pesticides applied were
entered into the surrounding environment.

At a global scale, a large number of casual and temporary workers are engaged in
agriculture sector. Unpaid family members carry out agricultural work as unrecog-
nized farm labour or support small-scale family farming. In recent years, there has
been an increase in the use of pesticides in developing countries, and they nowaccount
for about 20% of the world’s expenditure on pesticides [29]. Researchers have con-
cluded that farmworkers in developing countries will continue to use pesticides in
increasing quantities because of the lack of alternatives to pesticides and ignorance of
the sustainability of pesticide use. Extensive use of such pesticides results in sub-
stantial health and environmental threat. Despite the instructions provided on pesti-
cide containers, there are several hurdles that restrict their implementation. Lack of
education among farmers and farmworker is the foremost barrier.

A recent review by Dhananjayan and Ravichandran [30] highlighted the detri-
mental health effects of farmworkers associated with pesticide exposures. Farmers
involved in the handling of pesticides are at a high risk of exposure to pesticides
through contact with pesticide residues on treated crops, unsafe handling, storage and
disposal practices, poormaintenance of spraying equipment, and the lack of protective
equipment or failure to use it properly [31]. Studies in developing countries reported
low to moderate levels of knowledge about pesticides among farmworkers [32, 33].

Sodavy et al. [34] reported that the pesticide distributors used to distribute
products with labels written in foreign language, and in developing countries,
farmers usually get information from pesticide vendors and from other farmers. The
adverse risk was linked with lack of information about the products handled [35].
The most common practices of farmers in agricultural sectors are non-usage of
personal protective equipment (PPE) and usage of worn-out PPE [36], exposure to
pesticide due to unsafe pesticide storage [37] and improper way of disposal of
empty pesticide containers [32]. The lack of education and poor knowledge on
understanding the safe practices in pesticide application including storage, handling
and disposal makes farmer at risk [36]. Higher level of education gives pesticide
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users better access to information and more knowledge of the risks associated with
pesticides, and how to avoid exposure. In general, poorly educated farmers ham-
pered in their ability to understand the hazard warnings on pesticide labels and
guidelines recommended for safety application [38, 39]. Earlier studies have found
that 68% of agrarian population reported the symptoms of sickness after routine
pesticide applications and pesticide-related illness including skin problems and
neurological symptoms [27, 40].

The Food and Agriculture Organisation (FAO) of the United Nations recom-
mends that governments in developing countries promote pesticides that require
little personal protective equipment [41, 42]. The improper use of pesticides can
cause human poisonings, build up as residues in food and the environment, and lead
to the development of resistance in pests [43]. Our recent studies have reported the
presence of residues in various matrices [44] and reduced cholinesterase activities
and DNA damage in farm workers [45–47]. The most frequently used pesticides in
agricultural community belonged to WHO class II. Since farmers had poor
knowledge about pesticide toxicity, the majority did not use appropriate PPE or
good hygiene when handling pesticides. Several occupational uses of WHO class II
pesticides and those of lower toxicity are seen in combination with inadequate
knowledge and practice among the farmers. This poses a danger of acute intoxi-
cations, chronic health effects and environmental pollution. Training of farmers in
integrated pest management (IPM) methods, use of proper hygiene and PPE when
handling pesticides should be promoted [48].

1.7 Fate of Pesticides in the Environment

Unsafe use of pesticides can contaminate soil, water, air, vegetation and the entire
environment. Despite killing insects or weeds, pesticides can also be toxic to other
non-target organisms including birds, fish, beneficial insects and non-target plants.
The fate of pesticides in the environment and its toxic effects are reviewed and
described in the following section.

1.7.1 Contamination of Air

Pesticide sprays can directly hit non-target vegetation, or can drift or volatilize from
the treated area and contaminate air, soil and non-target plants. The potential for
exposure due to atmospheric transport and deposition of pesticides may create risks
to living organisms including humans [49]. Airborne chemical contaminants are
responsible for millions of annual premature deaths globally. Hazards associated
with airborne exposure are several times greater than the hazards expected from
other contamination [50]. Pesticide drift account for a loss of 2–25% of pesticide
applied on field during every application, which can spread and travel several miles
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far away from the source of pesticide drift [51]. A large volume of applied pesticide
can be volatilized within a few days of application. Despite the fact that only a few
research studies have been carried out on these issues, studies continuously find
pesticide residues in air [49, 52–54]. According to the USGS, the occurrence of
pesticides in the atmosphere was detected in air samples collected in several areas
of the USA [55]. Nearly every pesticide used in agricultural and other purposes has
been detected in rain, air, fog or snow across the nation at different times of the
year. Photochemical oxidation of pesticides in air will be very rapid, and these
chemicals’ interaction in the atmosphere influence the lifetimes [56]. Experimental
designs and computer-based modelling related to emissions and dispersion of
pesticides in air and ambient monitoring of air particularly in relation to opportu-
nities to improve the data quality and their use in risk assessment will be most
essential [57, 58].

1.7.2 Water Contamination

The atmospheric trace pesticide can interact with the moisture, and deposit from air
during wet precipitation leads to contamination of surface water system [59].
Contamination of water by pesticides is widespread. A recent study conducted in
Hooghly River basin in West Bengal, India indicates the presence of organochlo-
rine pesticides and chlorpyrifos and its ecologic risk on aquatic animals. Traces of
pesticides have been identified in water. About 44% of surface water was detected
above the limit of quantification, and among these, 13% of samples exceeded the
level of 100 ppb. The research investigations on river water across the word
indicated that more than 90% of the samples tested for pesticides had one, or more
often, several pesticides [60].

Several studies have reported the importance of pesticide monitoring in surface
and groundwater system in order to regulate and assess the status of pesticides [61,
62]. Different types of pesticides were detected in waterways across the world,
including 17 herbicides. The herbicides, namely 2,4-D, diuron and prometon, and
the insecticides, chlorpyrifos and diazinon, are commonly used in urban home and
school, as a result most often found in water. The USGS also found that concen-
trations of insecticides in urban streams commonly exceeded guidelines for pro-
tection of aquatic life. The herbicide 2,4-D was the most commonly found
pesticide. Organochlorine pesticides such as endrin aldehyde, total BHCs and
heptachlor exceeded the regulatory limits prescribed for groundwater in Pampanga
River, Philippines. Surface water samples from Bhandara and Yavatmal region
exceeded the EU (European Union) limit of 1.0 lg/L for sum of pesticide levels in
surface water. Surface water often was found to be more contaminated with
organophosphate and organochlorine pesticide than groundwater [63]. According to
USEPA [64], pesticides exceeded standards for human health in *10% of agri-
cultural streams, *7% of urban streams and *1% of groundwater tested, whereas
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aquatic health exceeded in 57% of agricultural and 83% of urban streams.
Similarly, 12% of groundwater in northern Spain exceeded the European Union
(EU) directives regulatory standards [65].

1.7.3 Effect on Soil Fertility

Soil contaminated with pesticides can cause decline in populations of beneficial soil
microorganisms [66, 67]. In general, loss of both bacteria and fungi leads to
degradation of soil. Indiscriminate uses of chemical fertilizers and pesticides have
effects on the soil organisms that are similar to human overuse of antibiotics.
Overuse of those chemicals might work for a few years, but after awhile, there are
not enough beneficial soil organisms to hold onto the nutrients [55]. Plants depend
on a variety of soil microorganisms to transform atmospheric nitrogen into nitrates,
which plants can use. Pesticide and herbicide applied in agricultural sector disrupt
the soil condition and the normal process of plant growth. Many pesticides
including 2,4-D reduce the efficiency of nitrogen fixation by the bacteria that live on
the roots of bean plants [68, 69], reduce the growth and activity of nitrogen-fixing
blue-green algae [44, 70] and also inhibit the transformation of ammonia into
nitrates by soil bacteria [71]. The adverse effect of organochlorine and carbamate
pesticides on beneficial microorganism including fungi is also reported [70].

1.7.4 Non-target Organisms (Fish and Wildlife)

A raising public awareness has come into force regarding the impact of pesticides
after the publication of Book, Silent Spring by Rachel Carson [5]. This book
highlighted the impact of pesticides on non-target organisms, birds, and contributed
to the reversal of national pesticide policy. The nationwide ban on DDT and other
similar pesticides stirred environmental movement that led to the creation of the US
Environmental Protection Agency (US EPA) in 1970. Pesticides are found as most
common contaminants in the environment including soil, air and water, and also on
non-target organisms. As a consequence, they can harm non-target plants, fish,
birds and other wildlife. Several recent studies highlighted the persistent nature of
pesticides and its accumulation in various environmental matrixes such as fish [44,
71], birds [72, 73], bird eggs [74] and humans [75].

Toxicity of agrochemical such as atrazine affects the lipid peroxidation and
activities of antioxidant enzymes in the freshwater fish [76] and increased
immunoglobulin production in silver catfish [77]. Herbicide exposure to laboratory
animal shows mitochondrial dysfunction and insulin resistance [78], and it also
gives multiple stress effects on wetland zooplankton [79], fish and amphibian [80].
It was also reported that herbicide atrazine exposure affects the longevity, devel-
opment time and body size in Drosophila [81]. Several cases studies on pesticide
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accumulation on dolphins have been reported [82–84]. Dolphins inhabiting riverine
ecosystems are particularly vulnerable because of their habitats closer to point
sources of pollution usualy caused by humans. Our recent study on fresh water
fishes of bird santuaries in Southern India highlighted the presence of organo-
chloirne pesticide residues [85].

1.8 Health Effects of Pesticide on Humans

Overwhelming evidences are available across the world on pesticide usage in
agricultural field and its potential risk to humans and other life forms. Humans are
exposed to pesticides through contact with the skin, ingestion or inhalation, and
numerous negative health effects have been associated with these pesticides [30].
The acute toxicity of pesticides on humans is mainly due to interference with neural
conduction by targeting voltage-gated ion channels or Na+/K+ ATPase, interference
with neural transmission by inhibiting acetylcholine esterase, stimulating respira-
tory sensory neurons or initiating pro-inflammatory signals. Pesticides are broadly
classified into three categories based on their neurotoxic effects in mammals: 1.
neural conduction interferer (organochlorine pesticides: DDE, DDE, cyclodienes,
toxaphene, hexachlorocyclohexane, chlordecone and pyrethroid pesticide: pyrethrin
and tetramethrin), 2. acetylcholine esterase inhibitor (organophosphate pesticides:
parathion, malathion, methyl parathion, chlorpyrifos, diazinon and carbamate
pesticides: aldicarb, carbofuran, carbaryl, ethienocarb and fenobucarb) and 3.
pro-inflammatory stimulator (chlorophenoxy herbicide: 2,4-dichlorophenoxyacetic
acid) [86]. No part of the population is completely away from pesticide exposure.
The central and peripheral neural systems of the humans are affected who are
exposed to high dose of OCs, OPs and pyrethroids [87]. The numerous negative
health effects that have been associated with chemical pesticides (Fig. 1.1.) include
dermatological, gastrointestinal, neurological, carcinogenic, respiratory, reproduc-
tive and endocrine effects. Additionally, occupational, accidental or intentional
exposure to pesticides also leads to hospitalization and death [8, 88].

Occupational exposure to pesticide is considered as one of the high-risk groups.
This group of workers are exposed to pesticides during production, formulation,
spraying, mixing, loading and agricultural farm work [11, 89]. Farmers are rou-
tinely exposed to various types of agrochemicals, but there is no evidence about
adverse effects posed by these chemicals on human health. Studies across the globe
had shown adverse health effects of commonly applied pesticides in the agricultural
sector. A significant relationship between occupational exposure to agricultural
pesticides and the development of several diseases has been identified. It is quite
common in agricultural community that they exposed to pesticide even when they
are not directly performing tasks related to pesticide use [90]. Although studies on
occupational exposure do not include all variables which can contribute to risk
assessment, the real effects associated with agrochemicals are well established. It is
more obvious that the agricultural community needs the implementation of a new
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agricultural concept regarding food production, which is safer for farmers, farm
workers and the environment [30].

This section of review summarizes the recent findings interconnecting the
association between occupational exposure to pesticides and related health effects
on farmers in agricultural activities. Ye et al. [91] reported the evidence for an
association between occupational pesticide exposure and asthma, and a perfect link
between occupational pesticide exposure and chronic bronchitis or COPD among
agricultural occupation. One of the studies at rural farming villages in Tanzania
found a high potential for pesticide exposure with high frequency of self-reported
acute pesticide poisoning and poor recording in hospital records [92]. Similar study
at south-west Ethiopia reported health complications of pesticide exposure such as
headache, nausea and vomiting, skin rash and irritation and abdominal pain [93].

Greenhouse workers exposed to pesticides showed increased counts of ery-
throcytes, leucocytes, platelets, haemoglobin, and genotoxicity and decreased
cholinesterase, glucose, creatinine, total cholesterol, triglyceride and alkaline
phosphatase [94–96]. A case-control study in the USA and Canada found an
association between pesticide use and blood cancer risk [97]. An increased risk of
death was reported due to non-Hodgkin lymphoma (NHL) among young farm-
workers in southern Brazil [98]. Farmers in agricultural field found to have the
highest prevalence of allergies, nasal congestion, wheezing and acute symptoms
after pesticide use [99, 100]. Agricultural sector workers have reported numerous
respiratory diseases such as chronic obstructive pulmonary disease, asthma [101]
and interstitial lung diseases [102]. Children in close proximity to farms showed
adverse respiratory system and the urinary metabolites of pesticides were associ-
ated with a decrease in lung function [103, 104].

Fig. 1.1 Health associated with pesticide exposure among farmers. Adapted from Dhananjayan
and Ravichandran [30]
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Several findings provided important evidences on pesticide exposure and
changes in neurobehavioral functioning in Chinese farmworkers [105] and neu-
rodegenerative and neurodevelopment disorders [106]. Studies have also high-
lighted the alteration in thyroid function after long-term exposure to pesticides
among male pesticide applicator [106], and poorer sperm morphology and lower
luteinizing hormone (LH) among men [107]. Waheed et al. [108] suggested that
dust contaminated with pesticides engenders significant health risk to the nervous
and endocrine system, not only for occupational workers exposed to direct inges-
tion but also for nearby residential community.

Renal disease due to pesticide exposure provided reassuring findings of signif-
icantly increased risks among pesticide applicators [109, 110]. Migrant farm-
workers in Thailand involved in spraying of pesticides have the increased risk of
developing acute or chronic illness [111]. Over the past two decades, there has been
an increase in chronic interstitial nephritis in agricultural communities. Existing
studies provide scarce evidence for an association between pesticides and regional
chronic kidney disease epidemics but, given the poor pesticide exposure assessment
in the majority, a role of nephrotoxic agrochemicals cannot be conclusively dis-
carded. Future research should be made with an assessment of lifetime exposures to
specific pesticides with other major risk factors [112]. Several studies have reported
that the low-level use of insecticides does not pose a risk to DNA in general [113];
however, recent studies have shown oxidative stress, DNA damage and lipoprotein
peroxidation [47, 114].

Numerous studies have reported the associations between specific pesticides and
bladder cancer risk, lung cancer, laryngeal cancer [101, 106, 115] and skin mela-
noma and multiple myeloma [116]. Further studies regarding this occupational
exposure of farmers are needed, to determine the causes for the increased risk of this
cancer, particularly in regions where there is an intense agricultural activity and
where extensive pesticides are used. However, further studies warranted given the
high burden and the ubiquity of these chemicals.

1.9 Controlled Release of Pesticides

Pesticide molecules are used worldwide for improving the agricultural productivity.
However, these compounds and their degradation products show varying degrees of
persistence and mobility in the environment and can have toxic, carcinogenic,
mutagenic and teratogenic potentials, as well as effects on the endocrine systems of
non-target organisms, including humans [117]. Variety of release systems appli-
cable to the bioactive compounds in agriculture is given in Table 1.2.

Therefore, it is important for researchers to improve the usage rate of pesticides
and to extend their duration of activity in the environment [118, 119]. Despite the
fact that a sufficient amount of pesticides are typically applied during spraying,
pesticide microemulsions, water dispersible granules and other traditional pesticide
formulations usually below the effective concentration for controlling pests within a
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short period of time [118, 120, 121]. The loss of large amounts of pesticides in
non-target areas is a serious threat to food security and the environment [122]. To
mitigate the toxicity of these compounds in the environment, new and improved
controlled release systems are emerging to increase the effectiveness of pesticide
usage while minimizing their environmental impacts and aiding sustainable agri-
cultural development.

Table 1.2 Variety of release systems applicable to the bioactive compounds in agriculture

Bioactive compounds with
chemicals

Purpose of addition and observation References

Silica and clay such as bentonites
and sepiolite in agrochemicals

Activate the degradation Grillo et al. [123]
Barik et al. [124]
Maqueda et al.
[125]

Silica nanoparticles in drug
delivery

Non-toxicity, low cost, high surface
area and high reactivity as carriers

Dizaj et al. [126]
Yang et al. [127]
Wu et al. [128]

Nanotechnology in
phytotechnology

For safe use and social acceptance
of phytonanotechnology, the
adverse effect and transfer of NPs in
food

Wang et al. [129]

Lignin-based controlled release of
pesticides

Lignin fragmentation and
re-polymerization allow more
control with flexibilities and
improved properties of the modified
lignin materials, and help achieve
the desired control release outcomes

Chowdhury [130]

Emamectin benzoate (EMB) EMB slow-release microspheres are
an attractive candidate for
improving pesticide efficacy and
prolonging the control effects

Wang et al. [131]

Porous silica nanoparticles with
abamectin

Improvement in photostability,
water solubility, bioavailability and
reduction in the residues of
pesticides

Wang et al. [132]

Polymers: alginate and lignin, and
synthetic polymer:
polyhydroxyalkanoates (PHAs)
with herbicides

Complete biodegradable,
inexpensive

Reis et al. [133]

Polyhydroxybutyrate (PHB) and
its hydroxyvalerate (PHBV) with
herbicides

Complete biodegradable, isostatic
and highly crystalline, and decrease
in the speed of degradation

Amass and Tighe
[134]
Sudesh et al. [135]

Polyhydroxybutyrate (PHB) and
its hydroxyvalerate (PHBV) with
ametryn

The amount of herbicide released in
the same period of time was
significantly reduced (75–87%)

Grillo et al. [136]

Avermectin/polysuccinimide with
glycine methyl ester nanoparticles
(AVM-PGA) with avermectin
(AVM)

To improve bioactivity and
transportation

Wang et al. [137]
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The advanced controlled release systems can offer: (a) reduction in the amount
of chemical substance required to protect crops; (b) diminished risk of environ-
mental contamination; (c) reduction in energy consumption, since fewer applica-
tions are needed compared to conventional formulations; and (d) increased safety of
the individuals who apply the product in the field.

Pesticide slow-release formulations provide a way to increase the efficiency of
active components by reducing the amount of pesticide that needs to be applied.
Slow-release formulations also increase the stability and prolong the control effect
of photosensitive pesticides [131]. Currently, the silica nanoparticles as pesticide
carriers did not show controllable porous surface properties, and release of pesti-
cides was generally controlled by adjusting pesticides concentration and the
thickness of coating layer, resulting in the relatively limited tuning range of release
rate. Moreover, the size uniformity of silica nanocarriers needs to be further
improved because monodisperse carriers are favourable to promote adhesion and
permeability of the pesticide on target crops [131]. Nanomaterials (NM) serve
equally as additives (mostly for controlled release) and active constituents. Product
efficiencies possibly increased by NM should be balanced against enhanced envi-
ronmental NM input fluxes. The dynamic development in research and its con-
siderable public perception are in contrast with the currently still very small number
of NM-containing products on the market. Nano-risk assessment and legislation are
largely in their infancies [138].

1.10 Conclusion

Information on the occurrence of pesticide-related illnesses among agricultural
populations in developing countries is insufficient. Therefore, descriptive epi-
demiological studies on the development of intervention strategies to lower the
incidence of acute poisoning and periodic surveillance studies on high-risk groups
are needed. Valuable information can be collected by monitoring the end product of
human exposure in the form of residue levels in body fluids and tissues of the
general population. The periodical education and training of workers ensure the safe
use of pesticides. The occurrence of pesticide residues in various environmental
matrixes contributes to the problems associated with pesticides. Pesticide contam-
ination poses significant risks to the environment and non-target organisms ranging
from beneficial soil microorganisms to insects, plants, fish and birds. The total
cost–benefit picture from pesticide use differs appreciably between developed and
developing countries. There is a need to convey the message that prevention of
adverse health effects and promotion of health are profitable investments for
employers and employees as a support to sustainable development of economics.
Therefore, modern technology-assisted development in the application of pesticides
is warranted in order to get the sustainable development in the agricultural sector
and human well-being.
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Chapter 2
Methods for Determination of Pesticides
and Fate of Pesticides in the Fields

Angel G. Polanco Rodríguez and Jesús Alfredo Araujo León

Abstract Actually, the globalization with the high industrialization and develop-
ment has a high impact on diverse sector, such as agricultural, livestock, urban
development, and public health. It is of high concern, because of the uncontrolled
use and application of carcinogenic pesticides. Several modern extraction tech-
niques have been developed and may be divided into two groups: fluid-phase
partitioning methods and sorptive and membrane-based extraction methods. The
selection of the extraction method is done based on the type of pesticide (physic-
ochemical properties) and the matrix sample. The most popular in the last year were
microwave-assisted extraction (MAE), liquid–liquid partitioning, solid-phase
extraction (SPE), solid-phase micro-extraction (SPME), and membrane extraction
techniques. The last step in the method to select the pesticides analysis, when you
know the chemical and physicochemical properties, the matrix sample and the
extraction method, you can select the method of determination. In this chapter,
we will focus on the analysis by chromatographic methods. The chromatographic
methods used in pesticide analysis were divided into two groups: gas chromatog-
raphy and liquid chromatography. The first of them has been proved to be a largely
used, most versatile, and sensitive, coupled with high-selectivity and sensitivity
detectors such as electron capture detector (ECD), mass spectrometry (MS), MS/
MS, and nitrogen–phosphorus detector (NPD).
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2.1 Introduction

Historically, we are experiencing the greatest transition in terms of population
health, since the profile of indicators of the causes of illness and death is being
transformed. Health and humanity prospects depending on an uncertain process of
globalization and the emergence of global environmental changes are produced in
response from the global economic development. Therefore, researchers and public
health professionals must address both traditional and new challenges for the health
of the population as a vision of environmental impacts, taking into account the
social and natural aspects, which have represented greatly assessment and measured
the dynamics of the incidence of diseases emergent over time, because the eco-
logical interactions with the human health are interdependent. The processes of
globalization and economic development have been unprecedented and currently
have a high impact on the environment, social development, and human health
[1–3].

The globalization and spreading of pollution process for food production with
high use of pesticides in agricultural and livestock activities, it is a global concern
because are cause of a large number of environmental negative effects, has
increased the chemical burden on natural ecosystems with a high impact on the
public health [4].

Pesticide contamination of groundwater is a subject of international importance
because groundwater is used as drinking water for population; however, this
especially concerns people living in the agricultural areas where pesticides are most
often used [5] and even more so in developing countries where environmental norm
and legislation is not respected. The scenery of the pesticide pollution is clear, and
there is a legal framework consolidated that coexists with disrespect related to the
national and international companies with the official sector in the use and distri-
bution of carcinogenic pesticides [6], reducing by one half of population in the
world without the access to safe drinking water that is one of the key millennium
development goals [7].

Urban populations in developing countries are exposed not only to traditional
diseases such as diarrheal diseases and respiratory infections, but also to modern
danger emergent diseases such as physical and chemical risks, which are the
products of poorly regulated industrialization and development with high impact on
the water. This has increased the chemical burden of contamination on water, soil,
and wind in the world [8]; however, in developed countries, the impact on the
public health is smaller [9] due to greater regulation for development.

In recent years, the effects of environmental pollutants and chronic degenerative
diseases have been given high importance at the global level. There is ample
evidence on the relationship between exposure to pollutants such as pesticides and
the high rate of chronic diseases, different types of cancers, diabetes, neurode-
generative disorders, birth defects, and reproductive disorders. The evidence in the
association of exposure to pesticides with the incidence of chronic diseases shows
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genetic damage, epigenetic modifications, endocrine disruption, mitochondrial
dysfunction, oxidative stress, and endoplasmic reticulum stress [10].

Now, we are sure that human health depends on the processes of globalization
and regulation, which impact on the social and environmental conditions. These
changes include air pollution, degradation of land and water, high deforestation,
impact on fisheries, and loss of biodiversity. This degradation of the systems that
support the life and the planet poses high impacts on the human health. A very
important indicator for development is that governments provide water infrastruc-
ture for sanitation and water purification, and it is not permissible to say only in a
globalized world “improved water” instead of drinking water of good biological
and chemical quality. Water quality monitoring in developing countries should
put more effort for auditing this process and whether the health benefits are being
achieved [11].

2.2 Agrochemicals of High Impact on the Environment

Due to the population growth worldwide, during the last decades, the need to
produce more food and the use of toxic agrochemicals have increased. The increase
in the intensive use of agrochemicals in this process has increased the levels of
agrochemicals in soil, air, and water, with high impacts on human health and
terrestrial and aquatic ecosystems. Although little by little they have been replaced
by less toxic agrochemicals, the residues of persistent organic pollutant still con-
tinue to impact the human being, the production of food for human consumption,
water, and air [12, 13].

Several studies have been documented on the pollution of the water of cenotes
(sinkholes) with high concentrations of organochlorine pesticides (OCP) [14], as
well as their bioaccumulation in the blood of women with cancer and in breast milk
[15, 16]. Coupled with the use of carcinogenic pesticides such as DDT, lindane,
heptachlor, endosulfan, aldrin, endrin, and dieldrin (organochlorines), with the high
impacts on human health and the environment, in Yucatan, glyphosate herbicide
(organophosphate herbicide) is used in the production of soybeans in the east and
south of the state, and Mexican producers and authorities are currently going
through various legal procedures due to the high impact of glyphosate on
ecosystems and on public health [17], with significant human rights violations
regarding informed procedures to indigenous peoples. In this regard, the
“Precautionary Principle,” adopted by European governments, should be adopted at
international level, mainly in developing countries. The Rotterdam Convention [18]
on the Prior Informed Consent Procedure (PIC), where governments, have the
necessary information on hazardous chemicals, to assess the risks and take
informed decisions on their imports, and the Stockholm Convention [19], for the
prohibition of toxic carcinogenic agrochemicals.

The use of glyphosate globally for the production of transgenic crops has
increased in the last decade. Transgenic or genetically modified (GM) crops are the
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result of the application of DNA technology in agriculture with the aim of
improving seeds or creating resistance to pests at the genetic level. Transgenic
soybeans with the use of glyphosate herbicide are currently a subject of broad
discussion, considering the high impacts on public health. The World Health
Organization classified glyphosate as a probable carcinogen for humans.

In 2010, 148 million hectares were planted, cultivated by 15.4 million farmers in
29 countries. The Working Group of the International Agency for Research on
Cancer (IARC) [20] also reported the herbicide glyphosate as a probable human
carcinogen. The company that produces the glyphosate at an international level is
Monsanto, and in recent years, it has received lawsuits in several countries for the
high toxicity of its product.

In the state of Yucatan, farmers maintain the traditional existence of the milpa
for the cultivation of corn as a central component and crops such as squash,
tomatoes, habanero peppers; however, soy is being cultivated in the agricultural and
livestock area. From the recent studies on farmers in the main agricultural area of
southern of Yucatan, 55% of farmers reported using the glyphosate herbicide for the
production of transgenic soybean [21].

2.2.1 Environmental Pollution Routes

What happens with the organochlorine pesticides (OCP) that are sprayed on the
soils in agricultural activities? The pesticides remain in the environment for a
shorter or longer period; this depends on the type of soils, the degree of perme-
ability to the groundwater, the climate factors such as dry (concentration of pol-
lutants) or rainy (flow of pollutants) seasons and in some cases due to remote
pollution and transport of pollutants.

The pesticides sprayed on fields can be transported to the surrounding, affecting
the soil and water. Surface runoff can carry pesticides out into rivers and lakes, to
the groundwater and finally into the coast and sea.

The filtration of pesticides is aggravated when there are karstic soils of easy
filtration of contaminants to the underground aquifer; this increases the vulnera-
bility to the aquifer when there are other natural conditions such as deforestation,
lack of regulation, and application of the regulations for environmental conserva-
tion such as the case of the region of karstic aquifer in Yucatan, Mexico.

In the karstic scenario of Yucatan, Mexico, water contamination studies have
been conducted detecting high levels of OCP and their metabolites, during rainy
and dry seasons. Concentrations of 6.5 ppm of a-lindane and 10.86 of d-lindane
were founded during the dry season, in the main water recharge zone called the
Ring of Cenotes (sinkholes); this is a Ramsar site [22] and decreed as the main
water conservation zone in Yucatan [23]. However, this environmental legislation
in Yucatan, Mexico, for the water conservation is not applied, damaging the aquifer
with very high impacts for the public health. In this zone, at the northwest zone of
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this Ring of Cenotes, in the Celestun coast, were detected levels of 4.42 ppm of
heptachlor and 2.56 ppm of c-lindane; highest concentrations of 13.61 and
12.54 ppm of heptachlor were founded in the municipality of Dzilam, in the dry
period [24]. High concentrations have been found in similar studies, such as one
carried out in the estuaries of southern Honduras, were detected 23 ppm of lindane
and 45.8 ppm of aldrin, due to the high use of toxic pesticides in agriculture [25].

Pesticide properties affect the risk of unwanted spread in the environment. The
volatility of substances (vapor pressure) determines how much of a pesticide will
evaporate to the atmosphere during and after application. This in turn affects the
risk of a compound spreading over a wide area. Water solubility and adsorption
capacity (capacity to bind to soil particles, particularly humus and clay) greatly
affect the risk of compounds ending up in surface water and groundwater. High
water solubility increases the risk of the compounds accompanying the water on its
path down to the groundwater and to subsurface drains. High adsorption capacity,
on the other hand, means that the compounds are not carried away easily by water,
although in conditions causing erosion and surface runoff they can easily end up in
watercourses. The persistence of a compound (its endurance) determines how long
a pesticide will remain in the environment without being broken down. Substances
with a low adsorption capacity (poor binding to the soil) and those with slow rate of
breakdown pose the greatest risk of spread [26].

2.2.2 Fate of Pesticides

Fate of pesticides when they enter to the atmosphere, the pesticides and their
photodegradation products may be transported long distances before the removal
processes of atmospheric wet and dry deposition return them to the earth’s surface
[27, 28]. Initial distribution describes the proportion of pesticide that is on or in the
air, soil, water, plants, after application, and affects fate of a pesticide in the
environment. This amount is determined by the formulation, method of application,
topography, type of landscape, vegetation and ground cover, and weather condi-
tions. With time, the pesticide may be redistributed within the application site or
may move off site of the target area. Pesticides that move off site represent an
economic loss and may pollute groundwater or surface water [29].

The high use of pesticides during the past decades has highlighted the potential
risk to the environment and the public health. The studies of the presence of pesti-
cides in soil, sediment, and water have generated great concern. Pesticides in the
environment can be degraded by the influence of physical, chemical, and biological
factors and can be volatilized, adsorbed by soil colloids and transported offsite by
surface runoff and leaching, and then transported to the coast. The quantity of each
residue of pesticide that can be found in soil, sediment, water bodies and sea depends
on these processes. There are several routes through which pesticides can contami-
nate the environment. Pointsource or diffuse contamination and pesticide dispersion
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to different environmental compartments is affected by several processes. Pesticides
are deliberately or unintentionally released to nearly all biospheres. Actually, there is
evidence that soils, sediments, surface and groundwater bodies, and wind, are con-
taminated with diverse levels of pesticides [30].

Pesticide transport is in the atmosphere that includes volatilization, spray drift,
and terrestrial as wash and runoff, leaching, and lateral drainage; pesticide degra-
dation encompasses photolysis and biotic and abiotic process such as environmental
contamination for pesticides may also occur via dust [31]. On the other hand,
climate change is an important factor that affects the fate of pesticides in the soil,
sediment, water, and wind. The large dry periods followed by intense rainfall events
are expected to increase the mobility of pesticides through runoff and preferential
routes of flow to surface and groundwater bodies, respectively [32].

Due to their physicochemical properties, the pesticides can be widely spread for
atmospheric transport of pollutants all over the globe. They represent a serious
threat to both human being and wildlife/natural resources. It has been only spec-
ulated that sorption to aerosol particles may increase significantly the half‐lives of
pesticides in the atmosphere. The pesticides particles in the lower boundary layer of
the atmosphere are an important impact on the air quality and human health [33].

The air pollutants remain in the atmosphere long enough to be transported over
the planet across intercontinental distances. Research has shown that there is
important transport of natural and anthropogenic material from Africa to North and
South America, from Asia to North America, from North America to Europe, and
from Europe and Asia to the Arctic. For example, satellite images and aircraft
measurements have shown that large quantities of Saharan dust are transported
across the North Atlantic. African dust is detected routinely at a monitoring site in
Miami. This dust affects large areas of the Eastern and Southern USA and has
implications for particulate matter (PM). Further, biomass burning in Africa con-
tributes large quantities of ozone to the atmosphere of the Southern Hemisphere.
Ozone, ozone precursors, and particulate matter from pollution sources along the
East Coast of North America have been observed in the remote Atlantic and at
European ground stations. Investigators at the Mauna Loa Observatory, on the
island of Hawaii, routinely see evidence of long-range transport of natural and
anthropogenic aerosols and trace gases originating over Asia. Asian pollution has
been observed off the West Coast of the USA. Researchers have shown that haze in
the Arctic is caused by anthropogenic emissions traveling 8000–10,000 km from
their source regions in Eastern Europe. Investigators have shown that biomass
burning, caused by both human activities and natural processes, results in signifi-
cant regional pollution and may have impacts on atmospheric chemistry and global
climate. The development of a global economy has effects beyond raising standards
of living. We are in an era of increasing environmental as well as economic
interdependence. Industrialization of the developing world means higher energy
consumption and more pollution. The implications of this growth for human health,
global climate, regional environmental quality, and sustainable economic devel-
opment are significant. The review of “The Intercontinental of Air Pollution, The
Air Quality Research Subcommittee of the Committee on Environment and Natural
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Resources (CENR)” studies the source and fate relationships of pollutants related to
the study of Intercontinental Air Pollution about what is the impact of pollution
(ozone, particle Matter (PM), mercury, and POPs) from Africa to North America,
Africa to Southern Hemisphere, North America to Atlantic and Europe, Asia to
remote Pacific and Western USA, and Eastern Europe and Asia to Alaska, Canada,
and the Arctic [34].

In addition to the remote transport of pollutants, the fate and impact of pesticides
produce local (or punctual) pollution in soils, surface and underground water, coasts
and seas, and air, and finally their bioaccumulation in the fat tissue of the human
being, aggravating the pollution on the planet. Dispersion of pesticide residues in
the environment and species, such as bees, birds, amphibians, fish, and mammals,
been reported [35].

This problem of widespread contamination is accentuated in developing coun-
tries, which does not possess and apply public policies for the conservation of the
environment, especially water, lack adequate infrastructure for water sanitation and
technologies for the treatment and obtaining of drinking water. Under this scenario,
fundamental human rights of access to a healthy environment, access to safe
drinking water, and access to health are violated.

The bioaccumulation of pesticides in seas and marine species is currently a
subject of high concern, due to its potential damage to the ecosystem and risks to
human health due to the consumption of marine species. Studies in Mumbai have
been evaluated, the levels of pollutants of total HCHs in seawater varied from 0.16
to 15.92 ng/L, and concentrations of total DDT varied from 3.01 to 33.21 ng/L.
The total HCH in the sediment samples was from 3.8 to 16.2 ng/g range. The
concentration of total HCHs in some marine species varied from 0.87 to 33.73 ng/g,
and concentrations of total DDT varied from 0.38 to 34.1 ng/g [36].

2.2.3 Impact to the Environment and Public Health

The theme is of high concern, because of the uncontrolled use and application of
carcinogenic pesticides with effects as endocrine disruptors are chemicals that cause
a large number of diseases and diverse cancer in the human being. Although there
exist international agreements such as the Stockholm and Rotterdam Convention
for the prohibition and restriction of these pesticides due to their high toxicity, the
main problem is that all the countries that have signed these international agree-
ments do not respect the agreements and continue the use of these agrochemicals,
affecting the environment and the public health. There are countries with high
cancer rates such as India, Argentina, and Mexico, with an excessive use of car-
cinogenic agrochemicals. Many scientific publications have reported the relation-
ship of levels of pesticides in humans and diverse cancers [37–41].

The global burden of diseases (GBD) in humans can be related to the exposure
of environmental pollutants and continues to be an important source of high risk to
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human health globally. These risks are higher in developing countries, where
poverty, lack of investment in technologies for sanitation, and access to safe
drinking water, as well as weak policies on environmental legislation that are not
meet combine to cause high levels of pollution that affect human population health.
Developed countries have adequate high-tech sanitation infrastructure programs
and systematized monitoring programs to monitor that contaminants do not exceed
permitted limits and affect human health. However, the associations between
environmental pollution, sanitary level, and health are complex and generally
poorly characterized. The above is due to the lack of results for the measurement of
exposure and contamination levels; this is often unknown because of the lack of
systematic monitoring programs. Environmental contaminants can bioaccumulate
and relate to various diseases. In recent years, several attempts have been made to
assess the global burden of diseases because of environmental contamination, either
in terms of mortality or in terms of disability-adjusted life years (DALYs). About
8–9% of the total burden of the disease can be attributed to pollution, but con-
siderably higher in developing countries. Contaminated water and lack of sanitation
are the main sources of exposure, along with indoor air pollution [42].

Cancer is a complex multifactorial disease where there are interactions between
the environment and the genes [43]. The human being is exposed to many envi-
ronmental carcinogens, and the increase in the prevalence of cancer can be related
to occupational risk at work [44].

Gene–environment interaction (GEI) is the interaction of genetic and environ-
mental factors that intervene in the human health disease process [45]. Exposure to
pollutants under specific conditions has effects at the level of genetic polymor-
phisms that promote the onset of the disease. GHG has different effects on the
exposure of environmental contaminants in the genotypes of different people with
different exposure histories [46], and these interactions can be important determi-
nants for the development of cancer [47].

Nowadays, the bioaccumulation of environmental contaminants can play an
important role in the etiology of various diseases in humans, having high public
health impacts, such as mutagenicity and carcinogenicity [48]. Environmental
pollutants are endocrine disruptors (EDCs) that interfere with the synthesis, trans-
port, storage, binding, and natural hormonal activity, associated with the risk of
various cancers [49–52], and affect the female reproductive system [53].

Persistent organic pollutants (POPs) accumulate in fatty tissue because they are
lipophilic, and have high resistance to biodegradation. Although the use of POPs
was restricted several decades ago due to its harmful effects on human health and
the environment, POPs still affect human health because of their exposure and
persistence in the environment [54].

POPs include polychlorinated biphenyls, dioxins, and organochlorine pesticides,
such as dichlorodiphenyltrichloroethane (DDT). These were originally called
chemicals that alter the endocrine system; they are endocrine disruptors, because
they interfere with the natural functions of hormones, such as sex hormones, glu-
cocorticoids, and thyroid.
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In a prospective 19-year follow-up study, the incidence of type 2 diabetes
increased with plasma levels of hexachlorobenzene (lindane). In a meta-analysis,
the incidence of type 2 diabetes in subjects with a high concentration of poly-
chlorinated biphenyl in plasma was 1.7 times higher than in subjects with a low
concentration. Although epidemiological studies have shown positive associations
between POPs and type 2 diabetes, in vitro studies in animals should clarify the
pathogenesis and mechanisms by which POPs affect the development of type 2
diabetes and metabolic disorders. A recent study showed that rats fed a diet of crude
fish oil containing a low dose of POPs developed visceral obesity, hepatosteatosis,
and insulin resistance. The risk factors traditionally associated with diabetes are
family history, lifestyle, obesity, lack of exercise, and age. However, these tradi-
tional factors alone cannot explain the rapid increase in their prevalence worldwide.
Recently, new risk factors for obesity and diabetes have been reported, such as
environmental chemical contaminants. Among them, heavy metals such as cad-
mium, mercury, and arsenic are reported, as well as persistent organic pollutants,
such as organochlorine pesticides, these chemical contaminants are considered new
risk factors for diabetes [55].

In the state of Yucatan, Mexico, studies were conducted to determine levels of
organochlorine pesticides, finding high blood levels of 72 Mayan women with
uterine cervical cancer in three different zones of Yucatan, agricultural area, live-
stock area, and metropolitan area [56]. These high impacts on public health and
water are due to the continued use of carcinogenic OCPs prohibited by international
conventions such as Stockholm and Rotterdam. The problem is complex and
worrisome, since there is legislation of Official Mexican Standards on the
Maximum Residue Limits (MRLs) allowed for pesticides in water, but the official
norms are not met and there is no infrastructure for sanitation and obtaining potable
water for human consumption. In effect, Yucatan is in the last place at the national
level in terms of infrastructure for water sanitation [57] (CONAGUA-Semarnat
2015).

2.3 Analysis of Pesticides

The pesticides classification is one of the most important parameters to evaluate to
decide the method analysis. Focused on the analysis pesticides method, the most
popular classification is based on the mode of action, target pest species, chemical
structure, and physicochemical properties such as solubility, polarity, boiling point,
thermosensibility, molecular weight, vapor pressure, and finally the Henry’s con-
stant. Another parameter to evaluate to decide the pesticides method analysis is the
matrix in which, for example, all types of water (drinking, lake, sea, groundwater,
river, costal, etc.), sediments, plants, agricultural products such as vegetables and
fruits mainly, and more complex matrix as biological human fluids (urine, total
blood, serum, plasma, women milk, etc.), human and animal tissues; commercial
foods (milk, butter, yogurt, eggs, oils, etc.) and finally pesticides in the air are
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available. If you know the matrix in which pesticides are available, this will help to
select the extraction method. Actually, several modern extraction techniques have
been developed, and they may be divided into two groups: fluid-phase partitioning
methods and sorptive and membrane-based extraction methods. The selection of the
extraction method is done based on the type of pesticide (physicochemical prop-
erties) and the matrix sample. The most popular in the last year were
microwave-assisted extraction (MAE), liquid–liquid partitioning, solid-phase
extraction (SPE), solid-phase micro-extraction (SPME), and membrane extraction
techniques.

The last step in the method to select the pesticides analysis, when you know the
chemical and physicochemical properties, the matrix sample and the extraction
method, you can select the method of determination. In this chapter, we will focus
on the analysis by chromatographic methods.

The chromatographic methods used in pesticide analyses were divided into two
groups: gas chromatography and liquid chromatography. The first one, has been
largely used, most versatile, and sensitive, coupled with high selectivity and sen-
sitivity detectors as electron capture detector (ECD), mass spectrometry (MS),
MS/MS, and nitrogen–phosphorus detector (NPD), the main rule to use gas chro-
matography in pesticides analysis is that the analyte be thermostable and have a
good vapor pressure with boiling point less than 400 °C.

The liquid chromatography, specifically the high-performance liquid chro-
matography (HPLC), may be classified as a modern method on pesticide analysis,
mainly depending on the partition coefficient of pesticide on the mobile and sta-
tionary phase. The heart of the HPLC depends of the column used, because the
separation occurs here, is chemically bonded to the support with different surface
adsorption activity and porosity of the material. A quick classification may be
divided into normal phase and reverse phase. The HPLC coupled with detectors as
UV, diode array detector (DAD), fluorescence, ion-trap MS, simple quad MS, and
triple quad MS have been used to determine pesticides in different matrices.

Another parameter to evaluate the pesticides analysis method is the matrix in
which, for example, all types of water (drinking, lake, sea, groundwater, river,
costal, etc.); sediments, plants, agricultural products as vegetables and fruits mainly,
and more complex matrix such as biological human fluids (urine, total blood,
serum, plasma, breast milk, etc.); human and animal tissues; commercial foods
(milk, butter, yogurt, eggs, oils, etc.), and finally pesticides in the air are available.
If you know the matrix in which pesticides are available, this will help to select the
extraction method.

In this chapter, we will study all aspects of pesticide analysis, since sample
collection, storage, sample pre-treatment and treatment in the laboratory, then, how
to choose the best extraction method according with the matrix and pesticides
properties, a clean-up step, to finally choice which chromatographic technique is
better to have results with high trueness.
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2.3.1 Sample Preparation for Pesticide Analysis

Currently, more than 1100 chemical compounds are used as pesticides. For this
reason, several organizations have set maximum residue limits for pesticide resi-
dues in different matrices. The development of pesticide methods detection based
mainly on chromatographic techniques, due to allows the execution in a single
analysis, is a worldwide strategy in pesticide analysis. However, the analysis
requires pretreatment to extract the target compounds before the identification and
quantification of the selected pesticides. The sensitivity, selectivity, and specificity
of the test are the most critical factors in pesticide analysis. Thus, several modern
extraction techniques have been developed, and they may be divided into the
following two groups: partition methods on liquid phase and sorptive extraction
methods. In the two cases, a cleanup step is desirable for the elimination of impurity
compounds to improve the chromatographic analysis.

2.3.2 Methods of Pesticide Determination

Chromatographic method is the most common to identify and quantify pesticides.
This analytical technique was divided in two: gas chromatography and liquid
chromatography; each one depends on the physicochemical properties of the ana-
lyte. If the analyte has a boiling point less than 350 °C, the best option is gas
chromatography; however, if the analyte has thermostability problems or the
boiling point is more than 400 °C, the best option is liquid chromatography.

2.3.3 Gas Chromatography

Gas chromatography (GC) has been proved to be a primarily used, most versatile,
and sensitive method for pesticide residue analysis. This is because of the high
separation efficiency of GC and the full range of analyzers that it can be coupled to
simplify interpretation of pollutants in complex environmental matrices.

The GC process comprises several steps. First, the sample is injected, to do it is
necessary a syringe to broken the septum in the inlet. The solvent is transferred to
inlet zone in GC injector with a liner (glass vial), it is in this zone when the sample
is volatized, the GC injector is recommended to have a temperature 50 °C higher
than the boiling point of the analyte less volatile around 250–320 °C. The injection
sample can be of two main modes: split and splitless; this depends on septum purge
gas. Split mode is recommended when the sample has a high concentration, and
splitless mode is recommended when there is a need of more sensibility into the
analysis.
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The second step is the temperature rate, which is the most important because the
temperature gradient defines the analyte separation. In GC, according to the van
Deemter curves, the hydrogen is the better carrier gas; however, this is explosive,
and thus, helium is preferred because it has a similar theoretical plates with same
velocity and viscosity. This step is related with type of capillary column, for no
polar compounds, the main column is methyl siloxane o methyl-phenyl siloxane
until polar columns as polyethylene glycol or cyanopropyl siloxane. The codes of
these columns depend on the provider. The final step is the detection of the pes-
ticides; in this chapter, we talk about three detectors: electron capture detector
(ECD), nitrogen–phosphorus detector (NPD), and mass spectrometer (MS).

2.3.4 Partition Methods on Liquid Phase

The partition methods on liquid phase include a single drop, liquid
micro-extraction, and microwave-assisted extraction (MAE), mainly. Szarka et al.
[58] developed an economical and rapid method using dispersive liquid–liquid
micro-extraction (DLLME) to extract and determine forty pesticides with recoveries
between 70 and 120% with relative standard deviations (RSD) less than 20% and
detection limits around from 0.001 to 0.910 lg/L. A switchable solvent liquid‐
phase micro-extraction was developed by Chormey et al. [59], for the determination
of selected endocrine disruptors, pesticides, and hormones with a limit of detection
around 0.20–13 ng/mL, and percent recoveries recorded were between 91 and
110%, and RSD values were all below 10%.

Currently, Farajzadeh et al. [60] in 2018 developed a new temperature-controlled
liquid phase micro-extraction using a deep eutectic solvent for extraction and pre-
concentration of diazinon, metalaxyl, bromopropylate, oxadiazon, and fenazaquin
pesticides. Dispersion of the extraction solvent into the aqueous phase was performed
by temperature changes. The enrichment factors and extraction recoveries were
obtained in the ranges of 280–465 and 56–93%, respectively. Low limits of detec-
tion and quantification were obtained around of 0.13–0.31 and 0.45–1.1 ng/mL,
respectively. Relative standard deviations were less than 9%.

MAE has several similarities with single-drop and liquid micro-extraction; Wang
et al. [61] developed a novel method for simultaneous determination of pyrethroids
residues using microwave-assisted extraction (MAE) coupled with
ultrasonic-assisted dispersive liquid–liquid micro-extraction (UADLLME). The
results demonstrated that the proposed method had good performance with linearity
of 0.0050–4.98 mg/L, recovery of 83.3–91.5%, RSDs below 5.6%, and detection
limit of 1.15–2.46 lg/L, concluding that MAE-UADLLME provided a sensitive
and efficient alternative to determination of trace amounts of pesticide residues.
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2.3.5 Sorptive Extraction Methods

The sorptive extraction methods include solid-phase extraction, solid-phase
micro-extraction, and a novelty method named as QUECHERS (Quick, Easy,
Cheap, Effective, Rugged, and Safe).

The solid-phase extraction (SPE) dated to approximately five decades ago with a
hundred applications on environmental analysis. SPE can be used as an extraction
and preconcentration tool in environmental matrices as well as for cleaning up of
the samples. This technique is divided into three stationary phases: a normal phase
such as silica, alumina, and Florisil, an ion-exchange adsorbent, and finally, a
reverse-phase adsorbent from the conventional alkyl-modified silica materials (C8
and C18 nonpolar phase).

Nowadays, a novel magnetic copper-based metal–organic framework composed
of nanocomposite for solid-phase extraction was developed to isolate five triazole
pesticides from water samples. The limits of detection of the triazole pesticides are
0.05–0.1 with correlation coefficients larger than 0.992. The recoveries in spiked
water samples are 72.3–91.53% with RSD ranging from 1.5 to 9.1% [62]. Also
recently, they have synthesized novel magnetic nanoparticles, coated with octadecyl
group-modified silica (nano-SiO2C18) containing carbon nanotubes under super-
critical CO2 medium. These nanoparticles were used for the determination of five
neonicotinoids and four sulfonylureas pesticides; the application as an adsorbent
has a higher recovery with detection limit ranging from 0.07 to 0.60 lg/mL,
recoveries from 78 to 95%, and RSD <5% [63].

SPE is currently exploring the synthesis of nanomaterials as fullerenes, carbon
nanotubes, graphene, graphene oxide as excellent candidates for proper sorption
media because of their unique structural and surface properties with noticeably
enhanced sorption capability compared with traditional SPE [64]. The studies
mentioned above about SPE show that the technique remains highly applicable,
especially for concentration, isolation, and cleanup, for mainly chromatography
analysis.

The solid-phase micro-extraction (SPME) is a solvent-free extraction technique.
The SPME involves the use of a fiber coated with a polymeric phase that extracts
the analytes. The fiber is exposed to the sample until equilibrium is reached or for a
rigorously controlled period, and the analytes are then thermally desorbed by
transferring the fiber into the GC injection port. The main strategies consist of
wetting the matrix with water and then submitting the slurry to an elevated
temperature to partition the analytes to the headspace, where the SPME fiber is
placed. All these procedures afford a cleanup effect simultaneously, due to the
selectivity of the SPME coating and a further concentration factor.

Currently, new solid-phase micro-extraction fibers were synthesized from
hyper-cross-linked polymer nanoparticles to identify organochlorine pesticides.
These coated fiber demonstrated excellent adsorption performance, with a good
accuracy and precision to established a method that was finally applied to the
analysis of the organochlorine pesticides from cucumber, Chinese cabbage and
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tomato samples [65]. Other fibers were fabricated of graphene-oxide-incorporated
monolithic polymer in the fiber for determination of organophosphate esters in soil
samples. These have a large surface area (536 m2 /g), pore capacity (0.694 cm3/g),
good thermal stability (up to 320 °C), long service life, and good reproducibility
and was applied for the analysis of organophosphate esters in environmental soil
samples, and the relative recoveries were found to be in the range from 80.1 to
105.6% [66]. The most recent on solid-phase micro-extraction was the development
of magnetic fibers for determination of the endocrine disrupting chemicals using
Fe3O4 nanoparticles and graphite powder to extract the target analytes and provided
excellent cleanup for simultaneous extraction of both nonpolar and polar analytes
[67].

The last technique is a QUECHERS, the name of this provision of Quick, Easy,
Cheap, Effective, Rugged, and Safe. The QUECHERS method offers the advan-
tages of high recoveries, precise results, fast treatment, and little use of solvent and
glass material and also requires small laboratory space and few reagents. Moreover,
the process is robust and reliable. The QUECHERS method consists in two steps:
extraction and cleanup sample; the extraction step uses MgSO4 to reduce the water
content in the sample and NaCl for most applications or anhydrous sodium acetate
for compounds sensitive to an alkaline medium. The cleanup stage uses a primary/
secondary amine (PSA) to the removal of organic acids and polar pigments. Some
products besides PSA have C18 to eliminate most of the lipids and sterols or
graphitized carbon to clean sterols and pigments such as chlorophyll.

When the sample is a complex matrix, in the QUECHERS method, it is possible
to combine with another sorptive extraction method; this is the case of a study
of Zhang et al. [68], combined with dispersive solid-phase extraction were both
investigated and applied for the determination of 60 pesticide residues in cinnamon.
In Huang et al. [69], a modified QUECHERS method was used for green tea sample
preparation in pesticide residue analysis to determine 102 pesticides. And finally,
QUECHERS method used in a very complex matrix as fatty biological tissue [70],
the adapted extraction procedure was tested on biological samples of varying fat
content, including fish muscle tissue and two previously untested matrices of coral
and adipose tissue. These reports showed that QUECHERS methods are a trending
analytical technique, mainly for soil samples, and offer excellent traceability, pre-
cision, and accuracy.
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Chapter 3
Chemistry and Toxicology Behind
Insecticides and Herbicides

S. Sousa, M. L. Maia, L. Correira-Sá, V. C. Fernandes,
C. Delerue-Matos, C. Calhau and V. F. Domingues

Abstract Pesticides are chemicals used around the globe to kill, reduce, or repel
whatever organism capable of threatening public health or economy. Although
essential to maintain agricultural production, these compounds target systems or
enzymes on the intended organism that are often similar or even the same present in
other living beings. Furthermore, a considerable range of pesticides is environ-
mentally persistent and has bioaccumulation characteristics. Even after some of the
pesticides have been banned and prohibited from use, these can still be found
accumulated in the environment, threatening the health and even life. Hence, the
understanding of how the insecticides and herbicides mode of action work and how
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these chemicals can negatively affect their surrounding is essential. In this chapter,
an overview of chemical aspects, uses, environmental persistence, and human
toxicity concerning herbicides and insecticides will be presented.

Keywords Insecticides � Herbicides � Chemical aspects � Human toxicity �
Environmental persistence

3.1 Introduction

Pesticides are used since ancient times (1000 BC) to kill, reduce, or repel whatever
organism capable of threatening public health or economy. The World War II
trigged pesticides development and application, essentially to control the spread of
diseases such as typhus, river blindness, and malaria. Furthermore, over 4 million
tons of pesticides were recorded to be used in 2016 [1]. Rachel Carson was the first
person to alert the public on the pesticides environmental impact through her book
“Silent Spring” published in 1960 [2].

Pesticides can be classified mainly in two ways: by target pest (e.g., insecticides,
fungicides, rodenticides, and pediculicides) or by chemical identity (e.g., pyrethroids,
organophosphates, organochlorines, carbamates, glyphosate, and triazoles) [3].

Intensive pesticide application allied with the biodegradation-resistance shown
by some pesticides often results in environmental accumulation and bioaccumu-
lation [4, 5]. Pesticides target systems or enzymes in pests which may be the same
or similar in other non-target organisms, as human beings [3].

Exposure to pesticides is constant since these transfer to air, soil, and water.
Through this way, pesticides enter in living organisms where biological magnifi-
cation then occurs. The awareness of pesticides impact on biota led to great concern
about their continuous and sometimes excessive application. Even after some of the
pesticides have been banned and prohibited from use, these can still be found and
accumulate on the environment, threatening the health and even life [6].

Hence, the understanding of how pesticides mode of action works and how these
chemicals can negatively affect their surrounding is essential. This chapter will
focus on the chemical aspects, uses, environmental persistence, and human toxicity
of chemical classes of herbicides and insecticides.

3.2 Herbicides

As the name suggests, herbicides are phytotoxic chemicals used on weed to growth
prevention or control [7, 8]. Herbicides represent closely 48% of pesticides con-
sumption worldwide [9]. In this group of pesticides, the followed chemical family
included phenoxy acid derivatives, bipyridyl derivatives, ureas and thioureas,
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organic phosphorus/phosphonomethyl amino acids or inhibitors of aromatic acid
biosynthesis, protoporphyrinogen oxidase inhibitors, triazines, and triazoles [10].
These chemicals are able to inhibit biological processes (i.e., photosynthesis,
mitosis, cell division, enzyme function, root growth, and leaf formation), interfere
with the synthesis of biomolecules (e.g., pigments, proteins, DNA), destroy cell
membranes, and promote uncontrolled growth [11].

Herbicides can be selective or non-selective [7]. Selective herbicides are specific
to a certain plant presenting low toxicity for mammals. Non-selective herbicides
(e.g., arsenicals, chlorates, and dinitrophenols) show a toxic effect on animals and
humans [12]. Improper use and disposal are the primary sources of health problems
from exposure to animals and humans. Moreover, runoff from agricultural fields is
an additional concern to human health as a possible entry point of herbicides into
drinking water supply [9].

3.2.1 Amides and Acetamides

These groups of herbicides are commonly used and include compounds such as
propanil, bensulide, and dimethenamid-P [10]. Propanil (N-(3,4-dichlorophenyl)
propenamide) was discovered in 1957 by Rohm and Haas and is classified as
post-emergence herbicide with highly selectivity [13]. On the other hand, bensulide
[O, O-diisopropyl S-2-phenylsulfonylaminoethyl phosphorodithioate] is a
pre-emergent organophosphate herbicide [14]. Dimethenamid [2-Chloro-N-
(2,4-dimethyl-3-thienyl)-N-(2-methoxy-l-methylethyl) acetamide] is a racemic
mixture of the M and P stereoisomers, the P isomer is the one with valuable
herbicidal activity [10].

3.2.1.1 Chemical Aspects

As an example of the group of the amides, is the propanil (N-(3,4-Dichlorophenyl)
propenamide), a synthetic anilide herbicide (Fig. 3.1) that when pure is an odorless,
brown crystalline solid. This herbicide is characteristically non-volatile, denser than
water with a reasonable affinity for soils. Propanil is quite soluble in organic sol-
vents; its solubility in water is reduced [13].

Fig. 3.1 Structure of
propanil [13]
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One degradation pathway of propanil that has been described is photolysis.
Under this direct condition occurs the breakage of amine bonds, as a consequence
of the elimination of chlorine atoms [13].

3.2.1.2 Uses and Environmental Persistence

Propanil and bensulide are used as regulators of plant growth [12]. Propanil is a
contact post-emergence herbicide used worldwide to control grasses and broad-leaf
weeds primarily in rice production. Its mobility in soils can be amplified when other
pesticides are used in combination. Although this herbicide has the capacity to be
adsorbed to soil, it has been discussed that it has the potential to leach into
groundwater [13]. Propanil acts through the inhibition of photosynthesis, and it
inhibits the carbon fixation that leads to the stop of plant growth. Within plant
leaves, this compound inhibits the photosystem II disrupting the electron transport
chain. It has been shown that propanil has a short period of activity, being degraded
rapidly into its major degradation compound, 3,4-dichloroaniline (DCA), that has
been highly detected in groundwater and surface water in the world [13, 15]. This
degradation is directly dependent on the amount of herbicide applied and envi-
ronmental conditions. Being the major degradation pathway known is through
enzymatic hydrolysis [15].

Bensulide is a pre-emergent herbicide used globally in agricultural crops, such as
cole crops, cucurbits, leafy, legumes, vegetables, onion, and garlic. Typically, this
herbicide is applied to the soil before planting the crops. Bensulide acts inhibiting
cell division in meristematic root tissues, and it also has activity as a cholinesterase
inhibitor [14].

Another example of chloroacetamide herbicides is the dimethenamid that can be
used in several field crops, such as grass, large crabgrass, and some broadleaf
weeds. It primarily used in corn, soybean, and sorghum. Dimethenamid-P
(2-chloro-N-(2,4-dimethyl-3-thienyl)-N-(2-methoxy-1-methylethyl) acetamide) has
shown greater activity on weeds than the R-isomer, and this allows the use of
dimethenamid-P at lower rates. These components can have some toxicity, can be
persistent and reactive, so through agricultural circle and washing, they can reach
and endanger the aquatic environment [16, 17].

3.2.1.3 Toxicity on Human

Generally, these groups are slightly or moderately hazardous, and they are of
relatively low toxicity [10].

In the case of propanil, studies have shown that acute exposure may lead to
methemoglobinemia, central nervous system depression, and respiratory failure.
The ingestion of this herbicide causes a burning sensation through the digestive
system, resulting in fever, nausea and vomiting, and dizziness and sleepiness. Their
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inhalation can cause throat and nose irritation. Long-term effects of propanil are not
fully established. However, repeated or prolonged exposure may result in cyanosis.
Exposure via dermal contact may cause slight skin irritation [18].

In the case of dimethenamid, the studies have shown some evidence of different
toxicological profiles between racemic dimethenamid and dimethenamid-P.
Dimethenamid can reduce fetal birth weight but has no evidence of been
teratogenic [12].

3.2.2 Benzoic Acids

Benzoic acids herbicides have low toxicity and include chloramben, dicamba, and
naptalam. These are often combined with other herbicides [10]. Dicamba, the best
known benzoic acid herbicide, has been used since 1967 in the USA [19].

3.2.2.1 Chemical Aspects

Benzoic acids herbicides are highly water soluble [20]. Dicamba (3,6-Dichloro-
2-methoxybenzoic acid) (Fig. 3.2), is soluble in water also and shows resistant to
hydrolysis and oxidation under normal environmental conditions [19].

3.2.2.2 Uses and Environmental Persistence

Dicamba, as other benzoic acids, has a wide range of applications in weeds control,
being used as a pre-emergent, post-emergent, or pre-plant herbicide in cereal crops,
pastures, forest lands, fence rows, lawns, and golf courses. It mimics auxins effects
leading to uncontrolled growth rates, alterations in plant function homeostasis and
death, and is more persist in the environment than phenoxy acids [8, 19, 21].
Furthermore, this benzoic acid can persist in soils for 7–10 months [19].

Fig. 3.2 Structure of
dicamba [8]
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3.2.2.3 Toxicity on Humans

Benzoic acid is not classified as very toxic, although the development of immune
and endocrine defects may occur in the presence of these chemicals [20].

For instance, dicamba is rapidly absorbed after ingestion but is also quickly
excreted from the organism without being metabolized. Dermal exposure shows
low absorption. In mammals, skin and eye irritation can happen but presents low
acute toxicity and does not cause dermal sensitization. Nonetheless, severe or
permanent ocular damage is a possibility primarily in high concentrations.
Breathing difficulty, vomiting, cyanosis, loss of appetite, depression, weight loss,
incontinence, and muscular weakness/exhaustion subsequent to muscle spasms
(myotonia) are known intoxication symptoms of this benzoic acid. However, only
limited data are available on dicamba exposure since it is often used combined with
other herbicides [19].

3.2.3 Bipyridyl Derivatives

Paraquat and diquat are the herbicides included in this group. First labeled in 1882
as a chemical redox indicator by Weidel and Russo, paraquat is by far the most
toxic of the frequently used herbicides [9, 10].

Despite being banned in 32 countries, paraquat is one of the most widely used
herbicides in the USA. On the other hand, other great producer, Brazil decided to
ban paraquat in 2017, that will be forced only in 2020 [22].

3.2.3.1 Chemical Aspects

The toxicity of Paraquat (1,1′-dimethyl-4,4′-bipyridinium ion) depends upon the
formulation, which is typically formulated as dichloride salt. Whereas, Diquat (1,1′-
ethylene-2,2′-bipyridinium ion) is formulated as dibromide salt (Fig. 3.3) [10, 12].

Fig. 3.3 Structure of diquat (a) and paraquat (b) [23, 24]
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3.2.3.2 Uses and Environmental Persistence

Bipyridyl derivatives are non-selective, fast-acting herbicides capable to kill or
affect nearly any plant foliage they contact. Paraquat is often used prior to plating to
control existing vegetation, on weed management and in some crops as pre-harvest
desiccants to speed drying. However, the options of other herbicides less toxic and
persistent lessened the use of paraquat. Whereas, diquat is effective on broadleaves
and used in ponds, lakes, and drainage ditches to control cattails and submersed
aquatic species [8]. Since diquat is quickly absorbed by plant leaves and does not
translocate, the toxicity effects on plants are swiftly shown [23].

Bipyridyl derivatives are rapidly adsorbed and persistent in soil. Paraquat is
resistant to hydrolysis, microbial degradation, and photodegradation in water.
Contrary to diquat that in water soluble and susceptible to microbial degradation
and photodegradation [23, 24].

Paraquat and diquat mode of action present similarities as interfering with cyclic
reduction-oxidation reactions. With paraquat, nicotinamide adenine dinucleotide
phosphate (NADPH) depletion and the generation of oxygen free radicals occurs,
whereas with diquat the formation and aerobic autooxidation of free radicals lead to
superoxide production and oxidative damage. The affected or target organs are also
different, though both affect the kidneys paraquat also target the lungs and brain and
diquat affect also the liver, gastrointestinal tract, plasma and adrenal gland [9, 12,
23, 24].

3.2.3.3 Toxicity on Humans

Bipyridyl derivatives are toxic to humans either by skin contact, inhalation, or
ingestion [8]. However, these do not present a tendency to accumulate in the
organism. After ingestion, a high amount of paraquat is excreted either by urine or
feces without being nearly metabolized [9].

The presence of paraquat in the lungs leads to pulmonary lesions as consequence
of type I and type II pneumocytosis. Furthermore, paraquat can make the cation to
form a free radical, stable in the absence of oxygen by enduring a single electron
reduction. Present in the brain via the neural amino acid transporter is thought
paraquat to be a factor for Parkinson’s disease occurrence [9]. Within 24 h after
ingestion, inhalation, or dermal exposure, all organ systems may be severely
affected. Acute toxic signs include burning in the mouth and throat with vomiting
and diarrhea, subsequent fluid and electrolyte loss, esophageal perforation, renal
failure, cardiac arrhythmias, convulsions, and even coma. Death is this stage often
occurs because of hepatic and renal toxicities, the estimated lethal dose (LD) in
humans is 40 mg per kg. After a few days of exposure, progressive pulmonary
fibrosis often develops, several weeks later pulmonary edema occurs and death
happens by asphyxia [12, 24]. Although no teratogenic effect was demonstrated by
this herbicide [9].
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On the other hand, diquat can be found in liver, kidneys, gastrointestinal tract,
plasma, and adrenal gland. No signs of fertility effects or teratogenic were shown by
diquat, however, fetotoxicity can happen at doses that are maternally toxic. Acute
symptoms include nausea, emesis, diarrhea, nosebleed, skin irritation, cough, and
chest pain. Hence, gastrointestinal tract ulceration, acute renal failure, hepatotoxi-
city, and breathing difficulties are a link to diquat overdose [9, 12, 23].

3.2.4 Dinitro Compounds

Initially introduced in 1933 in the USA, this group of dinitrophenols includes
pesticides as 2,4-dinitrophenol (DNP), dinitro-orthocresol (DNOC), dinoseb, and
dinoterb [10, 25].

3.2.4.1 Chemical Aspects

Dinitro compounds can be used as herbicides either alone or as salts, and these
show some solubility in water [10, 12]. Dinoseb or 2,4-Dinitro-6-(1-methyl propyl)
phenol (Fig. 3.4) is produced in emulsifiable concentrates or as water-soluble
ammonium or amine salts [26].

3.2.4.2 Uses and Environmental Persistence

Dinitro compounds were first used as an obesity treatment; later, these were banned
from the US market owing to mortality rate and cataracts occurrence [10, 25].
Dinoseb was applied in soybeans, a sort of vegetables, fruits, nuts, citrus trees, and
with other field crops for a weeds control. These herbicides not suffer hydrolysis in
the environment but are suggestible to abiotic degradation. Normally, dinitro
compounds do not persist in the soil, however, when spills occur, persistence in soil
and groundwater contaminant was found. Even though low bioaccumulation
potential is shown, these chemicals are highly toxic to birds, fish, and invertebrates
[25, 27].

Fig. 3.4 Structure of DNP
(a) and dinoseb (b) [25, 27]
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The mode of action of these chemicals is by discharging phenolic protons in the
mitochondrial matrix compromising oxidative phosphorylation. After exposure,
oxidative metabolism increases leading to pyrexia, tachycardia, dehydration, ulti-
mately depleting carbohydrate, and fat stores [25–27].

3.2.4.3 Toxicity on Humans

Dinitro compounds are quickly absorbed and very toxic to humans via inhalation,
ingestion, and dermal exposure. These chemicals can be slowly excreted by urine in
the original form and as metabolites [10, 12]. Even so, fatal cases after DNP
exposure were reported. First signs of DNP toxicity include fever, the rise in blood
pressure, heart rate and body temperature; a headache, mental confusion, nausea,
vomiting, abdominal cramps and following coma in severe cases. After 12–72 h,
hepatic and renal damage have been reported. Chronic exposure can cause
peripheral nerve damage and cataracts. No carcinogenic effects have been docu-
mented [25]. Regarding, dinoseb early signs of toxicity include hyperthermia,
profuse sweating, headache, confusion followed by restlessness, hyperactivity,
seizures, fatigue, thirst, insomnia, weight loss, flushing of the face, nausea, vom-
iting, abdominal pain, occasional diarrhea, methemoglobinemia, hemolytic anemia,
and coma in severe cases. Ocular exposure can cause cataracts, secondary glau-
coma, paresis of accommodation and nystagmus. Dermal exposure causes irritation,
yellow stains, burns, and dermatitis. Following 12–72 h of exposure, liver and
kidney damage was reported. Furthermore, sinus tachycardia, ventricular tachy-
cardia, ventricular fibrillation, and immune system damage may happen [26, 27].

3.2.5 Dintroaniline

This group of herbicides are aromatic amines that include compounds such as
trifluralin and tridiphane [10].

3.2.5.1 Chemical Aspects

Dinitroaniline herbicides are characteristically a yellow liquid formulation; they
have low water solubility and little leaching [8]. They comprise fluoride, propy-
lamine, or sulfonamide prosthetic groups [28].

These herbicides act preventing cell division because they bind to alpha-tubulin
(a protein present in the microtubules). This binding inhibits tubulin polymerization
preventing that way the alignment and separation of chromosomes during mitosis.

The trifluralin herbicide, an example of this group presented in Fig. 3.5, is
related chemically, but not functionally, to the explosive trinitrotoluene (TNT) [8].
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3.2.5.2 Uses and Environmental Persistence

Dinitroaniline group are mainly used as pre-emergence herbicides. These herbicides
are generally applied prior to planting, the ones used post-planting need to be applied
prior to seed germination to have effective activity. The application with good
incorporation of these herbicides, that are root growth inhibitors, is placing them in
the weed seed germination, improving this way their activity, and in this case
usually, plants do not emerge from the soil. The primary use of these herbicides is in
cotton, soybean, dry bean, potato, canola, and many horticultural crops [8].

3.2.5.3 Toxicity on Human

The acute exposure of dinitroanilines through inhalation may result in throat pain
and coughing. The most predominant effect of exposure to this group of herbicides
is methemoglobinemia. Data describing the effects of chronic exposure in human
are lacking [28]. For example, dinitroaniline trifluralin is classified as practically
non-toxic for dermal irritation and acute oral toxicity and slightly toxic for eye
irritation, acute dermal toxicity, and acute inhalation toxicity. Chronic exposure
to trifluralin may result in eye irritation, mild skin irritation, and respiratory
depression [29].

3.2.6 Imidazolinones

Imidazolinones herbicides were discovered in the 1970s, being the first US patent
obtained in 1980 [9]. This group embrace imazapyr, imazethapyr, imazamethabenz-
methyl, imazapic, imazamox and imazaquin [10].

Fig. 3.5 Structure of
trifluralin [8]

68 S. Sousa et al.



3.2.6.1 Chemical Aspects

Each imidazolinone has a carboxylic acid group or a carboxylic ester group (in
imazamethabenz-methyl case), linked to a backbone group (Fig. 3.6). For instance,
imazapic is linked to a methyl group, imazethapyr to an ethyl group, imazamox to a
methoxymethyl group, and imazaquin to a benzene ring fused to the pyridine
ring [30].

3.2.6.2 Uses and Environmental Persistence

Imidazolinones are often used to control grasses and broadleaf weeds in wheat,
barley, sunflowers, alfalfa, edible legumes (e.g., dry beans), corn, soybean, and
peanuts crops. Some being more selective (as imazamethabenz-methyl) and per-
sistent than others (as imazethapyr). The persistence shown by some imidazolines
applied repeatedly in the same site can cause weed resistance [8].

Imidazolinones act by inhibiting acetohydroxyacid synthase (AHAS), the first
enzyme in the biosynthesis of valine, leucine and isoleucine, the branched-chain
amino acid. These chemicals bind to the enzyme outside of the active site of the
enzyme making these extraneous target site inhibitors [31].

Following application, the imidazolinone travels through the foliage and/or roots
of the susceptible weed, becoming translocated throughout the plant. The target
weed stop growing and competing with the specific crop soon after translocation
and within several weeks after application, the weed dies [30].

3.2.6.3 Toxicity on Humans

Imidazolinones are considered relatively non-toxic and not represent a threat to
human chronic exposure. After ingestion, these herbicides are quickly absorbed and
excreted unchanged and in metabolite form, showing small bioaccumulation
potential in mammals. So far, no case of either accidental or deliberate poisoning in
humans by imidazolines was reported [9, 30]. Furthermore, imidazolines do not
have reproductive and developmental toxicity [10].

Fig. 3.6 Structure of
imidazolinones herbicides
[31]
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3.2.7 Methyl Uracil

These group of herbicides include compounds such as bromacil (5-Bromo-3-
sec-butyl-6-methyluracil) and terbacil (3-Cyclohexyl-5,6-trimethyleneuracil) [10].

3.2.7.1 Chemical Aspects

The elementary structure of uracil is identical to the core structure of the building
blocks of nucleic acids (uracil, thymidine, cytosine and guanine). Bromacil and
terbacil are composed by the basic uracil structure, an asymmetrical ring with two
nitrogens, with the presence of a methyl group located at the sixth position on the
ring as shown in Fig. 3.7. Bromacil is not a volatile herbicidal, although is mod-
erately leachable [8, 32].

3.2.7.2 Uses and Environmental Persistence

The uses for these herbicides include pre-emergence control of perennial weeds.
Bromacil and terbacil have their primarily absorption point in roots; they have both
been extensively and repeatedly used for several years [8, 34]. The primary uses of
bromacil are in citrus, pineapple, brush on non-cropland alfalfa, mint, pecan, and
sugarcane. In the case of terbacil, the primary uses are in alfalfa, cotton, sugarcane,
pineapple, grapes, tree fruits, peppermint, spearmint, sugarcane, small fruits, and
deciduous tree fruits [8].

The herbicides from the uracil group are known to be strong inhibitors of
photosynthesis; they inhibit photosystem II (PSII)5 activity. The phytotoxic resi-
dues are capable to persist in the soil for one year, so they can be used as soil
sterilant [8, 34].

Fig. 3.7 Structure of
bromacil (a) and terbacil
(b) [33]
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3.2.7.3 Toxicity on Human

Bromacil can be a cause of concern due to its broad use, low degradation rate, and
persistence in the environment. Although, the studies reported that bromacil has
very low toxicity in mammalian species [32].

3.2.8 Nitriles

The group of nitrile herbicides is composed of: hydroxybenzonitriles, such as
ioxynil (3,5-Diiodo-4-hydroxybenzonitrile) and Bromoxynil (3,5-Dibromo-
4-hydroxybenzonitrile); and benzonitriles such as dichlobenil (2,6-
Dichlorobenzonitrile) [8, 10]. The hydroxybenzonitriles group were first used in
the 1960s in the UK and the USA [8].

3.2.8.1 Chemical Aspects

Ioxynil and bromoxynil are structurally similar to dichlobenil. Figure 3.8 is pre-
sented the chemical structure of bromoxynil. Dichlobenil is volatile, highly
absorbed, little leaching, and primarily soil active [8].

3.2.8.2 Uses and Environmental Persistence

Ioxynil and bromoxynil are inhibitors of photosynthesis contrarily to dichlobenil.
The first two act in the photosynthetic electron transport system, specifically in D-1
quinone protein. On the other hand, dichlobenil act inhibiting the cellulose syn-
thesis, seed germination, and the actively dividing meristems in roots and shoots.

As primary use, ioxynil is effective in sugarcane, rice, flax, and in pastures.
Bromoxynil primary use is weed control in field and sorghum, popcorn, pepper-
mint, and spearmint. These two hydroxybenzonitriles are contact herbicides, so they
do not have soil activity. In order to extend the weed-management spectrum and

Fig. 3.8 Structure of
bromoxynil [35]
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reduce the costs, both herbicides are frequently sold in combination with a phe-
noxyacid herbicide. In the case of dichlobenil herbicide, the primary uses are in
ornamentals, turf, cranberries, and in aquatic environment [8].

3.2.8.3 Toxicity on Human

Studies have shown that bromoxynil and the product buctril fed to rats or applied to
their skin during pregnancy can lead to developmental effects in offspring at the
higher doses tested. According to studies EPA considered that both ioxynil and
bromoxynil are moderately toxic to mammals [8].

3.2.9 Phenoxy Acid Derivatives

Phenoxy herbicides have been commercially available for over 60 years and are the
most widely used family of herbicides worldwide. Phenoxy herbicides are a family of
chemicals related to the growth hormone indoleacetic acid. When sprayed on
broad-leaf plants, they induce rapid, uncontrolled growth. 2,4-dichlorophenoxyacetic
acid (2,4-D), the most common of the phenoxy herbicides, is one of the best-studied
agricultural chemicals [36].

3.2.9.1 Chemical Aspects

The wide variety of phenoxies in use today can be grouped into the phenoxyacetic,
phenoxybutyric, and phenoxypropionic subtypes, the latter containing the ary-
loxyphenoxypropionic subtype with the greatest number of commercial variants.
Chemically, they are carboxylic acids, typically applied in an ester or salt form. The
commonly used herbicide 2,4-D, for example, is stable to its melting point at
140.5 °C. It is an acid herbicide, characterized by low vapor pressure, moderate
water solubility. Figure 3.9 showed a phenoxy acid example, 2,4-D [37].

Fig. 3.9 Structure of 2,4-D, a
phenoxy herbicide [37]
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3.2.9.2 Uses and Environmental Persistence

Due to their relatively high polarity and stability, phenoxy acid herbicides easily
enter the surface or groundwater through natural drainage or infiltration, leading to
slow accumulation to a toxic level for human health. As a result, the maximum
residue limits for phenoxy acid herbicides in drinking water have been set in
European Union, the USA, Japan, China, and other nations to protect the health of
human beings [37]. The fate of 2,4-D may be affected by several processes
including runoff, adsorption, chemical and microbial degradation, photodecompo-
sition, and leaching. The potential mobility of 2,4-D in soil is indicated by the water
solubility and the soil adsorption coefficient; while the persistence in soil is indi-
cated by the aerobic and anaerobic soil metabolism, hydrolysis half-lives, and field
dissipation rate [38].

3.2.9.3 Toxicity on Humans

Exposure to phenoxy herbicides can occur via inhalation, ingestion, and dermal
contact. The humans can ingest phenoxy acid herbicide residues residing on food.
The widespread long-term use of phenoxy acid herbicides and the high potential for
contamination have highlighted concerns about the long-term adverse effects on
human health [39]. Based on epidemiological studies, the highest exposures were
obtained in occupational settings for forestry workers, commercial applicators, and
farmers [40].

A study showed that the phenoxy acid herbicides are well absorbed from the
gastrointestinal tract [41]. Phenoxy acid herbicides have been shown to act as
potent peroxisome prolifereators and peroxisome prolifereator activated receptor
(PPAR) gene activators, which may have important implications for their devel-
opmental and metabolic toxicity [42]. It has been reported that this kind of herbicide
(2,4-D) may be potentially teratogenic and carcinogenic, and some of them are
endocrine disruptors [43].

3.2.10 Polycyclic Alkanoic

Polycyclic alkanoic acids (PCAs) herbicides can be separated in two groups:
oxyphenoxy alkanoic acids, usually called fops (e.g., diclofop); and
benzoyl-N-phenyl phenoxy propanoic acids, usually called props (e.g., flamprop).
Some examples of compounds comprised in this group are diclofop, fenoxaprop
ethyl, fenthiaprop, fuazifop, and haloxyfop [10]. The first of these group developed
for the use as herbicides were props, and they were created due to a particular weed
problem with wild oats [44].

3 Chemistry and Toxicology Behind Insecticides and Herbicides 73



3.2.10.1 Chemical Aspects

The structure of PCAs is diverse that their physical and chemical properties are
difficult to generalize. This group is constituted usually for an alkanoic acid with
more than one ring structure, which one is generally a phenyl ring, adjacent to
asymmetric noncarbonyl carbon, as demonstrated in Fig. 3.10. However, PCAs
with grass-killing activity have an asymmetric carbon attached to the carboxyl
groups of the alkanoic acid [44].

3.2.10.2 Uses and Environmental Persistence

The fops group are generally used as foliar graminicides that selectively remove
annual grasses from broadleaved crops and grass crops (such as wheat and barley).
For example, fluazifop-P is a post-emergence herbicide selective in broadleaved
crops [8].

3.2.10.3 Toxicity on Human

In general, PCAs have moderately low toxicity. An exception is haloxyfop-methyl
that has high toxicity. They tend to be more toxic if exposure is dermal [12].

3.2.11 Protoporphyrinogen Oxidase Inhibitors (PROTOX)
DPE or Non-DPE

The protoporphyrinogen oxidase inhibitors or PROTOX could be either diphenyl
ether (DPE) or non-diphenyl ether (non-DPE) herbicides. Diphenylethers,
phenylpyrazoles, oxadiazoles, triazolinones, thiadiazoles, pyrimidindiones, oxazo-
lidinedione, and N-phenylphthalimides are included in this group [10, 45]. Nitrofen

Fig. 3.10 Structure of diclofop (a) and flamprop (b) [44]
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was the first PROTOX commercialized in the 1960s, and these herbicides are now a
great and increasing part of the herbicide market [9, 10, 46].

3.2.11.1 Chemical Aspects

The majority of the PROTOX, with the exception of DPE, consists of heterobi-
cyclic structures with one phenyl ring linked to a heterocyclic ring (Fig. 3.11) [31].
The attachment can be a carbon–carbon bridge or a carbon–nitrogen bridge.
Whereas DPE herbicides have a p-nitrophenyl substitution or p-trifluoromethyl
phenyl substitution, these last are heterocyclic phenyl ethers, with one of the phenyl
rings of ether replaced by an aromatic heterocycle [46].

3.2.11.2 Uses and Environmental Persistence

PROTOX are applied on corn, soybean, rice, and sunflower crops as pre-emergent
or post-emergent. PROTOX inhibit the enzyme protoporphyrinogen oxidase, a step
in the porphyrin pathway that produces half of the chlorophyll molecule. This
metabolic process works independently of photosynthesis but needs light. The
inhibition of protoporphyrinogen oxidase causes accumulation of the phytotoxic
molecule protoporphyrin, causing peroxidation of the unsaturated bonds of fatty
acids found in cell membranes. Subsequently, loss of membrane integrity and
leakage, pigment breakdown and necrosis of the leaf occurs, resulting in the plant
death [8, 31].

These herbicides are degradable by microbial activity and DPE are also pho-
todegradable. Additionally, PROTOX are either low soluble in water or dissipate
quickly, being of low risk to groundwater or surface water runoff. Hence, these
demonstrated little threat to the environment [46].

3.2.11.3 Toxicity on Humans

PROTOX have low acute toxicity and when used properly are doubtful to pose an
acute hazard. So far, no health problems were associated with human consumption
of crops treated with these chemicals [10, 46]. Furthermore, this class of herbicides
does not bioaccumulate, if due to poor absorption or fast degradation by

Fig. 3.11 Structure of
PROTOX non-DPE (a) and
DPE (b) herbicides [31, 46]

3 Chemistry and Toxicology Behind Insecticides and Herbicides 75



metabolism or excretion. Hence, when used appropriately these are not a threat.
Furthermore, most of the PROTOX are not mutagenic nor carcinogenic in nature
and have low acute toxicity [9, 12].

3.2.12 Substituted Anilines: Anilides

Anilides are a class of amides that have been extensively studied because of their
various biological activities, such as antimycobacterial, antifungal, larvicidal,
turbeculostatic, insecticidal and mainly in herbicidal activities. Anilide herbicides
are used to control weeds on hard surfaces, such as roads, railway tracks, paths,
forestry, and in crops [47].

3.2.12.1 Chemical Aspects

Currently, many anilides are used as herbicides in agriculture, as they are easily
obtained by reactions of aromatic amines with acyl chlorides or with carboxylic
acid anhydrides, known as “one-pot” reactions [48]. Figure 3.12 showed a general
chemical structure of an anilide.

3.2.12.2 Uses and Environmental Persistence

A subgroup of anilide herbicides, the chloroacetanilide, has been extensively
reported in the literature. The chloroacetanilides inhibit long-chain fatty acid
biosynthesis, i.e., cell division and protein synthesis. Chloroacetanilides cause the
death of plants that are susceptible to this mechanism of action [49].

The repeated and indiscriminate use of this herbicides, careless handling, acci-
dental spillage, or discharge of untreated effluents into natural waterways has
harmful effects on the fish and other aquatic organisms [50]. The toxicity of these
herbicides to fish and other aquatic organisms have been reported by several authors
[51, 52].

Fig. 3.12 Structure of an
anilide [48]
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3.2.12.3 Toxicity on Humans

The toxicological potential and mechanisms of the anilide herbicides remain poorly
understood. Acetanilide herbicides including metolachlor, alachlor, and acetochlor
are among the most widely used pesticides in the USA, with collective usage of >60
million pounds per year, and are primarily used for agricultural weed control [53].
Exposure to these agents has been associated with various adverse health effects in
rodent models including cancer, developmental and reproductive abnormalities, and
dysregulation of thyroid and liver function, but the mechanisms underlying these or
other toxicological effects are poorly understood [54].

3.2.13 Symmetrical and Asymmetrical Triazines

Triazines can be asymmetrical or symmetrical: asymmetrical triazines include
thiomethyl-s-triazines (e.g., ametryn, prometryn, metribuzin, and terbutryn) and the
methoxy-s-triazines (e.g., prometon); symmetrical triazines are chloro-s-triazines
(e.g., simazine, atrazine, propazine, and cyanazine). Atrazine and metribuzin are the
most studied and more applied triazine herbicides [10, 55]. Regardless being used
since the 1970s, some triazine herbicides continue to be agronomical and com-
mercially important, essentially as a pre-emergent control of broadleaf weeds [56].

3.2.13.1 Chemical Aspects

Triazines have a three-nitrogen aromatic ring (Fig. 3.13). For symmetrical triazines
could be chlorine, thiomethyl or methoxy group at the 2-position of the ring and
frequently the 4- and 6-positions have an alkylamino group. The known symmetrical
triazines include atrazine (6-Chloro-N-ethyl-N0-isopropyl-1,3,5-triazine-2,4-
diamine), simazine (2-Chloro-4,6-bis (ethylamino)-s-triazine), propazine (2-Chloro-
4,6-bis (isopropylamino)-s-triazine) and terbuthylazine (2-(Tertbutylamino)-4-
chloro-6-(ethylamino)-s-triazine). Whereas, for asymmetrical triazines once the
nitrogen atoms are unequally spaced, aromaticity is maintained by the presence of the

Fig. 3.13 Structure of
triazine herbicides [58]
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carbonyl group, in metribuzin (4-Amino-6-(1,1-dimethylethyl)-3-(methylthio)-
1,2,4-triazin-5(4H)-one) case.Metribuzin also has a thiomethyl-substituent on the ring
[57–59].

3.2.13.2 Uses and Environmental Persistence

Used on broad-leafed weeds and grasses control as pre- and post-emergent herbi-
cide, triazines act by inhibiting the photosynthetic electron transport in certain
plants [55]. Triazines and its metabolites have high contamination potential for
groundwater since their water solubility, soil adsorption coefficient, vapor pressure,
field half-life, and the amount of use [58].

The broadly worldwide used in agriculture for more than 50 years, specifically
for atrazine lead to surface, ground, and drinking water contamination hencefor-
ward this herbicide was restricted or banned in Europe 20 years ago [9]. Resistance
to abiotic hydrolysis and to direct aqueous photolysis, couple with limited
volatilization potential and moderately susceptible to aerobic biodegradation are the
factors that grant atrazine a high contamination potential [60]. Metribuzin is used
since 1973 on several crops, turf grasses and as selective control of broadleaf weeds
and grassy weed species. The triazine is photodegradable in soil and water, how-
ever, is poorly sorbed by soil hence susceptible to leaches [59].

3.2.13.3 Toxicity on Humans

Excepting for metribuzin, atrazine, ametryn and cyanazine, triazines herbicides
are considered low toxic, without acute hazard in normal use nor development
toxicity [61].

Atrazine appear to be well absorbed through gastrointestinal tract, skin or by
inhalation and rapidly excreted from the body [58, 60]. This is metabolized pri-
marily by dealkylation, followed by glutathione conjugation and conversion to
mercapturic acids. Available data on the effects of atrazine in humans is limited.
Nonetheless, increased cases of small-for-gestational-age were associated with the
consumption of water contaminated with atrazine during pregnancy and alteration
to semen qualities of adult males after atrazine exposure [58]. There is a record of
one death after extensive dermal exposure, which causes skin rash, erythema,
blisters, and edema. When ingested, inhaled, or ocular contact may occur different
symptoms such as ocular irritation, chest pains, chest tightness, nausea, and
dizziness. Is not clear if atrazine has carcinogenicity potential, this triazine chronic
impact on humans seems to be stronger on reproduction and development via
effects on endocrine signaling [60]. Regarding metribuzin, no data was found on its
exposure to humans [59].
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3.2.14 Triazolopyrimidines

The triazolopyrimidines are pre-emergent, and post-emergent herbicides used to
control broadleaf weeds in a variety of crops. Discovered in the early 1980s, this
chemical class includes cloransulam-methyl, diclosulam, florasulammethyl,
flumetsulam, metosulam, penoxsulam, and pyroxsulam [31, 62].

3.2.14.1 Chemical Aspects

The generic chemical structure of triazolopyrimidines is a substituted triazolopy-
rimidine connected to a substituted phenyl or pyridine ring through a sulfonamide
bridge (Fig. 3.14) [62].

3.2.14.2 Uses and Environmental Persistence

Triazolopyrimidines are used in several crops as weeds control, these are selective
and have a diversified activity: cloransulam-methyl in soybean, diclosulam in pea-
nuts, florasulam in cereal crops and turf and flumetsulam in corn and soybeans [8].

Triazolopyrimidines act by inhibiting the AHAS, a fundamental enzyme to the
synthesis of branched-chain aliphatic amino acids leucine, isoleucine, and valine in
plants. The inhibition of this enzyme leads to cell growth and division cessation,
and consequently the death of the plant [62].

3.2.14.3 Toxicity on Humans

Once the AHAS is inexistent in humans and other mammals, triazolopyrimidines
are regarded as low toxic to humans. Acute, short-term, long-term (chronic),
genotoxicity, reproduction, developmental, carcinogenicity, and neurotoxicity tests
support this claim. These chemicals are rapid adsorbed and excreted, with no
evidence of accumulation [10, 62]. Liver and kidneys have been identified as target
organs with effects that were often adaptive in nature [9, 12].

Fig. 3.14 Structure of
triazolopyrimidine herbicides
[62]
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3.3 Insecticides

Insecticides are broadly used in agriculture, horticulture, and forestry to control or
kill insects. However, these are not only toxic for insects, but their numerous
mechanisms of action can also affect other organisms and by doing so negatively
affect non-target species (including humans). The main target is the nervous system,
however, other systems and organs can be affected (skeletal muscles, digestive,
cardiovascular, respiratory, ophthalmic, reproductive, endocrine, dermal, immune
systems) [63, 64].

Insecticides can be classified according to their chemical family, namely
organochlorines, organophosphates, carbamates, pyrethroids, formamidines, aver-
mectins, neonicotinoids, spinosyns, and insect growth regulators (IGR) [64].

3.3.1 Avermectins

Avermectins, discovered in 1967, are produced by Streptomyces avermitilis fungus.
Although, neither categorized as antibacterial nor as antifungal, avermectins have
nematocidal, acaricidal, and insecticidal activity [65, 66]. By being antiparasitic
agents and highly effective, these are broadly applied in agriculture and medicine,
particularly in veterinary medicine [66, 67]. This family of insecticides includes
moxidectin, milbemycin oxime, doramectin, selamectin, eprinomectin, abamectin,
and ivermectin, being the last two the more often used [66].

3.3.1.1 Chemical Aspects

Chemically, avermectins are a class of 16-membered macrocyclic lactones pos-
sessing a bisoleandrosyloxy substituent located at the carbon 13 (Fig. 3.15). Eight
structural combinations are possible with A (methoxy group at position 5) and B
(hydroxy group at position 5), then combined with 1 (double bond between the
position 22 and 23); 2 (single bond with a hydroxy group at position 23); a (sec-
ondary butyl side chain at position 25) and b (isopropyl substituent at position 25).
Group a and b components belong to sec-butyl and isopropyl homologs, respec-
tively [66, 68].

Regarding avermectin derivatives, these are often classified as cis or trans iso-
mers that can something be as active as the parental molecule [66].

3.3.1.2 Uses and Environmental Persistence

Avermectins are used as a veterinary drug in livestock, to protect against a broad
variety of parasites [69]. Eprinomectin is used mostly in cattle to collect parasites.
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Moxidectin and ivermectin are antiparasitic drugs that are also used in
chemotherapeutic. Abamectin is very lipophilic and causes paralysis by blocking
the nervous system of the target since it stimulates the release of c-aminobutyric
acid. Ivermectin also affects the nervous system and muscle function [67].
Abamectin is intensively used worldwide in ornamental, horticultural, and agri-
cultural crops [67, 69].

Avermectins can accumulate in the environment even though their short
half-life. Persistence in water, air, sediment, soil, and food products due to spray
drift or field drainage, or even their presence in livestock feces are strong possi-
bilities [66, 69, 70]. For instance, abamectin is reported to persist between 14 and
70 days in the soil at concentrations with toxic effects [69]. Studies show that
abamectin present toxic effects at low concentrations. Runoff of these insecticides
from the application site leads to contamination of non-target organisms [69, 71].
The US Environmental Protection Agency (EPA) reports avermectins to have a
strong toxic effect in fish and bees and to be even more toxic for mammals and
aquatic invertebrates [70, 72]. In addition, with the increase in avermectins resis-
tance, there is an excessive application of these chemicals [72].

Concerning the mode of action, avermectins are considered neurotoxins. Acting
on the glutamate and/or g-amino butyric acid (GABA)-gated chloride channel, a
neurotransmitter that functions between nerve and muscle cells [66]. However, the
action mode of avermectins is not specific to parasitic arthropods and nematodes
and thus could affect other organisms [69].

Fig. 3.15 Structure of avermectin [66]
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Contrary to other insecticides, avermectins are able to degradation, mostly by
photodegradation. This phenomenon takes place at specific wavelengths below the
UV-B range, degradation by reactive oxygen species (ROS) pathways are also
possible. Abamectin and ivermectin degraded rapidly from the soil, water, and
plants in the presence of light, but the degradation products vary according to
environmental conditions [66].

3.3.1.3 Toxicity on Humans

The toxicity of avermectins in humans is thought to be low since the neurons
affected by GABA are kept in the mammalian central nervous system and aver-
mectins do not readily cross the blood-brain barrier (BBB) [72, 73]. In fact, these
are used, in humans, to treat onchocerciasis or river blindness [69]. Although
considered inactive against bacteria, the testing of ivermectin, selamectin, and
moxidectin against several mycobacterium tuberculosis strains showed a powerful
antibacterial activity. These were thereafter approved to treat tuberculosis [70].

Even though avermectins are degradable, nearly no metabolism happens in the
organism of the target and the dose offered to the target is discharged as the parent
compound, posing a serious potential risk to human health [72].

Little is known about the magnitude of their toxicity for humans and further
research are needed. Nevertheless, for instance, abamectin is very toxic if inhaled or
swallowed. Moreover, decrease in sperm quality and motility was reported in
humans follow by abamectin exposure. It was observed a decreased sperm quality
in farmers who applied abamectin, without the personal protective equipment [66].

Additionally, high doses of avermectins can pass through the BBB and have
neurotoxic effects on animals and possibly humans. These effects can manifest as
mydriasis, emesis, diarrhea, drooling, depression, ataxia, stupor, coma, tremors, or
death [73].

3.3.2 Formamidines

Formamidines, discovered in the early 1960s, are a class of insecticides widely used
to treat Lepidoptera, Hemiptera, phytophagous mites, and cattle ticks. Chemicals
such as amitraz, chlordimeform, formetanate, formparanate, medimeform, and
semiamitraz are included in this group [74, 75].

3.3.2.1 Chemical Aspects

Amitraz, chlordimeform, and formetanate are the most commonly known for-
mamidines (Fig. 3.16) [76]. Chlordimeform presents high volatility and low water
solubility [77] and structurally presents a tautomeric form [78].
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3.3.2.2 Uses and Environmental Persistence

The formamidines acaricide characteristics make them be extensively used in
agriculture and livestock production. Amitraz, for instance, is used on fruit trees and
livestock (against scabies, ticks, and lice) due to its efficiency and a wide range of
action. Formetanate is used on fruit crops and uncultivated soils [76, 79].
Chlordimeform, once used against mites, ticks, Lepidoptera insects and on fruits,
rice and cotton crops, was taken out of the US market in 1992 [77]. Formamidines
act by target the adrenergic nervous system, in insects, activating the octopamine
receptors and in mammals the alpha2-adrenergic receptors [77], presenting toxic
effects toward a wide range of plants, animals and bacteria species [78].
Notwithstanding amitraz is use as acaricide in cattle, sheep, goat, and pigs, the use
of this formamidine is inadvisable in horses, cats, and small breed dogs. Low blood
pressure, anorexia, hypothermia, high blood glucose levels, lethargy, vomiting, and
digestive tract disorders may occur in exposed animals [79]. Chlordimeform is
rapidly degraded in plants and soil, and so far no bioaccumulation has been
found [77].

3.3.2.3 Toxicity on Humans

As mentioned before, formamidines can have toxic effects on mammals. Cases of
formamidines poisoning caused either by incidental exposure or suicide attempt
have been reported. Metabolites of amitraz, chlordimeform, and formetanate have
been identified in human being these rapid degraded and metabolized in the human
body. Formetanate inhibits the enzyme acetylcholinesterase which grants it with a
risk for neurotoxicity [76].

Amitraz is reported to cause vomiting, tachypnea/dyspnea, mydriasis, intestinal
distension, lethargy, sedation, ataxia, bradycardia, central nervous system depres-
sion, hypersalivation, dehydration, hypoperfusion, seizures, gastrointestinal stasis,
hypertension, and hypotension in human beings through oral or dermal contact
[76, 79].

Chlordimeform common effects on humans include severe hypotension, cardiac
toxicity, nausea, vomiting, central nervous system depression, and blurred vision.
Impair kidney and liver functions were reported in some cases, and hematuria was
reported in chlordimeform packaging plant workers. Chlordimeform is classified as

Fig. 3.16 Structure of amitraz (a), chlordimeform (b) and formetanate (c) [76]
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a probable human carcinogen by either the International Agency For Research On
Cancer (IARC) and EPA [77], consequently their agricultural used has been limited
in many countries [76]. Studies in individuals exposed to chlordimeform show an
increased risk of bladder cancer, mainly when exposure to 4-Chloro-o-toluidine
(a chlordimeform metabolite), proven to be highly carcinogenic [76, 77].

3.3.3 Insect Growth Regulators (IGR)

IGR was first used by Schneiderman in 1972 to refer hormones that control insect
growth and development “such as juvenile hormones and ecdysones”. From these
became the third generation of insecticides, synthetic or natural chemicals that
affect specific insects’ growth, development, or reproductivity [80, 81]. More
specific, these chemicals can inhibit or accelerate the regulatory process funda-
mental to the normal development or reproductivity of the target [82]. IGR include
chitin synthesis inhibitors (buprofezine), juvenile hormone analogs/agonists,
ecdysone agonists (tebufenozide, methoxyfenozide, halofenozide), and anti-
juvenile hormone analogs [81, 83, 84].

3.3.3.1 Chemical Aspects

Mostly synthetic versions of natural hormones, IGR can include different chemical
classes [81, 85] and hence these do not have a generic chemical structure
(Fig. 3.17). Chitin synthesis inhibitors include pyrimidinenucleoside peptides,
benzoylurea, oxazolines, thiazolidines, tetrazines, thiadiazines, thiophthalimides,
certain chromo- and fluorophores [86]; and juvenile hormone agonists include
methoprene, hydroprene, pyriproxyfen and fenoxycarb [80].

Fig. 3.17 Structure of some IGR: halofenozide ecdysone agonists (a), methoprene juvenile
hormone agonists (b) and buprofezin chitin synthesis inhibitors (c) [84]
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3.3.3.2 Uses and Environmental Persistence

IGR are used as insect control and act by disrupting key regulatory process as
metamorphosis regulation or reproduction impairing the insect survival without
necessarily having a toxic effect on the target [81, 82]. Moreover, metamorphosis
disruptors stop the formation of reproductive adults and reproduction disruptors can
lessen the reproductive potential by promoting morphogenetic abnormalities in
developing adults. IGR are highly selective and effective [81].

Juvenile hormone agonists disrupt insect development and increase larval
mortality by mimicking and boost the juvenile hormone mode of action. Although
juvenile hormone agonists show advantages as low toxicity to non-targets and to
the environment, they have a low range of application [83].

Chitin synthesis inhibitors affect chitin synthesis frequently inducing malfor-
mations of the cuticle and decreasing chitin amounts. Impair septum and cell wall
formation or abortive molting and defects in egg hatching are some consequences
of the use of these chemicals [86]. Chitin synthesis inhibitors are used as green
insecticides in agricultural crop protection and sanitary insect pest control [87].

The mode of action of these chemicals is not the same, some chitin synthesis
inhibitors affect the catalytic site by interfering with the enzyme’s nucleotide binding
sites, others block a post-catalytic step of chitin synthesis and some may react with
sulfhydryl groups of cysteines close to the catalytic site [86]. Regardless of the action
mode, these insecticides are considered unharmful to other organisms [87].

3.3.3.3 Toxicity on Humans

IGR present very low toxicity to humans [81], their very specific mode of action
makes them low and even non-toxic to off-target organisms [83, 87].

No clinical effects or overt signs of toxicity are known to have occurred in
humans due to methoprene exposure. Some commercial formulations of metho-
prene can, however, contain additional ingredients that cause skin and eye irritation
or allergic reactions after repeated exposures [88].

3.3.4 Neonicotinoids

Neonicotinoids are a new class of synthetic insecticides, chemically associated with
nicotine, with extensive use both in veterinary medicine and crop production [89].
The first neonicotinoid (imidacloprid—Fig. 3.18) was introduced in 1991 [90].
These family of insecticides, namely imidacloprid, acetamiprid, dinotefuran,
thiamethoxam, and clothianidin [89].
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3.3.4.1 Chemical Aspects

Nowadays, seven commercial compounds are available and are chemically classi-
fied as N-nitroguanidines (imidacloprid, thiamethoxam, clothianidin, and dinote-
furan), nitromethylenes (nitenpyram), and N-cyanoamidines (acetamiprid and
thiacloprid) [90].

3.3.4.2 Uses and Environmental Persistence

Neonicotinoids besides extensively used in agriculture are also applied to control
human and animal parasites such as bed bugs and fleas [90].

Being nowadays one of the most frequently used insecticides, neonicotinoids
(and their metabolites), are increasingly detected in several environmental media,
namely watercourses nearby agricultural and urban areas [91], soils, drinking water,
vegetables and fruits, and even bovine milk [92]. Thus, these insecticides are
diffusely in the environment and can accumulate there [92, 93].

One of the main worries since its introduction in 1991 in Europe has been the
possible harmful effects on bees. Therefore, in 2013, the Commission severely
restricted the use of clothianidin, imidacloprid, and thiamethoxam in plant pro-
tection products and treated seeds containing these neonicotinoids to protect
honeybees (see Regulation (EU) No 485/2013) [94].

Nicotinic acetylcholine receptors are involved in rapid neurotransmission in both
insect and mammalian nervous systems. In Mammalian tissue, several subtypes of
receptors can be present that are formed from different combinations of nine a, four
b, c, d, and e subunits. However, the neonicotinoids insecticides have much lower
activity in vertebrates [89].

3.3.4.3 Toxicity on Human

Neonicotinoids insecticides seem to pose a relatively low risk for the environment
and mammals as generally, they are highly specific for the subtypes of nicotinic
receptors present in insects [89].

Fig. 3.18 Structure of
imidacloprid [89]
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Due to the widespread use of these insecticides, human are generally exposed
through dietary sources [92].

In recent reviews concerning the impact of neonicotinoids in human health,
authors concluded that the currently available epidemiological, in vivo, and in vitro
studies suggest possible detrimental effects to humans and mammals. However,
more research is needed to fully understand the impact of these compounds for
humans and in particular for vulnerable groups such as children and pregnant
women [92, 95].

3.3.5 Organochlorines

Organochlorine pesticides (OCPs) are synthetic pesticides extensively used from
the 1940s to 1970s as pests in agriculture and in insect control worldwide [96, 97].
OCPs are highly persistent in the environment compared with other synthetic
organic pesticides, being this group classified as persistent organic pollutants [97].
Some examples of compounds included in this group are hexachlorobenzene,
hexachlorocyclohexanes, 1,1,1-trichloro-2,2-bis-4-chlorophenyl-ethane (p,p-DDT)
and its metabolites 1,1-dichloro-2,2-bis-4-chlorophenyl-ethene (p,p-DDE) and
1,1-dichloro-2,2-bis-4-chlorophenyl-ethylene (p,p-DDD), aldrin, dieldrin, endrin,
a-endosulfan, b-endosulfan, and methoxychlor [98, 99].

Stockholm convention banishes the use of OCPs in most countries. However,
the World Health Organization permitted the reintroduction of DDT (Fig. 3.19) for
control of vector-borne diseases, such as malaria in some tropical countries in 2006
[96].

3.3.5.1 Chemical Aspects

OCPs are a diverse group of chemicals that classically have an aliphatic or aromatic
cyclical structure and multiple chlorines. Consequently, OCPs are nonpolar, lipo-
philic, semi-volatile organic compounds and hydrophobic therefore they tend to
adsorb on to particles [98]. The use of most OCPs are now banned around the
world, however, due to their chemical properties, OCPs are not easily degraded
being persistent in the environment [100].

Fig. 3.19 Structure of p,p-
DDT [98]
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3.3.5.2 Uses and Environmental Persistence

OCPs have long-range atmospheric transport, so they can be detected in remote
regions far away from the primary site of application [98, 101]. They are used in
terrestrial ecosystems for agriculture purposes, however, they can be flushed away
to rivers and end up in marine ecosystems [97]. These compounds due to their
chemical properties tend to accumulate in the adipose tissues of biota; this char-
acteristic makes these compounds difficult to excrete. They bioaccumulate and are
biomagnified through the food chain, as the trophic level increases, the concen-
trations in living organisms will increase too [102, 103].

OCPs have been found in several different environmental samples [104]. Some
of the examples are strawberries [105], carrots [106], rocket salad [107], and sea-
food such as clams, shrimps, and fish around the world [108].

DDT is one of the most used OCPs since 1945 in agriculture and since 1955 for
vector-borne disease control. Humans are still exposed to OCPs, such as DDT,
mainly through the consumption of contaminated foods [96] and other routes
because they are ubiquity in the environment.

3.3.5.3 Toxicity on Human

The main route of human exposure to OCPs is through diet (more than 90%),
mainly attributed to the food of animal origin, particularly seafood [109].

OCPs have been described to accumulate in different biological tissues and
fluids, such as adipose tissue, hair, blood, and breast milk [110, 111] These com-
pounds have been reported to be harmful to humans. They are endocrine disrupting
chemicals, so they can interfere with several aspects of hormone action. Exposure
to this group of insecticides is reported to be associated with numerous adverse
health effects. Namely, cancers, neurodegenerative disorders, respiratory disorders,
reproductive disorders [112], thyroid dysfunction, and immunological disorders
[113], increase the risk for obesity and type 2 diabetes [114].

3.3.6 Pyrethroids

Pyrethroids, the synthetic organic insecticides derived from the natural pyrethrins,
have been extensively applied globally since the 1980s [115–118]. These insecti-
cides are considered to have great efficiency, with strong selectivity and consid-
erably low toxicity when compared to other insecticides [117–119].

Nowadays, pyrethroids have diverse applications in agricultural activities but
also as active ingredients of many insect-control products such as pet shampoos and
lice treatment products [120]. Cypermethrin, deltamethrin, fenpropathrin, fen-
valerate, bifenthrin, permethrin, lambda-cyhalothrin, and cyfluthrin are some of the
insecticides belonging to this group [117, 118].
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3.3.6.1 Chemical Aspects

Pyrethroids are among the insecticides families that possess a higher number of
chiral centers. These insecticides usually contain 2–3 chiral centers and each pyr-
ethroid has 2 or 4 enantiomer pairs, or 2 or 4 diastereoisomers [118, 120].

Besides their rich stereochemistry, they also present low water solubility and
strong sorptive properties and are fairly photolabile [121]. The presence or absence
of the cyanogroup [115] (Fig. 3.20) leads to classification in pyrethroids type I
(non-cyano pyrethroids) and type II (with a cyanogroup).

3.3.6.2 Uses and Environmental Persistence

As these insecticides are extremely effective and generally regarded as safer, they
are widely used in agriculture, in domestics applications, in veterinary and even in
the public health domain [123].

The increased applications of pyrethroids in the last decades make these
insecticides detectable in several environmental samples across the globe. In a
recent review, comprising data from all continents, it was compiled the determined
levels of several pyrethroids and their metabolites in environmental samples and in
live organisms. With 31 pyrethroids and 8 metabolites being identified in these
media, and cypermethrin being the most frequently detected. Thus as confirmed by
this review pyrethroids can reach several environmental compartments including
water samples [117].

Therefore, concern over their possible environmental non-target effects has
increased [121] particularly for the aquatic organisms as they are highly sensitive
even to extremely low concentrations.

Pyrethroids act on the nervous system through several mechanisms which are
analogous in insects and mammals and comprise action on the voltage-gated
sodium, calcium and chloride channels, GABA-gated chloride channels, nicotinic
receptors, membrane depolarization, and intercellular gap junctions [115, 124, 125].

Fig. 3.20 Structure of
deltamethrin [122]
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3.3.6.3 Toxicity on Human

Human exposure to pyrethroids is generally linked with dietary intake but also with
the application of these insecticides in gardens and homes for pest-control purposes
[117, 126].

After uptake in the human body, pyrethroids are rapidly metabolized, with the
3-phenoxybenzoic acid (3-PBA) being the metabolite common to several pyre-
throids. In a recent review concerning biomonitoring studies and health effects,
from pyrethroids human exposure, the authors concluded that the information
regarding the chronic effects from low concentrations is still scarce and contro-
versial. However, authors found the strongest links for several recent epidemio-
logical studies linking adverse effects on the reproductive system and pregnancy
outcomes with pyrethroids exposure. Furthermore, other studies addressed and
showed a linked between the post-natal neurobehavioral development and in utero
exposure [126].

Some pyrethroids are also considered endocrine disruptors [127], and particu-
larly 3-PBA was associated with an increased body mass index [128]. Other studies
have linked the exposure to some pyrethroids and cancer, reviewed in Burns et al.
[129].

3.3.7 Spinosyns

Spinosyns are a family of insecticides manufactured by Saccharopolyspora spinosa
and Saccharopolyspora pogona. Spinosyns present strong insecticide capacity and
wide range of action, have been commercialized and used since 1997 [130]. Due to
their biological origin, spinosyns are thought not to be very toxic to non-targets and
with low impact on the environment [131].

3.3.7.1 Chemical Aspects

Spinosyns are macrocyclic lactones with a unique characteristic of having a tetra-
cyclic core of a 12-membered macrocyclic lactone fused to 5,6,5-cis-anti-trans
tricyclic ring and two sugar moieties, the amino sugar forosamine, and a neutral
sugar, 2,3,4-tri-O-methylated rhamnose (Fig. 3.21) [130, 132].

The major spinosyns obtained from the fermentation of Saccharopolyspora
spinosa are spinosyn A and spinosyn D. This last has an additional methyl group on
B-ring [130]. Over 25 different spinosyns can be obtained from Saccharopolyspora
spinosa differing or in the 2′-, 3′-, 4′-methyl positions of the rhamnose, or in methyl
substitution patterns on the forosamine nitrogen and or in the C6, C16 and C21
positions of the tetracycle [132].
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Spinosad, the first spinosyn-based biopesticide in the market, is a combination of
two spinosyns: A and D. Spinetoram is obtained by mixing two synthetically
modified spinosyns (spinosyn J and spinosyn L) and was the first semi-synthetic
spinosyn known [131, 133].

3.3.7.2 Uses and Environmental Persistence

Spinosyns are neurotoxic when ingested or through contact are able to cause
hyper-excitation and rapidly death in numerous insect targets [131, 133, 135]. For
this reason, these are used in agriculture and to control sanitary interest insects
[131].

Regarded as a biopesticide, spinosad is widely used in agriculture to control
several types of pests: caterpillars, leaf miners, horn flies, blowfly strike, lice,
maggots thrips, flies, drywood termites, and some beetles [131, 134]. In 2007, the
USA authorized the utilization of spinosad in organic farming. Europe follows the
same course and in 2008 included spinosad in Annex II of the EU Council
Regulation 2092/91, allowing its use in organic farming. Presently, more than 80
counties around the world use this insecticide in agriculture and livestock against
numerous target pests, e.g., Lepidoptera, Diptera, Thysanoptera, and Coleoptera
[131, 133].

Spinetoram presents higher efficiency than other spinosad descendants. Owing to
similar toxicological properties to spinosad but acting faster and more potently
[131, 133].

Spinosyns affect the nervous system of the target pest by passing as allosteric
modulators of nicotinic acetylcholine receptors [131, 133], essentially the target
insect is killed by the collapse of the firing ability of the neurons [130]. Interestedly,
in addition to work as an agonist in nicotinic acetylcholine receptors, spinosad can
also interfere with GABA as an antagonistic. The unique mode of action of this
class makes resistance very unusually, only a few cases were reported [131].

Fig. 3.21 Structure of spinosyns [134]
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The high selectivity of spinosyns, specifically spinosad, makes them nearly
non-toxic to non-target insects and fish and non-toxic toward mammals [130, 131].
Furthermore, none case of phytotoxicity was reported [131].

Spinosyns are rapid degradable either from the soil, sediments, and water [131]
by photolytic processes sunlight-based and biotic degradation and easily metabo-
lized by mammals [134]. All put together makes spinosyns a very low or
non-persistence insecticide [130, 134].

3.3.7.3 Toxicity on Humans

Spinosyns are not considered harmful to humans; in chronic toxicity test in
mammals, no carcinogenic, teratogenic, mutagenic or neurotoxic effects were
found [131, 134]. For that reason, spinosad is used to treat parasitic problems in
humans as head lice [134].

However, a case was reported of acute exposure to a mixture of spinosad and
flonicamid [136]. The patient underwent neurological manifestation, as con-
sciousness disturbance, shock, respiratory failure, pneumonitis, and urinary reten-
tion. Additionally, second-grade corrosive esophageal injury was found in
endoscopic examination. Followed resuscitation, detoxification measures, and
intensive care, the patient recovered fully without any chronic sequels. It was
speculated that the high ingestion of spinosad overpassed the physiological safety
does that can be handled by the human body or the clinical toxicities observed were
due to the solvent contributions of the conserve insecticide formulation [136].

3.4 Compounds with Herbicide and Insecticide Activity

3.4.1 Carbamates, Thiocarbamates, and Dithiocarbamates

3.4.1.1 Carbamates Herbicides, Thiocarbamate, and Dithiocarbamate

Pesticides that belong to the carbamate class have become progressively important
over the years due to their extensive spectrum of activity. They can be employed as
insecticides, herbicides, fungicides, nemotocides, miticides, and molluscicides
[137]. The compounds in the herbicidal category include derivatives of carbamic
acid (e.g., propham, asulam, barban, chlorpropham, chlorbufam, karbutilate, and
phenmedipham), derivatives of thiocarbarnic acid (e.g., butylate, cycloate, diallate,
EPTC, molinate, and triallate) and derivatives of dithiocarbamic acid (such
methamsodium) [10]. Dithiocarbamates can also be used as fungicides [138].
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Chemical Aspects

The group of carbamate herbicides is in terms of chemistry esters of carbamic acid.
They diverge from carbamate fungicides depending on the N-substituted side chain,
carbamate herbicides (aromatic moiety), and fungicides (benzimidazole moiety)
[139]. They are thermolabile and polar [137]. Herbicidal carbamates structure is
constituted usually for an aryl or aromatic group in R and a short-chain alkyl group
in R′, as represented in Fig. 3.22 [140].

The toxicity of carbamates can be different between the diverse classes, in the
case of carbamate herbicides can be related to the aromatic moiety, the aromatic or
aniline-derived structure can be related to a toxic effect in laboratory animals.
Carbamate herbicides do not influence the cholinesterase activity as a contrast to the
insecticidal carbamates, although they can inhibit cell division [139, 141].

Uses and Environmental Persistence

This group of herbicides is generally pre-emergence, however, some have also used
as post-emergence. The first herbicidal carbamate known was propham. Previous
data suggest that these herbicides are exclusively distributed via the apoplastic
system in plants, they act stopping cell division and plant tissue growth. The main
routes of metabolization of herbicidal carbamates by the plants are arylhydroxy-
lation, conjugation, or hydrolytic breakdown [141]. In general, the concentrations
used of these herbicides are low and no poisoning problems have been reported.
Also relatively to the acute toxicity, that is usually lower when compared to the
carbamate insecticides [12, 139].

Toxicity on Human

Carbamate herbicides usually display rapid biotransformation by hydrolysis, oxi-
dation, and conjugation, and the main route of excretion is via urine [139].

For mammals such as rats, these herbicides demonstrated to have
low-to-moderate toxicity, not a poising acute danger. For example, chlorpropham
giving at high oral doses during organogenesis has shown to cause malformations
and various types of developmental toxicity. Studies reported that at high doses by

Fig. 3.22 Structure of propham (a) and chlorpropham (b) [140]
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gavage cause testicular effects, such as decreased sperm count, decreased testicular
weights, and histopathological changes [10].

Since the acute toxicity of carbamate herbicides are known to be low, acute signs
of intoxication in human are improbable to occur under occupational conditions.
Studies reported that they do not cause skin or eye irritation, although repeated
exposure may cause alopecia for some time after ingestion [12, 139].

3.4.1.2 Carbamate Insecticides

Carbamate insecticides are commonly synthetic derivatives of physostigmine,
alkaloid of the Physostigma venenosum plant [142]. The main carbamate insecti-
cides include bendiocarb, carbaryl, carbofuran, methomyl, oxamyl, and propoxur
[63, 138].

Chemical Aspects

Carbamates are carbamic acid esters (Fig. 3.23) which two R groups could be
hydrogen, methyl, ethyl, propyl, or other short-chain alkyls and the other R a
phenol, naphthalene, or other cyclic hydrocarbon rings [142, 143].

Uses and Environmental Persistence

Carbamates are a major class of synthetic organic pesticides, introduced in the
1950s, these are used annually on a large scale worldwide [141]. Carbamates act on
a broad spectrum of insects, carbaryl and propoxur are commonly applied for
residential uses, whereas the remaining carbamates are used in agricultural appli-
cations [55, 63].

The action mode of carbamates involves inhibiting the acetylcholinesterase
enzyme within the nervous tissue at the neuromuscular junctions. As acetyl-
cholinesterase is inhibited by carbamylation, acetylcholine accumulates at the nerve
endings of all cholinergic nerves causing overstimulation of electrical activity [138,
141, 143].

Fig. 3.23 Structure of
carbamates insecticides [138]
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In general, carbamates are degraded into metabolites of lesser toxicity and they
have very little impact in terms of environmental persistence. Carbamates can be
degraded by microorganisms, soil, water, light, and animals. These compounds do
not bioaccumulate in the food chain or environment [138].

Toxicity on Humans

Risks to humans are significant from overexposure to carbamates insecticides.
Symptoms of carbamates acute poisoning, depending on the dose, can include
hypersalivation, excessive tracheobronchial secretions, gastrointestinal cramps,
lacrimation, dacryorrhea, nausea, excessive sweating, urinary incontinence, diar-
rhea, miosis, bradycardia, muscle fasciculations, tremors, muscle weakness, flaccid
paralysis, blurred vision, vomiting, respiratory muscles paralysis, coma, and even
death through cardiac and respiratory failure [138, 142].

Chronic exposure to carbamates causes skin and eye irritation, hemopoietic
alterations, degeneration of the liver, kidneys, and testes, functional and
histopathologic changes in the nervous system after long-term or high-dose expo-
sures. Moreover, carbamates are also considered embryotoxic, fetotoxic, terato-
genic, mutagenic, and carcinogenic [138, 142].

3.4.2 Organophosphates

Organophosphorus or organophosphates compounds (OPs) are one of the large
groups of chemicals that used over the past 60 years for protecting crops, livestock,
human health and as warfare agents. OPs are the most widely used insecticides
today. Over 100 OPs representing a variety of chemical, physical, and biological
properties are presently in commercial use.

3.4.2.1 Chemical Aspects

OPs are originally produced by the reaction of alcohols and phosphoric acid.
Organophosphate pesticides are synthetic in origin and are normally esters, amides,
or thiol derivatives of phosphoric, phosphonic, phosphorothioic, or phosphonoth-
ioic acids. Figure 3.24 showed a general chemical structure of the OPs.

Fig. 3.24 Structure for OPs
[144]
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Most of the OPs are slightly soluble in water and have a high oil–water partition
coefficient and a low vapor pressure. Most, except for dichlorvos, are of compar-
atively low volatility and are all degraded by hydrolysis, yielding water-soluble
products. Parathion, for example, is freely soluble in alcohols, esters, ethers,
ketones, and aromatic hydrocarbons but is practically insoluble in water or in
petroleum ether, kerosene, or spray oils [144]. Parathion is stable at a pH below 7.5.

3.4.2.2 Uses and Environmental Persistence

Because OPs are often sprayed on crops and plants, small particles may be carried
away from the field or yard before falling to the ground. After OPs are applied, they
may be present in the soil, surface waters, and on the surface of the plants. They can
move through the soil and contaminate the groundwater. Rain can wash OPs on soil
and plant surfaces into surface water. There is a strong possibility that surface and
groundwater will become contaminated in areas with high levels of agricultural
activity, and this is especially important when the water is intended for use in either
irrigation activities or human consumption [145].

OPs exposure pathways overlap for many wildlife species and humans. For
example, the spraying of crops with OPs can cause pesticide drift to nearby com-
munities. Similarly, pesticide runoff into water bodies can cause harmful effects on
aquatic species, terrestrial species that forage around water bodies, and humans that
reside or recreate in the vicinity [146]. Cholinesterases as the site of action of OPs
have been identified in a vast array of species, including humans, but not in plants
and microorganisms.

3.4.2.3 Toxicity on Humans

OPs can be absorbed by all routes, including inhalation, ingestion, and dermal
absorption [147]. Organophosphate insecticides (such as diazinon) are one type of
pesticide that works by damaging an enzyme in the body called acetyl-
cholinesterase. This enzyme is critical for controlling nerve signals in the body. The
damage to this enzyme kills pests and may cause unwanted side effects in exposed
humans. All organophosphates have a common mechanism of toxicity and can
cause similar symptoms in humans who have too much exposure [148]. Many OPs
are potent nerve agents, functioning by inhibiting the action of acetylcholinesterase
in nerve cells [149]. Their inhibitory effects on the acetylcholinesterase enzyme lead
to a pathological excess of acetylcholine in the body. Their toxicity is not limited to
the acute phase, however, and chronic effects have long been noted.
Neurotransmitters such as acetylcholine (which is affected by organophosphate
pesticides) are profoundly important in the brain’s development, and many
organophosphates have neurotoxic effects on developing organisms, even from low
levels of exposure [150].
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3.4.2.4 OPs Herbicides: Organic Phosphorus and Phosphonomethly

Glyphosate

Glyphosate is a very broad spectrum and the most commonly used herbicide
worldwide, and the only one to target the enzyme 5-enolpyruvyl-3-shikimate
phosphate synthase. Glyphosate is applied to large cultivation areas as well as small
allotments, home, and industrial greeneries, those along with traffic routes and
around public areas. Glyphosate is highly valued for its lack of direct risks to
humans and animals or no tendency to bioaccumulate in trophic networks.
However, controversies over its applications have been growing; therefore, it is
increasingly implied that its effects on the environment, living organisms, and
people residing in it should be verified.

Chemical Aspects

Ghyphosate is a phosphonic acid resulting from the formal oxidative coupling of
the methyl group of methylphosphonic acid with the amino group of glycine.
Ghyphosate has the empirical formula C3H8NO5P (Fig. 3.25) and a molecular
weight of 169.1. The solubility of glyphosate in water is 1.2% at 25 °C. It is not
generally soluble in organic solvents.

The scientific literature reported the movement and residues of glyphosate and
its breakdown product Aminomethyl phosphonic acid (AMPA) in soil and water,
their toxicity to macro- and microorganisms, their effects on microbial compositions
and potential indirect effects on plant, animal, and human health [151].

Glyphosate may contaminate soils in and around treated areas. Glyphosate
adsorbs to clay and organic matter, slowing its degradation by soil microorganisms
and leading to accumulation in soils over time [152]. An example, in US where
genetically modified glyphosate-resistant crops are grown, glyphosate and AMPA
occur widely in soil, surface water, and groundwater [153]. Glyphosate has been
measured in river water and streams water at levels from 2 to 430 lg L−1 [151].

Toxicity on Humans

Toxicologically, effects of glyphosate on humans and animals can be considered
from three ways: (a) direct contact with the preparations sprayed in agrocenoses;

Fig. 3.25 Structure of
ghyphosate [154]
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(b) transfer of individual components of herbicides to surface waters; and (c) pen-
etration of herbicide residues to the food chain [155]. Besides acute toxicity, the
following issues should be considered: various changes occurring at subacute or
chronic exposure, abnormalities in individual metabolic pathways, teratogenicity,
disorders of the cell cycle, genetic dysfunctions, and endocrine pathophysiologies.
As far as endocrine pathophysiologies are concerned, possible inability to repro-
duce due to dysregulation of sexual functions should be considered. The wide-
spread occurrence of endocrine disrupting compounds has been confirmed in
various environmental elements [156].

Glufosinate

One of the most successful natural products used as an herbicide is glufosinate.
Glufosinate is the synthetic version of the natural compound phosphinothricin
produced by Streptomyces spp. It is a potent inhibitor of glutamine synthetase and is
the only commercial herbicide with this molecular site of action, although there are
numerous other natural compounds that inhibit this enzyme. Glufosinate is sold
throughout the world under various trade names.

Chemical Aspects

Glufosinate is soluble in water (>500 g L−1 at pH 5–9, 20 °C) and stable to light
and hydrolysis at pH 5, 7, and 9 [157]. Glufosinate is a racemic mixture of D- and
L-phosphinothricin. L-Phosphinothricin is a naturally-occurring bacterial amino
acid (Fig. 3.26). Phosphinothricin was first synthesized by scientists at Hoechst in
the 1970s as a racemic mixture; this racemic mixture is called glufosinate and is the
commercially relevant version of the chemical [158].

Uses and Environmental Persistence

Glufosinate is a relatively fast acting, broad-spectrum herbicide with reduced
environmental impact, making it ideal for use with transgenic herbicide-resistant
crops (soybean, corn, and cotton). Plants exposed to glufosinate have reduced
glutamine and increased ammonia levels in their tissues, which stops photosyn-
thesis and results in plant death [160]. Glufosinate also has shown to provide some
protection against various plant diseases, as it also acts to kill fungi and bacteria on
contact [161].

Fig. 3.26 Structure of
glufosinate [159]
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Toxicity on Human

The acute oral toxicity of glufosinate is low, and glufosinate is slightly more
hazardous than glyphosate. Common signs of toxicity include CNS excitation and
hypothermia in animals [162, 163]. Glufosinate ammonium formulation has been
involved in a number of poisoning cases (cardiovascular and CNS adverse effects)
possibly due to surfactant-induced penetration into the CNS [164]. The compound
is not considered to be mutagenic, teratogenic, or carcinogenic, except in
whole-embryo culture. Teratogenic effects in mice have been observed, resulting in
apoptosis in the neuroepithelium of the developing embryo [165].

3.4.3 Ureas and Thioureas

Urea-derivates are considered as one of the most important herbicides together with
the triazines and phenoxy derivatives [166]. Generally, the urea-derivates with a
good herbicidal action are trisubstituted ureas, containing a free imino-hydrogen,
with this hydrogen bonding being significant for their activity [166, 167]. Besides
herbicidal action, some of the aliphatic guanidine derivatives have a fungicidal
action and some of the aromatic thioureas a rodenticidal action. Some even have
pharmaceutical properties as antidiabetic drugs (derivatives of sulfonylurea) [167].
The group of benzoylureas has shown insecticidal activity.

3.4.3.1 Chemical Aspects

Chemically, the urea-type herbicides contain a urea bridge substituted by triazine,
benzothiazole, sulfonyl, phenyl, alkyl, or other moieties [166].

In the general structure of a phenylurea herbicide, the phenyl ring is frequently
substituted with chlorine or bromine atoms, but methoxy, methyl, trifluoromethyl,
or 2-propyl replacement is also possible (Fig. 3.27).

Sulphonylureas are a group of selective herbicides with R1–NH–C(O)–NH–
SO2–R2 as general structure (Fig. 3.27). R1 and R2 are usually substituted by
heterocyclic rings such as 4,6-dimethylpyrimidin-2-yl, and 2-(benzoic acid methyl
ester) [168].

Fig. 3.27 Structure of phenylurea (a) and sulphonylurea (b) herbicides [169, 170]
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3.4.3.2 Uses and Environmental Persistence

The phenylureas include diuron, fluometuron, and isoproturon, and they act as
herbicides by inhibiting photosynthesis [169].

The sulfonylureas interfere with plant biosynthesis of certain amino acids by
interfering with acetolactate synthase which is a key enzyme in such biosynthesis
[170].

The benzoylureas are widely used insect growth regulators acting by inhibiting
or blocking the synthesis of chitin [166, 171]. Diflubenzuron, the prototype of all
benzoylurea insecticides, was discovered in 1972 [172].

Due to the extensive use of urea pesticides in agricultural practices, their residues
have been detected in several environmental samples such as wastewater effluents,
surface, and drinking water sources, as well as food items, worldwide [166, 173].

3.4.3.3 Toxicity on Humans

Particular interest is given to these family of compounds as some possible have
carcinogenic properties [167].

Although several phenylureas are available in the market, the toxicity infor-
mation available is still scarce. The acute toxicity potential for all phenylureas
appears to be low, however, for high-level acute or chronic exposures, there have
been reports on neurobehavioral alterations, body weight reductions, hematotoxi-
city, and hepatotoxicity [169]. For diuron a study, with the Comet assay, in MCF-7
and placental cells, it was observed an increased DNA fragmentation and several
markers for cell stress were also increased in MCF-7. These results suggested a
potential cytotoxic and genotoxic effect for diuron [174]. Moreover, it was observed
that diuron can cross human placenta and may be metabolized to more toxic
metabolites; this may cause fetotoxicity [175].

The sulfonylureas appear to have a quite low toxicity [12]. Concerning, ben-
zoylureas in mammals seem to have a considerable antiproliferative and antitumor
effects [176].

3.5 Conclusion

Pesticides are essential to maintaining agricultural and livestock production and the
economy. However, some of these chemicals, by targeting systems or enzymes
similar or even same present in other living beings, as humans and by persist in the
environment or bioaccumulate, are a threat to the ecosystem. Insecticides common
mode of action targets the nervous system, though skeletal muscles, digestive,
cardiovascular, respiratory, ophthalmic, reproductive, endocrine, dermal, and
immune systems can also be affected. Some insecticides have hazard effects in
non-target species including humans, something even death. Herbicides can be
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more selective than insecticides, nonetheless, some of these are toxic to other
species including human being.

The improper use and disposal are the primary sources of health problems from
exposure. From the moment of its application, pesticides are distributed by the main
ecosystems: atmosphere, water, soil, and sediments, as well as plants and animals.
Furthermore, the ability of some herbicides and insecticides to bioaccumulate,
resistance to degradation and biomagnification are the main aspects that the public
should be aware and enforce a more consciously use of pesticides.
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Chapter 4
Controlled Release Pesticides as a Route
to Sustainable Crop Production

Maya Rajan, Vinaya Chandran, S. Shahena and Linu Mathew

Abstract Pesticides are substances which prevent the growth of unwanted
organisms. They are formulated in the form of powders, aqueous solutions, aerosols
or spray formulations. But these have shown varying degrees of health hazards and
environmental problems when used in excess. Controlled release of pesticide can be
developed as a method to reduce the pesticide overuse. Controlled release of pes-
ticides helps in reducing the pesticide concentrations and prolonging the half-life of
pesticides. Controlled release formulations contain pesticides or their active
ingredients incorporated into a polymer matrix by chemical or physical methods.
The compound is released either by cleavage of chemical bond or by physical
degeneration of the polymer matrix. Microencapsulation, microcapsules and
hydrogels polymers are extensively used for controlled release. Biodegradable
microbial polyesters like poly hydroxyl alkanoates are also used as a carrier for
pesticides. This technology provides a viable alternative to pesticide overdose by
improving the efficiency of already existing pesticides and thereby reducing the
environmental problems. This application has a major role in maintaining the
sustainability of agricultural practices.

Keywords Pesticides � Biological control � 2,4-D � DDT � PHA

4.1 Introduction

Pesticide is a broader term including all those substances or mixtures of compounds
which are used to kill or controls pests includes insects, fungi, bacteria and weeds.
Use of pesticides has its origins in ancient Rome, but their extensive use started
after the Second World War by the introduction of dichloro-diphenyl-
trichloroethane (DDT), beta-hexachlorocyclohexane (BHC), Aldrin and 2,4-D.
FAO defines that pesticides are “any substances or mixture of substances for
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preventing, repelling, destroying pests including vectors of humans, animal disease,
unwanted species of plants or animals causing harms during production, processing,
storage, transport or marketing of food and agricultural commodities”. Pesticides
can be differentiated into different classes based on their targeting organisms
(pesticides, fungicides and herbicides), chemical structure (organochlorines,
organophosphates, carbamates and phenoxy acids) and physical states (solid, liquid,
aerosol). On the basis of their chemical structure, pesticides can again be classified
into many groups.

They are as follows:

1. Organochlorines
2. Organophosphates
3. Carbamic and thiocarbamic derivatives
4. Carboxylic acids and their derivatives
5. Urea derivatives
6. Heterocyclic compounds
7. Phenol and nitrophenol derivatives
8. Hydrocarbons, ketones, aldehydes and their derivatives
9. Fluorine-containing compounds

10. Copper-containing compounds
11. Metal organic and inorganic compounds
12. Natural and synthetic pyrethroids and others.

4.2 Biological Pesticides

In insects, certain compounds called semio-chemicals causes behavioural changes.
These chemicals are secreted from the exocrine glands of insects. These secreted
compounds are used by insects for finding their mates, alarm signalling, defence
mechanisms, etc. [1]. One example of such pheromones is antifeedants which
inhibited food intake activities. Normally GABA receptors are the receptor which
may responsible for neurotransmitter gamma aminobutyric acid. Insect taste sen-
sitivity is controlled by this receptor. So, this antifeedant works against these
receptors [2]. Antifeedants are useful for controlling various pest replacing toxic
pesticides [3, 4]. Hylobiusabietis (pine weevil) causes a lot of damage in conifer
forests in Europe and North America. A molecule called BHT (butylated hydrox-
ytoluene) protects pine stem against pine weevil [5–7]. Earlier pyrethroids like
permethrin have been applied to reduce the pest attacks. But its usage has detri-
mental effects on aquatic organisms and hence the use of this compound was
aborted. Cypermethrin is a synthetic analogue used as an alternative pesticide. But
this has toxicity to aquatic and terrestrial insects as well as mammals [8].
Plant-derived carboxylic acids are found highly active against pine weevil.
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Examples of these plant-derived carboxylic acids are hexanoic acid, esters of 2,4-
and 3, 5-dimethoxy benzoic acids [9]. Simmondsin and simmondsin 2-ferulate are
the two glucosides, derived from jojoba seed with antifeedant activity against
Spodopteralittoralis an agricultural pest [10].

4.3 Benefits and Hazards of Pesticides

There are primary and secondary benefits of pesticides: primary benefits include
protection of human, animal and crop health. Secondary benefits arise from primary
benefits, and these are less immediate or have longer-term consequences. The
relation between negative effects of pesticides and their benefit is complex and not
easy to follow.

Primary benefits of pesticides include (1) Controlling pest and plant disease
vectors, (2) Controlling disease vectors and noxious organisms and (3) Preventing
or controlling of organisms that harm human activities. Secondary benefits are the
long-term benefits to the community, nation and world as a whole.

Pesticide use causes a number of hazards including environmental problems and
human and animal health hazards. Food can also be contaminated with these toxic
pesticides causing many diseases. 98% of pesticides and 95% of herbicides reach a
destination other than their target species including air, water and soil [11].
Prolonged use of these chemicals results in various diseases such as neurological
changes, alterations in psychology, hormonal imbalance, immunity-related dis-
eases, infertility problems, cancers, etc. The usage of pesticides can also contam-
inate water, soil and other non-targeted vegetation. Pesticides cannot only kill pests,
weeds and other insects but also kill beneficial organisms including birds, fish,
beneficial insects and non-targeted plants. Recent reviews report toxicological and
epidemiological evidences for various health effects associated with pesticides to
which general population may be chronically exposed. They are potential car-
cinogens, neurotoxins and immunotoxins [12–14]. According to González [15], the
exposure of 2,4-D showed DNA damage in Chinese hamster ovary cells (CHO).
Pesticide contamination on both ground and surface water can affect both aquatic
fauna and flora as well as affect human health when this water is consumed by
public [16].

Hence, search for safer analogues of pesticides of natural origin is in the rise.
Safer alternatives to pesticides include use of biological pest controls, plant genetic
engineering, maintaining good crop hygiene, cultivation practices interfering with
insect breeding, release of organisms that fight pest, soil steaming, etc. These
alternatives are usually safer than traditional chemical pesticides.
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4.4 Chemical Pesticides Versus Biological Control
in Farming Practices

Pesticides in general are highly effective to kill or control pests. Nevertheless, even
by applying pesticides at very high dose, not all pests are killed. Some insects with
a slight variation in their genetic make-up will become resistant and survive.
Gradually, a population with pesticide resistance will develop and farmers will be
forced to apply higher doses and more toxic alternatives to combat the resistant pest
species. The insecticide resistance will spread throughout the ecosystem at very fast
rate. Pesticide resistance and pest resurgence to epidemic proportion are often a
problem faced by farming communities.

Persistent organic pollutants are a serious threat to the environment, under which
pesticides feature a major role. They continue to poison non-target organisms in the
environment and to increase the human health hazards. The main advantage of
pesticides is that they are readily available and easy to use, unlike the alternative
methods such as biological control which may produce no immediate effect on
pests. Unlike chemicals, biological control reduces but does not eradicate pest
populations completely. Therefore, a successful programme relies on finding the
correct balance between the level of suppression of pest and also level of how much
a user is prepared to tolerate the pest infection. Biocontrol is most effective against
pests with high tolerance threshold, i.e. a pest that defoliates plants but does not
much reduce crop yield. Chemical pesticides are very effective, if used safely, and
they are useful for those pests with low threshold and those which directly affect the
crop field. Biological control is more effective against pests that are tolerable
enough so that it only needs to be suppressed and not destroyed entirely (high
threshold pests). Hence, chemical pesticides can be termed as necessary evils in
agriculture.

4.5 Controlled Release of Pesticides as a Route
to Sustainable Crop Production

Controlled release technology ultimately aims at effective pesticide treatment,
avoidance of side effects, prolonging efficiency and boosting the safety and relia-
bility [17, 18]. When applied in the field, the chemical pesticides are invariably
subjected to leaching, evaporation and degradation which will remove them before
they reach the target and perform their intended actions. This prompts the farmer to
increase the pesticide dosage leading to heavier damage to the ecosystem and
development of pesticide resistance. A safer alternative is the use of a persistent
analogue. But this again acts as a “Persistent organic pollutant”, and therefore, key
invention to reduce pesticide use is the design and development of sustainable
delivery devices and formulations.
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Controlled release technology is an alternative method to avoid problems
accompanying the use of pesticides that causes side effects [19]. Controlled release
technology was developed to protect store grains against insects and rodent pests
[20]. Overall aim is to protect the active ingredient and to allow its automatic
delivery to the target at controlled rates for maintaining optimum concentration over
a long period of time [21]. Controlled release is a method in which active chemicals
are made to act at a specified target at a rate and duration designed to accomplish
the intended effect [22].

There are many potent novel pesticides and agrochemicals designed to control
pests. The usage of these agents produces inefficient biological response because of
their inability to deliver these agents to their targets at precise time and optimum
quantity. The term controlled release means “a combination of biologically active
agents and excipient normally a polymer which allows the agent delivered to the
target at controlled rates over a specified period”. The main advantages of con-
trolled release of pesticides are that it allows slow dosing of pesticides without
affecting its duration of activity. It also comes into aid when normal half-life of a
potent pesticide is short when applied by conventional methods. In conventional
methods, pesticides are subject to evaporation, degradation, etc., all of which
remove their active material from target before they can perform their functions.
Controlled release of polymer system can be divided into two classes: first case is
when the agent is dissolved, dispersed and encapsulated within in the matrix. The
release of these components takes place through diffusion or after biological or
chemical breakdown of the polymer. Secondly, this active compound either con-
stitutes a part of the macromolecular backbone or it may be attached to it so that the
release is obtained by the cleavage of chemical or biological bond between polymer
and the biological agent [23].

4.6 Bioengineering Aspects of Controlled Release
of Pesticides

Agriculture is highly depended on synthetic pesticides. From the agrochemicals that
are used in crop protection, by a rough estimation, only 0.1% reach target pests. The
rest remains and enters the environment and causes certain hazards to non-target
organisms [1] and are associated with groundwater contamination, vitalization and
degradation [24]. In order to overcome these limitations, controlled release tech-
nology can be applied. Folkman and Long invented the membrane diffusion device
with silicone rubber in 1964 to control the release of drug. Alex Zaffaroni continued
their research with novel control release drug delivery system in the 1960s. In the
1970s, controlled release technology was extended to agrochemical, cosmetic and
food industries [25–27].

On the basis of the application method, controlled release mechanisms are
classified as follows: (1) chemically controlled system (2) diffusion controlled
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system. In chemically controlled system, release normally occurs either by a
bio-erodible system or by a drug-polymer conjugate system. In case of diffusion
controlled system, the release may occur from membrane reservoir systems and
matrix systems by matrix diffusion, polymer erosion, polymer swelling, etc. [28].
This technology helps to deliver the active components to the target without
releasing too little or too much so that over release can be suppressed.

The release of pesticides in controlled systems happens by releasing their bio-
logical constituents into their environment over a defined period of time. In this
system, substances or active material are incorporated into a polymer matrix which
is chemically bound or physically incorporated by means of different techniques.
So, the release of compound occurs either by bond cleavage by chemical reactions
or by physical transport process in and through polymers which can be modelled
mathematically [29].

Controlled release technology provides a promising effort for improving the
efficiency of some already existing pesticides and reducing the environmental
problems. In this system, the crucial step is identifying the correct matrix which
combines with pesticides capable of altering its availability to the target organisms.
The greatest challenge of this technique is changing the environmental behaviour of
pesticides. Certain environmental parameters are volatility, leaching, microbial
metabolisms, etc. Laboratory and field techniques are developed for measuring
some of these parameters, affecting pesticide stability [30].

Many pesticides such as chlorinated hydrocarbons face some environmental and
toxicological issues. Many a times, less persistent and thus environmentally safer
alternative pesticides result in acute toxicity and many other side effects. There are
greater chances of high exposure of these pesticides to operators and farm workers
which can be solved by controlled release formulation of these pesticides. Another
aspect is that one of the insect growth regulators, for example, methoprene is
unstable in aquatic environment and its application could only be effected as a
controlled release formulation [31]. This technique is based on the concept of
combining biologically active substances with polymeric materials either by
physical mixing or by chemical attachment that act as a carrier with subsequent
chemical cleavage.

a. Physical mixtures: There are two different approaches in physically combining
biologically active materials with polymeric materials. Firstly, the biological
agent can be encapsulated in polymeric materials in which active agent that can
be released on the basis of Fick’s law of diffusion through micropores in the
capsule wall. In the second method, the biologically active agent which is
dissolved in solid polymeric matrix can be either degradable or biodegradable to
release the active ingredient [32]. The release of active agent is normally con-
trolled by diffusion phenomena through the matrix by either chemical or bio-
logical erosion. In most cases, the polymer should have properties such as
compatibility with the active agent so that it can be readily dissolved to avoid
physical interactions and low softening point so as to avoid thermal degradation
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of active agent. Crystallisation of the polymer should be avoided and also
polymer should be stable and of low cost.

b. Chemical attachment: In this type, the active agent is chemically bound by
natural or synthetic polymeric material by a chemical bond. Biologically active
agent having at least one reactive functional group can be used as a link to the
functionalized polymer which is used in this technique [32]. Two synthetic
methods are used for the preparation of polymeric chemically bonded active
agent. In the first method, preformed polymer with desired active agent can be
chemically modified through chemical bonds leading to a polymer having active
species linked to the main chain as a pendant group. The second method
involves the polymerization of biologically active monomers so that polymers
having active group exist as repeat units in the main backbone. For example,
copolymers containing pendant pentachlorophenol prepared by free radical
co-polymerization of corresponding monomer. The advantage of polymerization
is the ability to control the molecular weight of the polymer, hydrological and
hydrophilic balance of the polymer and the group distribution along the
backbone.

When compared to chemical pesticides, biological pesticides help to increase the
efficiency and also are eco-friendly. For example, avermectin is a biopesticide
possesses certain advantages over chemical pesticides [33]. Nowadays, the devel-
opment of nanotechnology helps in improving the development of conventional
pesticides by constructing nano-delivery system using nanoparticles as a carrier
molecule [33, 34]. Many studies suggested that nanoparticles used as a carrier
molecule improve the release time of drug molecules and improve the drug
bioavailability. Pesticide nano-delivery system provides with great potential to
control the release of pesticides and lowering the dosage by maintaining the
effective concentration in the target for long period of time [35, 36]. This helps to
increase the agricultural production and also avoid the environmental pollution.
Pesticides delivered through nano-delivery systems lead to a better distribution on
leaf surfaces of crops by the form of nanosize molecule. Moreover, this system
allows good penetration thereby allowing slow and controlled release of ingredients
on the target [32, 37].

Another alternate approach is of releasing pesticides through silica nanoparticles.
Silica nanoparticles can be used as a carrier due to their low cost, non-toxicity, high
reactivity and also high surface area [38, 39]. But currently used silica nanoparticle
as pesticide carrier did not show porous surface properties.

4.6.1 Microencapsulation of Pesticides

Controlled release of pesticides can be achieved by microencapsulation. Pesticide
microcapsule systems can be designed to reduce mammalian toxicity and extended
activity, reduced evaporative losses, reduced phytotoxicity, protecting pesticides
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from environmental degradation, reduced leaching, reduced pesticide levels in the
environment, etc. [40]. Encapsulation in a polymeric matrix would maintain active
ingredient levels adequate for pest control as well as reducing degradation losses
and evaporative losses [41, 42]. An aqueous dispersion of pesticide microcapsules
is a particularly useful controlled release formulation because it is composed of
discrete microcapsules. It can be diluted with water or liquid fertilizers and sprayed
using conventional equipment. It requires less polymeric component per pound of
pesticide than monolithic devices; it is capable of establishing a constant pesticide
release rate; pesticide release rate can be varied over wide limits by varying
microcapsule particle size distribution, wall thickness and wall permeability;
additives such as film forming agents can be added directly to the formulation.

Microencapsulation processes are grouped into three categories (phase separa-
tion, interfacial reactions and physical methods). A good pesticide should show an
efficient biological activity and should be eco-friendly [43, 44]. Normally pesticides
are in the form of wettable powders, water solutions, emulsifiable concentrates,
powder or granules, spray formulation or aerosols. These have different types of
hazards. Powder or aerosol forms that penetrate through the skin are hazardous.
Considering all this, microencapsulation can be considered as an effective way of
delivering pesticides [45].

Releasing of active substances within the controlled release system helps to
release the active compound slowly. As a result, the protection of the seedlings is
prolonged until they are physically strong enough to withstand insect attack [46].
Microencapsulations help to prolong the residual activity [47], to overcome envi-
ronmental degradation [48, 49] and to reduce the aquatic toxicity [43, 50].

Microencapsulation of the pesticides provides an efficient and economically
beneficial pest control [51]. For prolonging time of protection, microcapsule must
be adhered to the seedling surface. An efficient way to disperse microcapsules in a
matrix which is compatible with the microcapsule shell material is the key in
achieving this [52]. Water-based latex will ensure the strong attachment of
microcapsules on the seedling surface [53].

Biodegradable microbial polyesters called polyhydroxylalkonates are used as
carriers for pesticides, and alginates are used for the controlled release of herbicides
[28, 50, 54–59]. Intelimer is a temperature sensitive polymer which is used to
encapsulate pesticides. These provide a slow release under specific temperature. As
a result, we can protect the active pesticides from leaching and degradation [24].
Insecticides and also pesticides can also be used in a granular system [60]. The
encapsulation of pesticides is done by releasing the pesticides into an aqueous
dispersion of gelatinized starch thereby crosslinking the starch by calcium chloride.
This improves the workers’ safety in handling of pesticides and also helps to
decrease the crop phytotoxicity [61]. One such example is liquid neem oil which is
dispersed into a matrix where urea formaldehyde polymer is crosslinked with
natural polymers like starch [62].
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4.6.2 Microcapsule as a Source for Releasing Pesticides

There are different types of controlled release devices, like microsphere coated
granules, microcapsules, etc. Much industrial research during the last 20 years was
devoted to the utilization and specialization of microcapsules as a source for
releasing pesticides [63]. Microcapsule is a system in which the chemical present
within the core is surrounded by a shell or a membrane. It contains one or several
shells and one or several cores. The inside core may be made up of solid, liquid,
gaseous or combination of these phases. The matrix is organic or an inorganic
polymer or a metal oxide [64]. The active material within the microcapsule is
protected by the wall material from adverse reactions and restrict the direct expo-
sure to outside environment [65, 66]. Naturally occurring and synthetic polymers
are employed in microcapsule as wall material. The naturally occurring polymer
employed in microcapsule is biodegradable or non-biodegradable. Natural poly-
mers normally used are polysaccharides including cellulose, starch and chitosan.
Commonly used synthetic polymers include polysterene, polymethylacrylates,
polyesters and amino resins [64, 67, 68]. For the preparation of microspheres,
inorganic materials can be used. They are made up of silica, zeolites, inorganic
oxides, glass beads and ceramics [68–72].

4.6.3 Hydrogel as a Delivery Vehicle for Controlled Release
of Pesticides

According to Rahim et al. [73], controlled relese technology supplies an advanced
pesticide delivering technology coupled with reduction in toxicity and transporta-
tion hazards and prompts the development of newer and better alternative pesicides.
Hydrogels are hydrophilic macromolecular three-dimensional networks that can
absorb water many times their dry mass expands in their volume [74, 75].

Hydrogels are physical or chemical cross-links of homo- or copolymers which
give three-dimensional structures. Hydrogels can be grouped into different groups
based on their properties [76].

1. Physical structure: amorphous, semi-crystalline and hydrogen bonded
2. Electric charge: ionic or neutral
3. Crosslink: physically or chemically
4. Response to external effects: stimulus sensitive and insensitive
5. Origin: natural and synthetic.

Hydrogel could be used as potential delivery vehicles for the controlled release
of pesticide. Examples of biodegradable hydrogel include polyacrylamide and
methyl cellulose which play an important role in usage of hydrogels in controlled
release systems [77]. The dispersal of chemicals which is entrapped in a hydrogel
occurs only after soaking in water resulting in swelling up of the polymer. Polymer
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swelling causes the chemicals to become dissolved and diffuse to the surface of the
device. Releasing chemicals is closely related to swelling features of hydrogels
which in turn depends on the chemical architecture of the hydrogels [78].

4.6.4 Nanocomposites

Nanocomposites can be prepared by the combinations of organic polymer matrix
and nano-dimension inorganic filter. As a result, a hybrid material can be developed
and these hybrids exhibit high strength; it has high durability and process flexibility
which can be used for agriculture, transportation, defence mechanisms, etc. [79,
80]. For example, the polymer and clay-based coats containing azadirachtin-A were
used for maintaining soya bean seed quality during storage time [81]. Ethyl cel-
lulose, methyl cellulose, polyvinyl chloride, polyvinyl acetate, hydroxyl ethyl
cellulose, and agrimer VA 6 polymers and bentonite clay were used as carriers. The
release of azadirachtin-A into water ranged from 8.02 to 21.36 h. Half-life in the
seed coats ranged from 4.37 to 11.22 months when compared to 3.45 months in
azadirachtin-A WP. These coats acted as a moisture barrier reducing the degrada-
tion and preventing fungal proliferation. The release of active components can be
achieved by several mechanisms such as diffusion through a membrane, osmosis,
ion exchange and matrix degradation.

4.7 Polymer Active Ingredient Conjugates

In this system, active compound is covalently bound to the polymer. The release of
the compound depends on the chemical or biological cleavage of bond [21].
Amidated polyacrylamide gel derivatives with pendant herbicide (2,4-D) residues
were reported [82]. Biodegradable fungicide polymers containing diniconazole
were also devised. The combinations of pesticide and polymer were hydrolysed or
depolymerized at controlled rate so as to protect the plants.

4.7.1 Matrix-Based Systems

In this system, the active components are dispersed in a monolithic polymer. When
this polymer is not biodegradable, the release occurs by diffusion through the
matrix. Matrix includes rubber, polyester, cellulose, etc. A matrix is immersed in a
concentrated matrix swelling solution of active agent. After this, the solvent is
removed.
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4.7.2 Membrane-Based System

In this system, the active ingredient is in a membrane and the releases of the active
ingredients are of two main types: the release through diffusion across the mem-
brane and an osmotic system through a semipermeable membrane [83].

4.8 Environmental Safety of the Controlled Release
Formulations

Application of pesticides directly in agriculture causes severe damage to the
ecosystem. But application of these pesticides through controlled release signifi-
cantly reduces risks to environment and human health. The synthetic polymer and
their degradable products may also cause toxicity when compared to natural
polymer [84]. When the pesticides are applied in the field, it moves from one zone
to another, and it gets degraded or moves into other biological systems. Through the
processes of evaporation, leaching and plant uptake, about 95% of pesticides dis-
appear from soil. Plant losses pesticides through evaporation, in root exudates and
in stubbles after harvest. Residues remaining in the plant or soil are metabolized.
Persistent pesticides constitute only a small proportion of the whole [85, 86].
Artificial polymers which degrade over several days or months may affect the
environment and also soil fertility. But in case of natural polymers, the degradation
products are non-toxic and they do not damage the plant and ecosystems. Hence, in
these controlled release systems, usually bio-polymers or biodegradable polymers
are preferred. In controlled release systems, naturally available biodegradable
polymers are favoured because their decomposition may enhance the soil fertility.
Cheaper, easily available and effective carrier materials are required. Naturally
occurring pesticides of reduced toxicity should be considered as safer alternatives.
Encapsulations further reduce their toxicity. Application of pesticides into a single
formulation would make it effective and economic and may contribute to green
technology in agriculture production.

4.9 Conclusion

Pesticides are chemicals used to prevent growth of unwanted living organisms or
pests. But these have certain health hazards and environmental problems. Normally
pesticides are subjected to evaporation, degradation, etc., as a result of which the
active ingredient is removed from the target. Controlled release formulations are
combinations of biologically active agent with a carrier like a polymer,
nano-composite, etc. and allow the release of the active ingredients to the target at a
controlled rate. Both synthetic and natural polymers can be used in this system. The
degradation of synthetic polymer may cause ecosystem toxicity and hence
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biodegradable non-toxic natural polymer is used. Certain nanoparticles can also be
used for the release of pesticides. Silica nanoparticle can be used as a carrier for
release of pesticides. Microencapsulation, hydrogels and microcapsules can also be
used as a delivery vehicle for the release of pesticides. The release of active
ingredients from polymers occurs mainly through diffusion a membrane, osmosis
and matrix degradation.
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Chapter 5
Manufacturing of Slow-
and Controlled-Release Pesticides

V. R. Remya, Jesiya Susan George and Sabu Thomas

Abstract To ensuring the food safety, pesticides are used as the fundamental
material against the major biological disasters. In recent years, pesticides have
obtained enormous attention in the field of agriculture and food industry. Therefore
to overcome the limitations of using traditional pesticide formulation, a new facile
and innovative method of pesticide formulation has been addressed. This approach
designs an intelligent smart process like ‘slow and controlled release of pesticides’.
This concept may be greatly improving the use of pesticides by reducing waste and
pollution. In this chapter, a brief description about pesticides, raw materials,
manufacturing methods of slow and controlled release of pesticides and preparation
methods of pesticide microcapsule like nanopesticides is discussed. This novel and
intelligent slow- and controlled-release technology could enhance the target ability
and improve the dispersibility and stability of active ingredients, pesticide loading
and environmental viability.

Keywords Pesticide � Synthesis � Formulation � Application

5.1 Introduction

5.1.1 Pesticides

Pesticides are indispensable agents, which kill plants or animals that compete for
humanity’s food supply. It is mainly used for improving the crop yield by destroying
the pests and disease [1]. Pesticides are classified into herbicides, insecticides,
nematicides, molluscicides, piscicide, avicide, rodenticide, bactericide, insect
repellent, animal repellent, antimicrobials, fungicides and disinfectants [2]. Because
of the organic solvent contents, poor dispersibility and dust drift of traditional
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pesticides, its applicability has some limitations hence 99% of pesticides are lost to
the environment rather than attaining the target. This will create a serious environ-
mental pollution. This low effectiveness contributes to serious environmental pol-
lution [3]. Therefore necessary action should be taken to reduce waste,
environmental pollution and production costs associated with pesticides through
slow and controlled release of pesticides on crops [4] (Fig. 5.1).

5.1.2 Raw Materials

Pesticides mainly consist of two parts; one active and inert part. The active
ingredients, which kill pests, coupled with inert ingredients, which help the coating
and spraying. In past decades, active ingredients were extracted from natural
sources such as plants (e.g. azadirachtin, pyrethrum and rotenone) and microbes/
insects (e.g. bacillus thuringiensis), but at present it is largely synthesized via
laboratory works. Most common active ingredients are hydrocarbons which are
derived from petroleum source. In pure form, the active ingredients are not suitable
for application. This is because of the high toxic effect of concentrated form, since
many of them do not mix effectively with water, it also difficult to handle, store,
transport and unstable. To solve this problem, manufacturers are adding inert
ingredients along with active ingredients for the production of pesticides. The
composition of inert ingredients depends on the type of pesticides. In fact, inert
ingredients have no pesticidal activity; it simply acts as a carrier or diluents in the

Fig. 5.1 Classification of
pesticides
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formulation of pesticides. In addition to the active part, formulated pesticides
contain surface active ingredients, stabilizers, dyes, chemicals and carriers or
diluents. Kerosene and other petroleum distillates are used as carriers in liquid
pesticides while vegetable matters like ground up nut shells, clays and powdered
minerals are used in dust pesticides [5–10] (Scheme 5.1).

5.2 Manufacturing Process of Pesticides

The three separate activities are involved in the manufacturing of pesticides. The
first step is the synthesis of active ingredient in a chemical laboratory, and later it
can be formulated in the same place or to another formulator in the form of liquid or
powder form. The users diluted it to for apply in fields.

5.2.1 Synthesizing the Pesticide

The pesticide synthesis is a complex chemical method; it essentially needs
sophisticated laboratories, trained chemists. In the preliminary steps of synthesizing
pesticide, small quantity of pesticides only developed. Later the viability studies
only the large-scale production of pesticides initiates. The basic unit that required
for the synthesis of pesticide is an organic molecule; it can be converted to the form

Scheme 5.1 Targeted delivery of pesticide nanoformulation [11]
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of pesticides via series of reactions with the help of certain reagents, catalysts,
specific temperature in a controlled atmosphere [7–10, 12–14] (Fig. 5.2).

5.2.2 Formulating the Pesticide

The first step of the formulation of pesticide is the selection of active ingredient
with proper amount followed by mixing with inert carriers. The quantity of pesti-
cide formulation depends on the need of anticipated farmers [6–10, 12, 13].

5.2.3 Diluting the Pesticide

The final product need to apply in field is 0.5–1% of the original active ingredient.
For that, pesticide is stored in a short time and then transported to the anticipated
agent: they diluted the concentrated pesticide for applying in fields [8–10, 12–14].

5.2.4 Applying the Pesticide

There are a lot of techniques used for the application of pesticides. For example,
Americans are the export of crop dusting and its use is limited to large flat areas.
Others used tanks and booms to a tractor and spray closer to the ground. Farmers
used the most common method of applying pesticides like hand-held sprayers
attached to small tanks [11, 15–20] (Fig. 5.3).

Fig. 5.2 Nano-based smart pesticide formation [11]
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5.2.5 Nanopesticides

The production and discovery of intelligent pesticides paves a way for future
generation, especially nanopesticides, since nanomaterials are used in all areas of
life including agricultural, medical, industrial etc. In the field of pesticides, appli-
cations of nanomaterials and technologies have made substantial changes. The slow
and controlled release and targeted delivery of nanopesticides can improve the
pesticide utilization and also reduce the residue and pollution [22–26] (Fig. 5.4).

The smaller size, wettability, improvable pesticide droplet ductility and target
adsorption of nanopesticides formulation result in the slow and controlled release
and higher protection performance of pesticides: this is highly beneficial for
non-hazards and environmentally friendly advantages [27, 28] (Fig. 5.5).

Popular pesticide microcapsule preparation methods are described in this
part. There are seven methods used for the preparation of pesticide microcapsule.
They are: interfacial polymerization, in situ polymerization, emulsion polymer-
ization, membrane emulsification, solvent evaporation, nano-precipitation and
double coacervation [ 29–40] (Fig. 5.6).

Fig. 5.3 Image of pesticide
application [21]
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5.2.6 Interfacial Polymerization

Interfacial polymerization is the widely used method for encapsulation of pesticides
for their slow and controlled release of pesticides. In this technique, two reactive
monomers are dissolved in different solvents and mixed together. During the
mixing procedure, two monomers undergo a polycondensation reaction between the
interface of two monomer solution and form microcapsules. It is a type step-growth
polymerization, and it utilizes the Schotten–Baumann reaction. There are a lot of
core shell type nanopesticides prepared via this method. Natural pyrethrin
nanocapsules are the examples of nanopesticide which synthesis through interfacial
polymerization [30, 31] (Fig. 5.7).

Fig. 5.4 Nanoencapsulation of pesticides [11]

Fig. 5.5 Slow and controlled release of pesticides [29]
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5.2.7 In situ Polymerization

The word ‘in situ’ polymerization means ‘polymerization mixture’. In some cases,
in situ polymerization is similar to interfacial coating. In this method, two or more
water-soluble monomers are undergoing polymerization reaction and form
water-insoluble polymer. This product is accumulated on the surface of the core
material. To minimize the disadvantages and maximize the effectiveness of pesti-
cide microencapsulation, target concentration is the essential criteria adapted. The

Fig. 5.6 Preparation methods of pesticide microcapsules

Fig. 5.7 Image of interfacial polymerization
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factors influencing the encapsulation of pesticides are (a) they must not react with
the pesticide; (b) the molecular weight, vitreous transition temperature and structure
must allow sufficient liberation; (c) the polymer and its degradation products must
not cause environmental contamination; (d) they must be stable during use and
storage; and (e) they must be easily produced at low cost. S-ethyl dipropylthio-
carbamate, acetochlor, atrazine and methotrexate are the examples of pesticides
formed by in situ polymerization [29, 32, 33].

5.2.8 Emulsion Polymerization

In emulsion polymerization, solvent-insoluble monomer is dispersed in a solvent to
form uniform emulsion various processes like mechanical agitation, vigorous
shaking, mechanical stirring, high-speed shearing along with surfactants.
Surfactants in emulsion polymerization are used to stabilize the emulsion form.
Generally anionic, cationic or non-ionic surfactants are used in emulsion poly-
merization. Surfactants are used for the reduction of surface tension at the monomer
solvent interface and facilitate the emulsification of the monomer in water. For
achieving core material encapsulation, polymerization reaction is initiated to form
the polymer. Abamectin nanocapsule suspension and natural pyrethrin nanocap-
sules are the examples of pesticides formed through emulsion polymerization [34–
36] (Fig. 5.8).

5.2.9 Membrane Emulsification

This is a novel technique for single and multiple emulsions. Here the dispersed
phase is compelled through the pores of a microporous membrane into a continuous
phase. The drop–by-drop mechanism in the membrane emulsification process helps

Fig. 5.8 Image of emulsion polymerization [41]
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to detach the emulsified droplets formed. In the case of pesticides, the dispersed
phase is forced through a shirasu porous glass membrane under inert gas pressure
into the continuous phase. Chlorantraniliprole nanocapsules and avermectin
nanocapsules are the examples of membrane-emulsified pesticides [37, 38, 42]
(Fig. 5.9).

5.2.10 Solvent Evaporation

In this method, the organic phase, the wall material and core material are dispersed, is
added to the solution immiscible with the wall material, and the wall material is
precipitated to form themicrocapsule by heating and evaporating the solvent. Spinosad
nanocapsules are the example of solvent-evaporated pesticide [29, 39] (Fig. 5.10).

5.3 Nano-Precipitation

The presence of interfacial interaction between solvent and non-solvent helps to
disperse the polymer and drug from the oil phase into the aqueous phase. Here the
nanocapsules are formed through precipitation via wrapping of pesticide to the

Fig. 5.9 Image of membrane emulsification [11, 43]
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material. Pyrazole azoxystrobin nanocapsules and azoxystrobin microcapsules are
the examples of nano-precipitated pesticides [29, 40].

5.4 Double Coacervation

This process is mainly used for water-soluble polymers; here two water-soluble
polymers with opposite charges form a wall around water-insoluble pesticide active
ingredient. The double coacervation involves a spontaneous liquid to liquid sepa-
ration due to electrostatic interactions. Azoxystrobin microcapsule is the example of
this type of pesticide. The following figure shows the nano-based pesticide for-
mulation which increases the bioavailability and efficiency [29] (Fig. 5.11).

5.5 Conclusions

Nanostructured materials are chosen as the emerging intelligent material for
responding to external stimuli such as light, humidity, pH and temperature to
achieve an environmental response and via to feasible slow and controlled release
of pesticides. This chapter comprehensively summarized the manufacturing of slow
and controlled release of pesticides and also the application of polymeric material to
enhance their slow and controlled release of pesticides. Nowadays, polymers have
been widely used in agriculture for applications of controlled release of pesticides.
Their slow and controlled release helps to avoid environmental hazards. Pesticide
microcapsule preparation methods are also discussed here in detail. In short, this
chapter can enlighten and promote the readers to the field of environmental friendly,
target concentrated, improved wettable and dispersible slow and controlled release
of intelligent nanopesticides.

Fig. 5.10 Image of solvent evaporation [44]
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Chapter 6
Characteristics and Types
of Slow/Controlled Release of Pesticides

Ayilalath Ashitha and Jyothis Mathew

Abstract Control release formulations of pesticides are designed to improve the
delivery and effectiveness of pesticides for a long period of time. These formula-
tions also can prevent loss by physical, chemical, and microbial processes.
Non-persistent pesticides are mainly benefited by control release formulations.
Nanopesticides are new trends in forming controlled and slow release formulations.
It can enhance stability, decrease volatility, control the release of core material, and
reduce or obscure odors in the pesticide formulations. Different types of
nanopesticides such as nanocapsulated formulations, nanogels, nanospheres,
nanoemulsions and metal and metal oxide nanoparticles have been developed by
researchers. Nanopesticide formulations are also environment friendly by improved
pesticide utilization and reduced residue and pollution.

Keywords Controlled release � Nanopesticides � Slow release � Characteristics �
Mechanism of release

6.1 Introduction

Pesticides are substances that are intended to kill pests. The term “-cide” comes
from the Latin word which means “to kill.” In general, they are chemical or
biological agents such as virus, bacterium, antimicrobials, or disinfectant that
prevent, injure, or kill pests. In the different type, the intended pests include insects,
plant pathogens, weeds, mollusks, birds, mammals, fish, roundworms, and
microbes that destroy goods, cause trouble, spread disease, or disease vectors.
Pesticides are crucial to modern agricultural production as they can effectively
reduce or control a variety of agricultural pests that can damage crops and livestock
and decrease farm productivity, to improve crop yields [1].
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A good pesticide should have the following characteristics:

(i) It should be biodegradable.
(ii) It should not kill the friendly insects. In other words, it should selectively kill

the harmful pests only.
(iii) It should not be toxic to man.
(iv) It should be cheap and easy to use.

6.2 Classification of Pesticides

Pesticides can be classified based on their target, function, and chemistry.

6.2.1 Target Classification

See Table 6.1.

6.2.2 Function Classification

See Table 6.2.

Table 6.1 Classification of pesticide based on target effected

Pesticide type Target

Bactericide Bacteria

Defoliant Crop foliage

Desiccant Promote crop drying as a harvest aid

Fungicide Fungi

Herbicide Plants

Insecticide Insects

Miticide Mites and ticks

Molluscicide Slugs and snails

Nematicide Nematodes

Plant growth regulator Growth processes of crop plants

Plant-incorporated protectant (PIP) Transgenic event for insecticidal protein

Rodenticide Rodents

Wood preservative Wood destroying organisms
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6.2.3 Chemical Classification

Pesticides can be either organic (carbon containing) or inorganic. Generally used
inorganic pesticides are copper fungicides, lime sulfur used to control fungi and
mites, boric acid used for cockroach control and ammonium sulfamate herbicides.
Organic insecticides include both synthetic and natural (extracted from plants or
bacteria). Synthetic organic pesticides are mostly used nowadays, and they can be
grouped into chemical families based on their structure and mode of action in the
pest.

Based on the toxicity, pesticides that are used in the landscapes are placed into
categories. The inherent poisonous nature or how hazardous a pesticide is under
experimental circumstances determines its toxicity. Toxicity is normally expressed
as LD50, the dose required to kill 50% of a pest population. It can be considered as
either acute or chronic toxicity. Immediate effects of a single, short-term exposure
to a pesticide are acute toxicity whereas repeated exposure to a pesticide refers to
chronic toxicity. The mode of entry of pesticides to the body, such as orally,
dermally or by inhalation, can determine the LD50. This detail is estimated to
humans. The lower value of LD50 means the pesticide is more toxic to humans [2].
Based on the level of toxicity, the pesticides are categorized and indicated by
appropriate words (Table 6.3).

6.3 Chemical and Physical Characteristics of a Pesticide

The knowledge on the chemical and physical characteristics of pesticide helps the
applicator to make better conclusion about which pesticide active ingredient or
formulation to apply for particular situation.

Table 6.2 Classification of pesticide based on its function

Type Function

Contact Kill by contact with pest

Eradicant Effective after infection by pathogen

Fumigants Enter pest in gas state

Non-selective Poisonous to both crop and weed

Post-emergence Effective when applied after crop or weed emergence

Pre-emergence Effective when applied after planting and before crop or weed emergence

Preplant Effective when applied prior to planting

Protectants Effective when applied before pathogen infects plant

Selective Poisonous only to weed

Soil sterilant Poisonous to all vegetation

Stomach poison Kills animal pests after ingestion

Systemic Adsorbed and moved through crop or pest
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Chemical characteristics
Significant chemical characteristics are solubility, adsorption, persistence, and
volatility.

6.3.1 Solubility

The ability of a pesticide to dissolve in a solvent, usually water, is termed as its
solubility. Solubility measurements are subjected to temperature, pH, polarity of the
substance, molecular size, hydrogen bonding, and the method used [3]. The
increased water solubility of pesticide means greater the potential for runoff and
leaching. The highly water-soluble pesticide remains dissolved in the water and
moves around in the environment. They may most probably contaminate nearby
rivers, lakes, streams, wells, and storm sewers, especially following heavy rainfall
or excessive irrigation. If groundwater sources are close to the surface or if soils are
sandy, highly water-soluble pesticides are not a good choice for use in these areas
as the dissolved pesticide has a greater possibility of moving into groundwater. But
less water-soluble pesticides are less likely to move around in the environment as
they deposit in the soil or on plants more quickly. The pesticides with values greater
than 1000 ppm are considered as soluble whereas those with a value of 100 ppm or
less are considered comparatively insoluble.

6.3.2 Adsorption

Adsorption is the process by which a pesticide binds to soil colloids. Water solu-
bility, pH, polarity, size, and configuration mostly establish a molecule’s adsorption

Table 6.3 Classification based on the toxicity of pesticides

Category I Contain signal words—Danger/poison
In addition, a skull and cross-bones symbol is required on labels for all
Category I pesticides, which are described as highly toxic. These pesticides
have an acute oral LD50 range of 0–50 mg/kg

Category II Contain signal word—Warning
Pesticides in this category are described as moderately toxic and have an
acute oral LD50 range of 50–500 mg/kg

Category III Contain signal word—Caution
These are slightly toxic pesticides with an acute oral LD50 range
of 500–5000 mg/kg

Category IV Contain signal word—Caution
These are very low toxicity pesticides that have an acute oral LD50 greater
than 5000 mg/kg
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[4]. Soil colloids are microscopic inorganic and organic particles in the soil, which
have an extremely large surface area in proportion to given volume. Adsorption
occurs as a result of an attraction between the soil particles and the chemical.
Usually the oil-soluble pesticides are more attracted to the organic matter and clay
particles in the soil than water-soluble pesticides. Since the soil particles are neg-
atively charged, pesticides with positive charge adsorbs tightly to them and thus,
less likely to move from application site.

6.3.3 Persistence

Persistence is the capability of a pesticide to stay present and active in its original
form throughout an extended period before degrading and is described in terms of
its half-life. Persistence of the pesticide relates to rate of degradation. Persistent
pesticide residues provide long-term pest control and reduce the requisite for fre-
quent application. But prevention of persistent pesticides from moving off-site
through improper handling, application, drift, leaching, or runoff is essential as they
can harm sensitive plants and animals including humans. Application of persistent
pesticides is hazardous to humans and non-target animals entering the treated area
and the presence of illegal residues may be detected on rotational food or feed
crops.

6.3.4 Volatility

The tendency of a pesticide to turn into gas or vapor is termed as its volatility. The
potential of pesticide to volatilize is calculated by its vapor pressure. More volatile
pesticides have high vapor pressure. The volatile pesticides have greater possibility
for drift as the vapors can move off-site and cause injury to non-targeted plants.

The pesticide formulation or physical form of a pesticide can also travel
throughout the environment. For example, pesticides in the form of granules can be
easily carried by wind or water into undesirable regions (Table 6.4).

6.4 Controlled/Slow Release Formulations

In 1960s, scientists who were working on pesticides recognized the cost and lim-
itations in the design of new pesticides and began to work on improving the
delivery of pesticides. Thus resulted in the use of controlled-release (CR)
technology during design of pesticide formulations, which is effective for a long
period of time. CR formulations of pesticides are based on the amount, the time,
and the space of release has an important potential in reducing the consumption and
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effect of pesticides on the environment [5]. In the conventional formulations, the
pesticide is applied at a higher rate than necessary initially in order to maintain
activity for a reasonable period and to balance for dissipation looses. But in CR
formulations the pesticide is release over time at a predetermined rate from the
matrix where the pesticide is trapped. It also protects against loses by physical,
chemical, and microbial processes. CR formulations are mainly useful for
non-persistent pesticides.

Table 6.4 Characteristics of major pesticides

Type Example Characteristics

Insecticides
inorganic
chemicals

Mercury, lead, arsenic, copper,
sulfate

Highly toxic to many organisms,
persistent, bioaccumulates

Organochlorines DDT, methoxychlor, hepatachlor,
HCH, pentachlorophenol,
chlordane, toxaphene, aldrin,
endrin, dieldrin, lindane

Mostly neurotoxins, cheap,
persistent, fast acting, easy to
apply, broad spectrum,
bioaccumulates, biomagnific

Organophosphates Parathion, malathion, diazinon,
dichlorvos, phosdrin, disulfoton,
TEPP, DDVP

More soluble, extremely toxic
nerve poisons, fast acting, quickly
degrades, do not bioaccumulate,
toxic to many organisms, very
dangerous to farm workers

Carbamates and
urethanes

Carbaryl (Sevin), aldicarb,
carbofuran, methomyl, Temik,
mancozeb

Quickly degraded, do not
bioaccumulate, toxic to broad
spectrum of organisms, fast
acting, very toxic to honey bees

Formamidines Amitraz, chlordimeform (fungal
and galecron)

Neurotoxins specific for certain
stages of insect development, acts
synergistically with other
insecticides

Microbes Bacillus thuringiensis, Bacillus
papillae, viral diseases

Kills caterpillars, kills beetles, and
attacks a variety of moths and
caterpillars

Plant products and
synthetic analogs

Nicotine, rotenone, pyrethrum,
allethrin, decamethrin,
resmethrin, fenvalerate,
permethrin, tetramethrin

Natural botanical products and
synthetic analogs, fast-acting
broad insecticide action, low
toxicity to mammals, expensive

Fungicides Captan, maneb, zeneb, dinocap,
foipet, pentachlorophenol, methyl
bromide, carbon bisulfide,
chlorothalonil (Bravo)

Most prevent fungal spore
germination and stop plant
disease: among most widely used
pesticides in USA

Fumigants Ethylene dibromide,
dichloropropane, carbon
tetrachloride, carbon disulfide,
methyl bromide

Used to kill nematodes, fungi,
insects, and other pests in soil,
grains, fruits; highly toxic, causes
nerve damage, sterility, cancer,
birth defects
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Advantages of CR formulations over conventional formulations are:

1. Extended effective period of non-persistent pesticides.
2. Pesticide efficacy improved due to better targeting.
3. Reduced toxicity to non-targeted species.
4. Reduced losses due to environmental factors thereby savings in the cost of the

active ingredient.
5. Reduced environmental contamination (reduced contamination of surface water

and groundwater).
6. Greater safety for users who come into contact with pesticide formulations.
7. Less pesticide use for the same period of activity.

6.4.1 Mechanisms of Release

The principle difference between sustained release formulations and controlled
release formulations lies completely not in design but on themechanism of release [6].

a. Diffusion Controlled Release

The degradable and non-degradable material in the matrix confines the agent. The
discharge mechanism involved the migration and diffusion inside the reservoir
matrix surface and then delivered the active compound in the space between the
matrix and surrounding medium and at last to the medium from the surface.

b. Solvent-Activated Release

The changes in hydrophobicity and altered interactions between the organic groups
may affect some materials and exhibit swelling/shrinkage in water. These actions
enhance the movement of the structural chains supporting the pesticide molecules
to diffusion and release.

c. Osmotically controlled Release

Osmotic systems are promising when it comes to the delivery of poorly soluble
compounds. Osmotic pressure facilitates the ejection of the active ingredient dis-
persed in a polymeric matrix and which cannot diffuse through it.

d. Stimulus-responsive Release

Materials those are smart and capable of adapting their response to environmental
parameter changes show promise for controlled release.

e. Chemically activated Release

In biodegradable polymers, drug release takes place when a non-soluble polymer
hydrolyzes into tinier non-toxic molecules.
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6.4.2 Classification of Controlled Release System

Controlled release delivery systems of pesticides for agrochemicals can be gener-
ally classified as physical or chemical.

A. Physical controlled release system

In physical category, the bioactive substance is mixed with some substances which
will retard its loss by volatilization and leaching, by chemical breakdown due to the
action of water, air and sunlight, or by microbial degradation. The primitive type of
controlled release delivery system is the use of petroleum oils with dissolved
herbicides. Later on, the use of polymers as solid equivalent to oil was available.
For example, plastic insecticidal strip for flying insect control it consists of a piece
of polyvinyl chloride (about 0.1 � 3 � 30 cm) containing dissolved organophos-
phorus insecticide and while using the strip was placed inside a cardboard tube with
open windows to permit insect entry and hung in confined spaces.

Principles of physical controlled release systems are

1. Choice of insecticide

The chemical should have a significant vapor pressure at room temperature to
maintain a level of vapor toxic to incoming insects within the open cardboard.

2. Insecticide should be good plasticizer for the polymer

The polymer should be good solvent for the insecticide at room temperature;
otherwise, the strip would exude visible drops of liquid insecticide.

3. Decrease non-uniformity of low diffusive insecticides by selection of suitable
geometric shapes for plastic

The concentration of insecticide throughout the plastic strip is not uniform when the
material on the surface is consumed and is replaced by biocide diffuses from the
interior. So in the center of the strip, the concentration will be as it is but consid-
erably depleted at surfaces. This is due to low diffusion of insecticide in the matrix.
For example, for flat slab-like geometry, spherical plastic ball is not preferred.

A significant shortcoming and serious economic problem of this initial design
were relatively large amount of insecticide (nearly one-third of the original load)
still left in the plastic when the strip first becomes ineffective. To avoid this for-
mulation was designed by such a way that the pure chemical was enclosed within
some reservoir and released through a thin film of plastic. A simple manifestation of
this idea was microencapsulation. But the various processes of encapsulation
available were difficult and therefore require large amount of money even when the
pesticide is low in cost. Thus, new designs for controlled release systems are
developing by considering some principles, they are:
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a. Selection of polymeric matrix

The solvent power, its melting point as well as availability, coast, and biodegrad-
ability of the polymer are carefully considered.

b. Preparation of the agrochemical plastic combination

The blending of agrochemical, if thermally stable, with polymer is possible in the
molten state. This solvent less system can avoid complication of differential
removal of solvents.

c. Biodegradability of plastic matrices

Even though polymers are ultimately biodegradable, only some will deteriorate
corresponding to the growth cycle and agrochemical needs of agricultural crops. In
the order of decreasing susceptibility, the biodegradable polymers are probably
proteins, polysaccharides, natural polyphenolics, polyamides, polyurethanes,
polyesters, polyethers, polyvinyls, and polyolefins.

B. Chemical controlled release system

Here, the agrochemical will be chemically linked to a substrate by a distinct and
identifiable chemical bond. This would entirely deactivate the agrochemical until it
was released from its chemical prison by processes which occur in the soil such as
hydrolysis.

6.4.3 Types of Controlled Release System

a. Matrix system

This is the most suitable and widely used method. In this the agent/pesticide is
evenly dissolved or dispersed all over the material processed to requisite shape and
geometry.

b. Reservoir system

For controlled release, the reservoir type carriers are commonly obtained by the
method of microencapsulation. Here, the small solid particles, liquid droplets, or
gas bubbles are coated with thin coating. A board variety of active materials like
adhesives, live cells, active enzymes, agrochemicals, pharmaceuticals, fragrances,
flavones, and inks has been encapsulated in this way.

Controlled release pesticide formulations are usually prepared by using natural
polymer materials as the capping agents. Due to the low cost, free availability,
non-toxicity, and biodegradability of natural polymers, they are preferred as pes-
ticidal carriers. One of the mainly used polymers in controlled release formulations
of pesticide is alginate.

Alginate is polysaccharides-based biopolymer derived mainly from brown sea-
weeds and bacteria. It is employed in many applications due to its low toxicity and
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readily availability. But the inherent disadvantages of the single alginate as matrices
in controlled release preparations are poor mechanical strength, uncontrolled
degradation, and extensive water uptake properties which effect in uncontrolled and
unpredicted release rates of active pesticides. Alginate can be easily converted into
gel by inotropic gelation process with the interaction of divalent cations such as
Ca2+, Ba2+, or Sr2+ and undergo slow, uncontrolled dissolution. The leaching of
pesticides while preparation of alginate beads has been enhanced by blending
bi-polymeric beads of alginate with other polymers or with clays. Alginate-clay
complexes have been used for various pesticides in slow release formulations such
as: diquat bromide [5] 2,6-dichlorobenzonitrile [7], carbofuran, thiobencarb [8],
metribuzin and alachlor [9], diuron. Several scientists have been working on this to
come up with better controlled release formulations of pesticides.

Incorporation of several adsorbents into alginate-clay formulations reduces the
release rate of the herbicide metribuzin. Of the adsorbents used only charcoal
reduced the rate of release but caused irreversible adsorption of part of the metri-
buzin. Thus 1% charcoal used in place of part of clay moderated the release of
herbicide [10]. Some work was reported on petroleum ether solutions of linseed oil
used as binding agent for pesticides impregnation on various inorganic carriers.
Then another slow release formulation of the pesticide metribuzin using alginate–
kaolin and linseed oil was prepared, which can reduce the release rate of the
herbicide in comparison with conventional formulations [9]. Here, the release rates
were reduced due to the combination of polymeric coating formed by linseed oil on
the surface of the bead and the partitioning of the herbicide between the oil in the
bead and the water surrounding the bead. A work on soil mobility of controlled
release formulations of alginate encapsulated metribuzin showed CR-linseed oil
formulation can increase the amount of metribuzin retained in soil surface horizon
and also decrease the leaching of herbicide [11].

Chitosan is a cationic polysaccharide, a water insoluble polymer mainly present
in insect and crustacean exoskeletons and fungal cell walls. It is the deacetylated
derivative of chitin (N-acetyl-d-glucosamine) [12]. Due to its non-toxic, odorless
nature, biodegradability and biocompatibility in animal tissues [13], chitosan has
vast applications in medical and pharmaceutical areas. Combining of chitosan with
other polymers is an effective method to improve its physical and mechanical
properties for applications.

Controlled release formulations of the pesticide were prepared using of alginate,
bentonite, and chitosan as hydrogels by extrusion into calcium chloride solutions
[14]. Bentonite can improve the hydrogel bead size and sphericity and can increase
the drug loading rate and encapsulation efficiency of pesticide. Bentonite also
improves the performance of the release by forming hydrogen bonds with sodium
alginate and chitosan thereby effectively inhibit calcium alginate large swelling.

Alginate modified starch formulation of trifluralin is another veritable way to
decrease the negative environmental effects. It was not feasible to form beads with
plain starch, so blending with alginate helps in bead formation and reduce leakage
of encapsulated herbicide. The cross-linking of starch with alginate through inter-
molecular hydrogen bonding modifies the structure of starch [15]. In another study,
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starch and chitosan were reinforced with alginate for slow release formulation of the
herbicide imazaquin. The mechanical strength of chitosan bead is low. But it
acquires higher level of mechanical strength through intermolecular hydrogen
bonding which is the mechanism of starch–alginate cross-linking and can prevent
leakage of encapsulated herbicide [12].

Sinclair [16] developed a novel system in which thermoplastic polymers and
copolymers of glycolic and lactic acid was employed as encapsulating agents. The
investigations also indicated that polyesters of lactic and glycolic acids biodegrade
through hydrolysis, and the products obtained were lactic and glycolic acids, CO2,
and water.

Meng et al. [17] synthesized two different interlayer structured glyphosate
(GLY) intercalated MgAI layered double hydroxides as pesticide slow/controlled
release materials. They created these materials at different pH by co-precipitation
and concluded that at pH 9, GLY-MgAI-LDH-pH9 possessed higher interlayer
gallery height and vertical monolayer arrangement of guest anions in the interlayer
with larger packing density and also exhibits better slow release property than that
accumulated at higher pH 10.

A polyacrylic acid lignin hydrogel (LBPAA) composite was made by grafting
lignin on the surface of polyacrylic acid network. These composite gels confirmed
high loading and sustained release of a range of pesticides and also found to be
sensitive to pH, temperature, and ionic strength [18].

6.5 Nanopesticides

The nanopesticides are the new trends in creating controlled and slow release
pesticides after the development of nanomaterials and nanotechnology. The phys-
ical and chemical properties of nanomaterials vary from those of macroscopic
materials. For pesticide delivery, nano-microcapsules or nanospheres of polymeric
materials with light-sensitive, thermo-sensitive, humidity-sensitive, enzyme, and
soil pH sensitive were prepared through processes such as adsorption, coupling,
encapsulation, and embedding. Thus, the active ingredients of the pesticide can be
protected by such formulations and also enhance stability, decrease volatility,
control the release of core material, and reduce or obscure odors. Due to the small
size, improved pesticide droplet ductility, wettability, and target adsorption when
spraying in fields the nanocapsule formulations have environment friendly advan-
tages such as improved pesticide utilization and reduced residue and pollution.

Nanopesticides are minute engineered structures that deliver pesticidal properties
or formulation of active ingredient of pesticide in nanoform. They show long time
controlled release of active ingredients and slow degradation, which make them less
toxic and environmental friendly while comparing with chemical pesticides.
Different types of nanopesticides have been developed by researchers such as
nanocapsulated formulations, nanogels, nanospheres, nanoemulsions and metal and
metal oxide nanoparticles.
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Different types of polysaccharide materials have been integrated into the pro-
duction of nanocapsules, i.e., polyethylene glycol, chitosan, starch, cellulose, and
polyester substance. Nanopesticides active against larvae of Culex quinquefasciatus
were developed by PEG encapsulated by temephos and imidacloprid with
melt-dispersion method. The controlled release of atrazine with PCL nanocapsule
enhanced herbicidal activity and also minimized the harmful effect of herbicide than
commercial formulations. For fungicide applications, solid lipid and polymeric
nanocapsules loaded with carbendazim and tebuconazole were developed.

To improve solubility and spreading capacity of pesticides, nanoemulsions were
developed by dispersion into the liquid phase. Nanoemulsions are useful in less
deprivation and volatilization of active ingredient and improve the bioavailability
for long period of time [19]. Nanoformulation such as formulation of pyridalyl,
oil-core silica-shell nanocapsule for fipronil, insecticide coated liposome, Artemisia
arborescens essential oil, neem oil, garlic essential oil, imidacloprid, thiamethoxam,
carbofuran, thiram and b-cyfluthrin, carbofuran, mancozeb, atrazine and simazine,
lansiumamide B were developed to improve efficiency, stability and reduction of
effective pesticide concentration.

In 2011, Qian et al. [20] prepared nanocalcium carbonate by reversed-phase
microemulsion method and loaded with pesticide validamycin. By changing the
water/surfactant molar ratio, the size of nano-CC was adjusted between 50 and
200 nm. This material exhibited enhanced germicidal activity against Rhizoctonia
solani compared to usual technical validamycin after about seven days, and the
release time of validamycin was expanded to two weeks. Patel et al. [21] developed
cypermethrin loaded calcium alginate nanocarriers. The release of cypermethrin
from nanocarriers was evaluated, and the mechanism of release of cypermethrin
was found to be anomalous transport directed by diffusion and relaxation of alginate
chains. In this study, the pesticide molecule occupies the inner side of the
nanocarriers which resulted in the decreased size of nanocarriers from the range
108–127 to 115–119 nm.

6.6 Conclusion

The modern technology used for the development of controlled and slow release
formulations of pesticides are nanotechnology, thereby nanopesticides are formu-
lated. Different types of nanopesticides developed are currently available in the
market and are effective and less harmful than conventional formulations.
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Chapter 7
Advanced Controlled Nanopesticide
Delivery Systems for Managing Insect
Pests

R. K. Saini, S. Patel, J. Bajpai and A. K. Bajpai

Abstract The need to produce food in sufficient quantities for supplying to the
growing population has resulted in the development of a wide range of new
technologies. There is always a loss of crops due to pests and, therefore, pesticides
have become an essential part of the agricultural system to prevent crop loss. In
recent past, a variety of pesticides as organochlorines, organophosphates, carba-
mates, and pyrethroids have been developed to combat the insect pests, however,
conventional methods of using pesticides have severe adverse effects such as
reduction in the agricultural yield and undesirable health effects on human and the
environment by various processes of degradation of pesticides which results in less
than 0.1% of the applied pesticides to be used as active part to kill the target pests.
In recent years, advanced nano-controlled delivery systems have been developed
for agrochemicals based on biodegradable polymers to maintain optimal pesticide
concentrations, protect and stabilize the pesticides and reduce the frequency of
administration. This chapter presents an overview of the nanoformulations used as
systems for controlled release of pesticides and concentrates on the modern
strategies adopted for the delivery of pesticides and their limitations and potential in
achieving sustainable agriculture management.

Keywords Nanopesticide � Controlled release � Pest control

7.1 Introduction

The emergence of green revolution has resulted in intensive agricultural practices
which have eventually led to the progressive depletion of soil nutrients. The
abnormal growth in agriculture production has only been achieved due to the
excessive use of agrochemicals which have adversely affected the soil and water
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quality of the area. The contribution of agriculture to the requirements of health,
nutrition, as well as economical developments is globally recognized [1]. There has
been obtained a higher yield of crops which has been possible only due to the
development of newer high-quality seeds, applications of fertilizers and pesticides
in excess amounts then the required ones, and using advanced and
high-performance agriculture machinery. Agricultural improvements have been the
major sources of boon in meeting out the global requirements of food. However,
numerous environmental pollutions issues such as deforestation, soil erosion,
salination, and damages to ecosystems have encountered criticisms due to the
excessive use of pesticides and other agrochemicals [2–4].

Agriculture contributes positive and negative externalities to society. A typical
feature of the negative externalities is the damage caused by nutrients pollution and
by pesticide [5]. To fulfill the food requirements of the world, it is important to use
high-technology agriculture practices including pesticides and micronutrients to
maximize the production of high-quality crops [6, 7]. Today, agrochemicals are
used in numerous crops against a large spectrum of weeds, pests, and diseases [8].
Pesticides are commonly used for the control of pests of agriculture and vectors of
human and animal diseases [9]. However, their excess use is badly affecting human
health and the environment. The term pesticide includes herbicide, insecticide,
insect growth regulator, nematicide, termiticide, molluscicide, piscicide, avicide,
rodenticide, predacide, bactericide, insect repellent, animal repellent, antimicrobial,
fungicide, disinfectant (antimicrobial), and sanitizer [10]. Presently, herbicides have

Fig. 7.1 Health effects of pollution due to pesticides
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approximately 80% worldwide consumption of total pesticides [11] used as
crop-protection materials for plants from weeds, fungi, or insects.

A survey has shown that agricultural producers have used different types of
agrochemicals including pesticide for the enhanced production and protection of
crops [12]. Among the surveyed farms, 55% used insecticide, 23% used fungicide,
22% farms used herbicides, and 3% used others [13]. However, the main limitation in
the use of such chemicals in agriculture is their harmful effects on the environment and
human health because most of the pesticide released into the environment is lost
before reaching its target. Losses occur as a result of physical, chemical and biological
factors. A report states that every year millions of agriculture worker and farmers of
developing countries suffer from poisoning due to pesticides and other agrochemicals
[14] (Fig. 7.1). Hence, there is an urgent requirement to develop technology for safe
use and application of these chemicals [15].

7.2 Application of Insecticides Nanoformulations

In conventional agriculture practices, granular (GR) formulations, solution con-
centrates, emulsifiable concentrates, wettable powder (WP) formulations, and sus-
pension concentrates (SC) technology use excess active ingredient such as mineral
fertilizers and unsafe pesticides as a mixture with other inert materials for their
effective application in the field. However, the conventional formulation methods
have major drawbacks of burst and immediate release of active ingredients that are
quickly lost by volatilization, evaporation, and leaching as well as various degra-
dation processes takes place in the presence of light, water, and microbes. This
consequently results in the quick loss of concentration and effectiveness of active
ingredients, and, therefore, more amount of such active ingredients are required to
maintain their biological efficiency to kill pests that leads to various environmental
and health problems. Traditional strategies such as crop rotation, healthy crop
variety, manipulations in sowing dates, and integrated pest management
(IPM) (combination of techniques such as biological control, habitat manipulation,
and modification of agronomic practices) have been commonly used by farmers for
the management of insect pest in agriculture. It is, however, to note that if an excess
amount of pesticide is used, it may sometimes cause phytotoxicity.

Government and regulatory authorities are giving directions to agrochemical
producers to develop formulations which must be safe in manufacturing and use,
reduce the amount of applied pesticides, produce less waste and effluents, as well as
develop multiple active ingredient formulations for control and target release of
pesticides to enhance biological activity and reduce pesticide dosage.

To overcome these problems and less efficiency of traditional methods,
advanced technology approaches for the management of insect pest must be used as
safer tools for agriculture. Nanotechnology has gained much attention as new
technology not only to increase crop yields with quality but to detect and treat the
plant diseases, deliver active ingredients to target sites, and enhance the absorption
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of nutrients in plants. Advanced high-performance eco-friendly nanomaterials have
been developed not only to improve the efficiency of active ingredients in the field
but also reduce the damage to non-target plant tissues and minimize harmful
environmental pollutions [16]. There is a pressing need to apply nanotechnology,
and this warrants a detailed study in this area. The applications of nanoformulation
in agriculture are listed as shown in Fig. 7.2.

7.2.1 Nanoemulsions

Nanoemulsions are kinetically stable transparent non-toxic and non-irritant col-
loidal particulate systems which are mini-emulsion of either oil in water or water in
oil and surfactant (for the stability of systems that decreases the interfacial tension)
in the size 10–1000 nm and cannot be formed spontaneously (Fig. 7.3). They have
gained much interest as carriers of drug molecules; improve the bioavailability of
drug and physical stability due to their greater surface area, robust stability, tunable
rheology, as well as they can be easily formulated in the form of foams, creams,
liquids, and sprays by dispersion or high-energy emulsification methods and
low-energy methods [17]. A phase inversion temperature (PIT) was developed by
Shinoda and Saito that works as a low-energy emulsification industrial method for
the formation of nanoemulsion. In order to enhance the uptake of agricultural agents
(AIs), nanoemulsions have been used [18, 19].

7.2.2 Classical Micro- and Nanoparticles

Nanomaterials may be spherical, tubular, or irregular in shapes and have size less
than 100 nm in one dimension (e.g., surface films or surface coatings in circuitry of

Fig. 7.2 Various applications of nanoformulation in agriculture
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computer chips), two dimensions (e.g., strands or fibres, or nanopore filters used for
small particle separation and filtration), or three dimensions (e.g., nanoparticles
with various morphologies) as single, dispersed aerosols, as suspensions/colloids or
aggregated forms and show properties different from those of the bulk particles due
to their greater surface area [20–22].

Nanoparticles can be classified as natural environment nanomaterials and syn-
thesized or engineered nanomaterials on the basis of their source or their manu-
facturing, respectively. Natural environmental nanoparticles are mostly metal
oxides and metal sulfides found in minerals. They can bind with contaminants,
responsible for causing chemical reactions in soil and water, synthesized by various
biological and chemical processes and occur in nature. At present, many environ-
mental nanoparticles have been discovered by scientist in the last 20 years, but their
properties and significance to the environment are poorly understood and require
more research [23].

Synthesized or engineered nanoparticles (e.g., silicon dioxide, titanium dioxide,
cerium oxide, and iron oxides) are designed in laboratory by using synthetic or
natural polymers, metals, etc. with specific properties or compositions (e.g., shape,
size, surface properties, and chemistry) and widely used in numerous biomedical

Fig. 7.3 An illustrative presentation of various properties of nanoemulsion
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and environment applications and provide opportunities to scientists across many
disciplines to manipulate properties that might otherwise be incompatible on a
single device (Fig. 7.4).

7.2.3 Entomopathogenic Microorganisms Encapsulated
Novel Micro- and Nanoparticles for Bioinsecticides

In recent years, due to worldwide pesticide pollutions, there are demands for
pesticide-free agriculture products, and biological control-agent-based materials for
crop production. Microorganisms such as Pseudomonas deceptionensis,
Brevibacterium frigoritolerans, Weissella oryzae, Bacillus methylotrophicus, and
Bhargavaea indica are used as nano-factors to synthesize metal nanoparticles
because they are eco-friendly, less toxic, produced reductase enzymes that accu-
mulate and detoxify heavy metals, and cost-effective [24].

Recently, entomopathogenic fungi such as Metarhizium brunneum, Metarhizium
pingshaense, Metarhizium anisopliae, and Metarhizium robertsii have gained
attention as biological control agents for controlling root-feeding herbivore in potato

Fig. 7.4 Diagrammatic depiction of properties and application of nanoparticles
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plants, and soil-borne insect pests like wireworms in the field as they do not affect
beneficial non-target organisms such as bees and earthworms. Ca-alginate-based
hollow beads and coated beads are used as gentle and non-toxic materials for the
encapsulation of fungal conidia as they provide better handling, reduced dusting, high
flowability, high shelf life, reduced abrasion, and enhanced establishment in soil
[25–27].

Ureña-Saborío et al. [28] used green chemistry to encapsulate bacterial meta-
bolic infiltrates isolated from different bacillus strains as biological control agents in
biopolymer (chitosan) nanoparticles against Radopholus similis in order to improve
the persistence and spread of these biocontrol agents in the soil.

7.2.4 Commercial Products

Since 1930, synthetic pesticides have been synthesized and widely used as active
ingredient to protect crops from pests but their excessive use to fulfill the food
requirements of world has created environmental pollution and damages to human
health as well as non-target sites because only 0.1% of the active ingredient reaches
at the target pests by conventional methods. Therefore, controlled release tech-
nology has been developed as a versatile tool to address the problems originating
from the excessive use of pesticides.

Carvalho [29] reported that for safe food production and sustainable develop-
ment of agriculture, fisheries, and aquaculture, it is necessary to advance the
agricultural practices, and educate the farmers and users about careful use of pes-
ticides, as well as prior testing and careful risk assessment of pesticides, measures
must be taken for the better protection of environmental ecosystems.

Melo et al. [30] conducted adsorption experiments for evaluating the release of
agriculture active ingredients at different pH, using an aqueous medium as well as
soil and plants and found that use of tropical peat could be used as materials to
improve agriculture productivity.

Tebuthiuron (TBH) is the herbicides that are mostly used to kill weed in cotton
and sugar crops, and highly water soluble and degrade by metabolites thus causing
underground as well as surface water contaminations. Therefore, there is a need for
safe delivery systems for TBH to reduce the harmful effects of it and protect the
environment. Moreto et al. [31] developed and investigated the calcium alginate
microparticles prepared from the crosslinking of sodium alginate by Ca2+ ions
containing varying amounts of TBH as a safer delivery system for TBH delivery for
the effective control of weeds.

Kumar and coworkers [32] concluded that nanoplatforms and processes such as
nano-encapsulation could be used as controlled, safer, and sustainable releases
systems for agrochemicals to deliver various active ingredients to target sites,
deliver macromolecules needed for improved plant disease resistance, for genetic
modification of plants, efficient utilization of nutrients and enhance plant growth as
well as provide new ways for crop protection.
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Kanhed et al. [33] synthesized copper-based compounds using copper nitrate
and isopropyl alcohol with surfactant, cetyl trimethylammonium bromide, for the
release of pesticides or agricultural fungicides and found them effective against four
pathogenic fungi: Phoma destructiva, Curvularia lunata, Alternaria alternata and
Fusarium oxysporum. However, such nanopesticide formulations are harmful to
human beings also.

7.3 Development of New Nanopesticides

Nanoparticle are nanosize materials that can be classified as inorganic, organic, or
hybrid materials and possess many unique properties such as small size and greater
surface area, and are capable of delivering pesticides to target sites, minimizing
pesticides loss and toxicity, thus offering higher loading capacity, biodegradability,
stability and long shelf life in comparison with the bulk materials (Fig. 7.5).

Fig. 7.5 Nanoformulation used for the delivery of synthetic and natural pesticides
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There are three types of nanoparticles that can be distinguished as isodimen-
sional nanoparticles (three dimensions in nanometers range), elongated structure
(two dimensions in the nanometer range and one in larger), and polymer-layered
crystal nanoparticles (only one dimension in nano range). Isodimensional
nanoparticles such as silica nanoparticles can be synthesized by in situ sol-gel
methods or surface polymerization. Elongated structure like nanoparticles such as
carbon nanotubes or whiskers extensively studied as high-performance materials for
various applications. Polymer-layered crystal nanoparticles are in the form of
sheets, and they are developed by the polymerization of monomers and intercala-
tion of the prepared polymer inside the galleries of layered host crystals.

Nanopesticides are formulations as particles or micelles that consist of organic
(polymers), inorganic (metal oxide) ingredients in nm size and able to increase the
solubility of poorly soluble active ingredients, release pesticides in a slow and
controlled targeted manner to protect it from premature degradation.

Metal-based nanoparticles such as silver (SNP), aluminum oxide (ANP), zinc
oxide, and titanium dioxide show antibacterial and antifungal properties and are
effective in killing pests, plants, pathogens, and insects. Therefore, they can be used
as nanoformulations for the preparation of pesticides, insecticides, and insect
repellants as well as deliver DNA into plant tissues for the protection of the host
plants against insect pests.

Many researchers’ studies showed that porous hollow silica nanoparticles
(PHSNs), nanoemulsions and essential oil-loaded solid lipid nanoparticles could be
used as safer and sustainable controlled release delivery system of pesticides as
insect pests use cuticular lipids for their protection. When these particles adsorb into
the cuticular lipids by physisorption, they cause the death of insects.

7.3.1 Biopolymers Nanoparticles

Natural occurring polymers such as polysaccharides and proteins are cheap, readily
available, biocompatible, and have low toxicity. They can also be chemically,
physically, or enzymatically modified to modulate their functional behavior.
Biopolymers such as starch, cellulose, chitosan, alginate, pectin, casein, and gelatin
have been used for preparing super-absorbents and widely used in many environ-
mental and biomedical applications such as wastewater treatment, drug delivery,
developing hygienic product due to their unique properties such as low cost,
renewable, non-carcinogenic nature, abundance, biocompatible nature, stability,
and hydrophilic nature [34–55] (Fig. 7.6).

Natural nanoparticles (composed of biopolymer with a dense crosslinked matrix
which has the ability to incorporate a limited amount of liquid) can play an
important role as efficient delivery systems for sustained, controlled, and targeted
release aiming to improve the therapeutic effects and also minimize the side effects
of the pesticides by reducing the degradation rate of pesticides by delaying the
release and increased residual activity [56].
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Fraceto et al. [57] developed a modified controlled release system for the her-
bicide ametryn by using poly(hydroxybutyrate) (PHB) or poly(hydroxybutyrate-
valerate) (PHBV) to improve the activity of herbicide and reduce the toxicity. They
evaluated the release kinetics for encapsulated active substances from poly (hy-
droxybutyrate) (PHB) or poly (hydroxybutyrate-valerate) (PHBV)-based
microparticles and found that the release of ametryn occurred by diffusion process
due to anomalous transport and indicated that this system may be used as a safer
system to reduce the impacts caused by the herbicide.

7.3.2 Polymer-Based Nanopesticides

Polymeric nanoparticles have gained considerable attention because they can be
easily synthesized as stable and biodegradable nanospheres or nanocapsules for the
encapsulation of pesticides in a uniform manner to prepare release systems.
Polymeric nanoparticles do not aggregate easily due to electrostatic repulsion, steric
exclusion, or a hydration layer formed by binding of polymeric molecules on the

Fig. 7.6 Various forms of biopolymeric particles
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surface of the nanoparticle by some attractive interaction, either chemisorption,
electrostatic attraction, or hydrophobic interaction [58, 59].

Hydrogel-based controlled delivery nanoformulations have gained considerable
attention for the development of controlled release pesticide formulations because
they provide not only increased water holding capacity of the soil, controlled
erosion, reduced irrigation frequency but also the slow release of pesticides due to
their swelling behavior. The swelling capacity of hydrogel-based nanoformulations
can be improved by mixing more than one type of polymers. These systems can be
classified as physical combination (laminated, reservoir, and monolithic systems)
for controlling the rate of release agents, as well as chemical combination (bind
pesticides through labile link) to deliver pesticides either by hydrolysis or by
enzymatic degradation. Polar polymeric molecules are soluble in water while apolar
polymeric chain molecules are soluble in non-polar solvents, e.g., hexane, toluene,
or chloroform [59, 60].

Fernandez-Perez et al. [61] prepared poly (ethylene glycols) based nanomicelles
as controlled release (CR) formulations of imidacloprid [1-(6 chloro-3-pyridinyl
methyl)-N-nitro imidazolidin-2-ylideneamine] and evaluated its encapsulation
efficiency, loading capacity, and stability. They found that prepared nanoformula-
tion not only reduces the release of pesticides but also can be used for efficient pest
management in different crops.

The polymeric nanoparticles can be synthesized by conjugated polymers such as
polyaniline, polypyrrole, polyacetylene, polythiophenes, polyfluorenes, poly
(p-phenylenevinylene)s, and poly(p-phenyleneethynylene)s derivatives as
nanopesticide formulations to deliver active ingredient safely, slowly, and contin-
uously for longer duration to at specified targets at a desired rate [62].

Bajpai et al. [63, 64] developed biodegradable delivery systems by using cal-
cium alginate, starch, gelatin for the release of insecticides such as cypermethrin,
chlorpyriphos, and evaluated in vitro release kinetics. The soil–pot experiments
results clearly suggested that the as-prepared delivery systems released at lower
rates in comparison with pesticides applied directly.

Recently, various types of amphiphilic-block-copolymer-(bi-block, tri-block)-
based nanomaterials have been synthesized by the polymerization of more than one
type of monomers possessing contrast nature, i.e., one hydrophilic and another
hydrophobic to encapsulate a wide range of pesticides. Polyethylene (PEG)-based
amphiphilic copolymers have more potential as controlled release systems for a
series of pesticides such as thiram, thiamethoxam, carbofuran, imidacloprid, and
b-cyfluthrin; because, the release rate of such nanoformulations can be controlled
by varying the amount of PEG for period from 1 to 20 days and show high
effectiveness to target organisms and lower toxicity to non-target organisms.
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7.3.3 Inorganic Nanoparticles as Active Ingredients

Inorganic nanoparticles containing inorganic metal elements as the core and a
protective organic coating on their surfaces that prevent it from degradation and
aggregation have been suggested as controlled release systems of high performance
in biomedical and environmental applications as these particles possess various
size- and shape-dependent physical and chemical properties such as magnetic,
optical, and electrical, as well as good stability over broad range of temperatures
and pH that make it suitable for agriculture applications to deliver active ingredients
with lower toxicity [65, 66] (Fig. 7.7).

Many inorganic nanoparticles such as magnetic iron oxide nanoparticles
(IONPs), semiconducting quantum dots (QDs), silica nanoparticles, titanium oxide,
metallic gold nanoparticles (AuNPs) exhibit unique antibacterial, light scattering,
low toxicity, and good electrical properties. Thus, they are widely studied as
magnetic resonance imaging (MRI) contrast agents [67], as optical probes for
intracellular organelles and biomolecules [68], for molecular imaging [69], as
antibacterial materials to suppress bacterial and fungal pathogens. The physical and
chemical properties of inorganic nanoparticles can be improved by using surface
coating of suitable polymers to achieve high surface-to-volume ratio and multi-
functional behavior for possible applications in agriculture [70, 71].

Scientists and researchers have been paying much attention and showing interest
in developing high-performance metallic nanoparticles with well-defined chemical
composition, size, and morphology as biosensors to detect pesticides, monitoring

Fig. 7.7 Applications of inorganic nanoparticles
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diseases, pathogens, and therapy monitoring [72–74]. Such metallic nanoparticles
can be synthesized by different microorganisms and plants as green and efficient
materials with unique properties such as biocompatible, nontoxic, self-cleaning,
skin-compatibility, antimicrobial, and dermatological behaviors and used for vari-
ous biomedical and industrial applications.

7.3.4 Hybrid Nanoformulations

The main challenges in the release of pesticides are enzymatic and biological
barriers that can lead faster degradation and metabolization, as well as its physio-
chemical nature that separated the administration site from the site of action which
may cause poisoning to healthy tissues and cause pollution. Therefore, ideal
delivery systems must possess the properties of releasing the active ingredients to
the target site with a slow and controlled rate to avoid its excess use reducing
pollutions. Recently, various delivery devices such as carbon nanotubes, liposomes,
dendrimers, and micelles have been developed as hybrid formulations (Fig. 7.8).

Liposomes are ideal candidates for molecular vectorization in biological media
because they can release both hydrophilic and hydrophobic active ingredients to
specific action sites. In liposomes, hydrophilic active ingredient can be encapsulated
at the central aqueous core surrounded by one or several phospholipid bilayers and
hydrophobic active ingredients anchored into their bilayers. However, the main
limitations in vectorization of liposomes are their physical and chemical instability
which is due to easy hydrolysis of their ester bond and formation of aggregate
particles, requirement of organic solvents that leave toxic residual traces, leakage,
releasing the encapsulated drugs before the site of action [75, 76].

Dendrimers are highly branched molecules synthesized from the core by the
repetition of a sequence of reactions, containing a low-density small core and outer
multiple branching units of a large number of surface groups that create multivalent
interactions with hydrophobic active molecules [77].

Carbon nanomaterials such as carbon nanotubes, fullerene consist of single and
multilayer of carbon, considered as optimal vehicles for the delivery of genes,
peptides, and proteins but possess inert surface, hydrophobic nature, and poor
biocompatibility [78, 79].

Micelles are aggregates or spherical amphiphilic molecules that range in size
from 1 to 100 nm at critical micelle concentration and contain core of hydrophobic
moieties and polar groups ends are in contact with surrounding water. There are two
types of micelles—surfactant micelles and polymeric micelles (block or tri-block
copolymers). Out of these two, polymeric micelles are more stable, monodisperse
and have a diameter of 20–50 nm and show slow degradation rate which makes it
ideal candidates for controlled and slow release of pesticides [80].

Solid lipid nanoparticles are lipids (surfactants, triglycerides, glycerides) based
partially crystalline solid nanoparticles and can be easily synthesized by various
methods such as high-pressure homogenization, microemulsion, and
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nanoprecipitation and active ingredient molecules can be entrapped into oily
compartments present in amorphous regions that allows an on-command
release [81].

7.3.5 Nanoparticles Used in Biocides Controlled Release
Formulations

“Controlled release (CR) can be defined as a method that uses chemical,
mechanical, or electromechanical devices to deliver a predetermined amount of
active ingredient molecules from a reservoir to a target site for definite period of
times” [82, 83]. It is applied to deliver active substances such as pesticides, her-
bicides, fertilizers, biomolecules, and drugs in agriculture, biomedical, food, and
pharmaceutical industries [84]. Controlled release technology is used in crops so
that environmental pollution can be reduced. It offers several advantages over the
conventional methods of pesticide applications such as sustainable constant release

Fig. 7.8 Images showing some hybrid nanoformulation
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for long time, ease of handling, reduces excess use of active ingredients, lowers the
evaporation rate, phytotoxicity, and pollution. CR technology has many applica-
tions in agriculture, where the protection of crops from pests is required for an
extended period of time with less side effects, prolonged efficiency, enhanced
safety, and reliability of agrochemicals [85–90].

A safe pesticide formulation could be the one which controls the pests and
reduces the environmental pollution as well as checks the availability of the active
moiety at any point in time. Encapsulation technology provides a handy tool which
helps to achieve these properties by using polymer-matrix-based nanoformulations.
Polymer-based formulations have been developed to enhance the activity of
entrapped active ingredients as they protect the active ingredient molecules from
biological and enzymatic degradation, evaporation, leaching and reduce the toxi-
city, maintain the optimum concentration of AI for a specified period, reduce
mobility of pesticide into soil, and minimize excess dosages [91–99] (Fig. 7.9).

7.4 Methods for Preparation of Nanomaterials Controlled
Release Formulations for Biocides Application

7.4.1 Ionotropic Gelation

An ionic gelation method involves the complexation between low molecular weight
polycation and polyanion molecules. It was first introduced by Bodmeier and
coworkers [100]. As compared with covalent crosslinking, the ionotropic gelation
has many advantages because of the mild preparation conditions and simple pro-
cedure. Nowadays, the most widely used biopolymers for the ionotropic gelation

Fig. 7.9 Variation in agrochemical concentrations with time from conventional and controlled
release
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method are alginate nanocarriers which can be prepared by adding CaCl2 or other
polycationic crosslinkers. The active ingredient can be entrapped into the prepared
calcium alginate crosslinked nanocarriers as a potential AI carrier for the slow
release. Due to the crosslinking and gelation of different ions, it is called as
ionotropic gelation method. The AI encapsulation efficiency is affected neither by
the amount of alginate nor the crosslinking ion used. The neutralization between
oppositely charged alginate decreases the solubility of the alginate nanocarriers
(Fig. 7.10).

7.4.2 Solvent Evaporation Method

The solvent evaporation technique is a very common and popular technique for
synthesizing nanocarriers for controlled release as there is no need for washing
steps, and there is a minimum possibility of agglomeration. In this method, a
mixture of polymer and AI solution is emulsified in different oil/water emulsions
with continuous stirring and allow evaporating the solvent by increasing temper-
ature [101, 102]. This results in precipitation of polymers as nanocarriers with
dispersed AI in the polymer matrix network as shown in Fig. 7.11. Frequently used
polymers are PLGA [poly (D, L-lactidecoglycolide) acid] [103], ethyl cellulose
[104] and cellulose acetate phthalate and drugs are albumin [105] testosterone [106]
cyclosporine A [107, 108], etc.

Fig. 7.10 Schematic representation of ionotropic gelation technique
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7.4.3 Emulsion Crosslinking Method

Emulsion of polymer and crosslinker is prepared with the help of suitable oil, such
as paraffin oil (Fig. 7.12). Both the emulsions are stirred together to form a
homogenous solution, after continuous stirring the solution is filtered with toluene,
acetone, distilled water, respectively, and then dried in an oven [109].

Fig. 7.11 Schematic representation of the solvent evaporation technique

Fig. 7.12 Schematic representation of the preparation of alginate nanocarriers by the emulsifi-
cation crosslinking technique
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7.4.4 Non-solvent Addition Method

In this method, nanocarriers can be prepared using various solvents and
non-solvents. Solvents like acetone, dimethyldigol, and 1, 4-dioxane and
non-solvents like n-hexane and chloroform can be used [110, 111]. The polymer is
dissolved in a solvent, by stirring the mixture and then drug, liquid Paraffin (en-
capsulating vehicle), and suitable non-solvents are added slowly and dropwise. The
mixture is then agitated at room temperature (25 °C) so that the solvent gets
evaporated. Liquid paraffin is decanted (non-solvent helps in washing paraffin oil)
and the nanocarriers are collected, washed, and dried at 40 °C in an oven and stored
in an airtight container at room temperature. The whole scheme is represented in
Fig. 7.13.

7.4.5 Spray Drying Method

Spray drying method is used as a potential method to synthesize nano-controlled
release systems. In this method, polymer and AI solutions are suspended in distilled
water and converted into very small nanosize droplets using an atomizing device
and allow drying in the presence of hot air. During evaporation, the solvent is
removed and dry powder is formed which is separated from the moist air by
centrifugal action when the mixture of particles and air enters the cyclone system
and heavy dense powder particles settle down to the bottom of the cyclone,
removed through a discharging device, while the lighter, moist air is directed away
through the exhaust pipes [112, 113] (Fig. 7.14).

Fig. 7.13 Schematic representation of the non-solvent addition technique
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7.5 Mechanism of Biocide Release Profile

7.5.1 Release Mechanisms

For decades, polymeric nanostructures have been developed and investigated as
controlled release systems with aim to maintain zero-order release or steady-state
release of the pesticide in such a manner that release rate is not affected by the
amount of pesticide remaining in the device at any time and thus maintains an
effective concentration level for the prolonged period. However, most of the release
systems do not follow the zero-order release mechanism kinetically because it is
affected by various factors such as the composition of the device, nature of inter-
actions, and methods of preparation [114]. The mechanism of release kinetics can
be classified as diffusion, solvent, and erosion-controlled release as summarized
below.

7.5.1.1 Diffusion-Controlled Release Systems

Many pesticides encapsulated polymeric nanomaterials (matrix devices or reservoir
system) follow the diffusion-controlled release mechanism and the release rate of
pesticide molecules depends on the difference of its concentration across the
membrane, not on the chemical composition as well as intermolecular interaction
between polymers and loaded pesticides and migration of water into preexisting or
dynamically formed spaces between the polymer chains that allow the diffusion of
loaded pesticides from the matrix (Fig. 7.15a). Hydrophilic polymers show faster
release rate than hydrophobic polymers due to their degradation in water.

Fig. 7.14 Schematic representation of cyclone dryer’s technique
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Carboxylic acid group containing polymeric nano-matrices do not show
diffusion-controlled release because their composition controlled the rate
[115–117].

In case of matrix devices bioactive molecules are dispersed throughout into
polymer with no diffusion barrier membrane, and they are the most common sys-
tems for designing controlled release nanoformulations for bioactive molecules
because of their ease of preparation, release dependence of rate on solubility of the
bioactive agent, and pore network of matrix may take place either by diffusion or
leaching along with diffusion [118]. However, reservoir systems contain bioactive
molecules at the centre surrounded by polymer membrane and their
diffusion-controlled release rate is affected by additives, polymer functionality, pH,
porosity, film-casting condition, etc., and bioactive molecules are released through
the micropores of the capsule walls [119].

Fig. 7.15 Pictorial representation of various controlled delivery systems
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7.5.1.2 Solvent-Controlled Release

The transport of solvent molecules into polymeric nanoformulation can affect the
release of bioactive molecules either by swelling or osmosis until it is placed in an
appropriate biological environment. Semi-permeable polymeric membranes con-
taining polymeric nanoformulations release the entrapped bioactive molecules
through osmosis due to the presence of difference of vapor pressure originating
from the lower concentration outside and higher concentration inside the matrix.
The water molecules penetrate into the central core and apply hydrostatic pressure
on the entrapped bioactive molecules and force it to come out and a zero-order
release profile is maintained till the concentration gradient is maintained constant
across the membrane [120] (Fig. 7.15b).

In swelling-controlled release mechanism, water molecules diffuse into hydro-
philic functional groups glassy polymeric hydrogel nanoformulations and relax the
polymeric chains and force entrapped bioactive molecules in the matrix to diffuse
out through the swollen network into the external environment. The rate of
bioactive molecules release from matrix depends on the relaxation rate of polymer
chains as well as diffusion rate of water molecules, composition of the polymer, and
concentration of entrapped bioactive molecules. The swelling-controlled release can
be evaluated by Peppas model (e.g., Fickian or non-Fickian diffusion) [121, 122].

7.5.1.3 Erosion or Chemical Reaction Controlled Release

Biodegradable polymer-based nanoformulations have gained much attention as
erosion-controlled release devices for bioactive molecules via hydrolytic and/or
enzymatic degradation of the linkage between the drug and the polymer and mostly
follow bulk degradation followed by the surface erosion. When bioactive molecules
are physically combined with polymer chains, erosion-controlled release takes place
while chemical–reaction-controlled release involves chemical bonding between the
polymer and the bioactive molecules and bond breaking is required for the sepa-
ration of molecules from polymeric matrix [123, 124] (Fig. 7.15c).

7.5.2 Models Used for Nanopesticide Release

The mechanism of nanopesticides release can be evaluated by various mathematical
models such as Berens and Hofenberg model, Korsmeyer-Peppas or Ritger-Peppas
model, zero-order, first-order, and Higuchi Model [125, 126]. The release profile of
encapsulated nanopesticides can be evaluated by zero-order release kinetic model
(Eq. 7.1) that would be followed by polymeric nanopesticides formulations to
release bioactive ingredients with constant rate and not depend on the concentration
of bioactive ingredient at any time.
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Qt ¼ Q0 þK0 t ð7:1Þ

where Q0 and Qt represent the initial amount and released amount of bioactive
molecules, respectively, and K0 is the zero-order release constant [127].

The first-order release kinetic model can be represented by Eqs. (7.2) and (7.3)
as given below,

dc
dt

¼ �Kc ð7:2Þ

logC ¼ logC0 � Kt=2:303 ð7:3Þ

where C0 represents initial concentration and C the released concentration of
bioactive molecules at time t, and Kt is the rate constant [128].

The release kinetic of bioactive molecules from semi-solid and solid polymeric
devices can be determined by using Higuchi model (Eq. 7.4) [129].

Q ¼ KH � t1=2 ð7:4Þ

where Q is the release concentration of bioactive molecules at time t, and KH is
Higuchi dissolution constant.

In order to evaluate the release kinetics of bioactive molecules from swellable or
non-swellable polymeric release systems, Ritger-Peppas and Korsmeyer-Peppas
models (Eqs. 7.5 and 7.6) can be used as mathematical models to analyze Fickian ar
non-Fickian release.

Wt=W1 ¼ k � tn ð7:5Þ

Wt=W1 ¼ D � tð Þ0:5=pL2 ð7:6Þ

where Wt and W∞ represent concentrations of bioactive molecules released at t time
and at equilibrium, respectively, and n is release exponent, k is swelling factor, D is
diffusion constant, and L being the diameter of the dry nanoparticles (Table 7.1).

Table 7.1 Data showing the types of the mechanism of release of agrochemicals from
nanoformulation and their diffusion exponents

Type of transport Diffusional exponent (n) Time dependence

Fickian diffusion 0.5 t1/2

Anomalous transport 0.5 < n < 1 tn−1

Case II transport 1 Time independent

Super case II transport n > 1 tn−1
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7.5.3 Factors Affecting Release

The rate of release and mechanism depends on the compositions of polymers, i.e.,
hydrophilic and hydrophobic nature, functional groups because they controlled the
swelling behavior and rate of diffusion of water molecules into polymer matrix due
to shrinking or swelling in polymeric chains in response to environmental media,
and ionization of functional groups in the presence of other stimuli such as pH,
temperature, light, magnetic, and electric fields [130–132]. Crosslinking density
plays an important role in the relaxation of polymeric chains and affects the
swelling by decreasing the faster relaxation of polymeric chains [133, 134].
Hydrophobic polymers may collapse and hydrophilic polymers expend with change
of temperature and may affect the rate of relaxation of polymer chains and also the
release rate of bioactive molecules from the central core of polymeric materials
[135]. The swelling of polyelectrolyte systems depends on the ionic strength of the
swelling medium because that changes the rate of ionization which due to screening
effect may enhance the release of loaded bioactive molecules [136].

7.6 Conclusions and Future Prospects

The controlled release nanoformulations of pesticides offer numerous advantages
over the conventional methods of pesticide application. Besides other benefits, the
major advantage with these release systems is that they warrant minimum harm to
the environment including soil fertility, agricultural fields, and underground water.
The abundance of a variety of synthetic and naturally occurring polymers provides
wide options to design nanoformulations suitable for short-term and long-term
applications. Furthermore, depending on the nature of the soil and surrounding
environment, these controlled release systems may accordingly be designed for
optimum usage [137, 138]. However, there are numerous challenges that must be
realized and addressed before a commercially viable nanoformulation is fabricated.
Some of the challenges may be exemplified as given below:

1. The cost of controlled release system is normally very high in comparison with
conventional formulation used which is obviously due to the technology and
materials involved to impart slow releasing property to these formulations.
Thus, economically favorable materials and processes are required for
large-scale production of these slow releasing nanoformulations.

2. Mostly, inert polymers have been used for developing controlled release for-
mulations for herbicides which are non-biodegradable as well as toxic in nature.
In place of such materials, biodegradable polymer-based controlled release
formulation should be developed because their degraded products not only stop
pollutions but also increase the fertility of soil and crops.
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Chapter 8
Polymer Formulations for Pesticide
Release

Abhilasha Mishra, Rajesh K. Saini and A. K. Bajpai

Abstract Pesticides are used to control any form of plant or organisms that can
cause damage to human health or property. Agricultural products are attacked by a
variety of pests during the production and storage. Despite usefulness and popu-
larity of pesticides in controlling a variety of pests, they can cause many health risks
arising from their exposure and residues in food and water. Also, the effective
availabilities of traditional pesticide are usually less than 30% due to losses.
Polymers, in the form of micro-nanocarriers, beads, granules and gels, are very
important materials for the development of controlled release formulations (CRF) of
pesticides which provide slow and controlled release of pesticides and also enhance
the water-holding capacity of the soil. In this chapter, various types of natural and
synthetic polymers used in the preparation of polymeric formulations and their
release behavior are discussed. Various ways by which the diffusion of pesticides in
polymer takes place and different formulation methods for controlled release pes-
ticides were also discussed in this chapter.

Keywords Pesticides � Controlled release � Human health � Formulation

8.1 Introduction

Pesticides are the substances used to kill, suppress, or control any form of plant or
organisms that can cause damage to human health or property. Agricultural prod-
ucts such as cereals, vegetables, and fruits are an essential part of the diet which
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provides a variety of nutrients that are required for metabolic reactions of the body.
During the production and storage, these products are attacked by a variety of pests.
Pests cause damaging of the agricultural products and reduce the quality and
quantity as well. Various pesticides along with other pest management techniques
are used to reduce the losses of these products and maintain their quality [1]. The
uses of pesticides have attracted much attention as they have rapid action and
require less labor than other pest control methods. Pesticides can also improve the
nutritional value and quality of food [2]. Despite their usefulness and popularity,
pesticides can cause many health risks arising from their exposure and from resi-
dues in food and drinking water [3]. Pesticide residues are the main source of soil
and water pollution. The greater amount of pesticides is used for a longer period of
time in conventional agrochemical application methods [4].

After the application of traditional pesticide formulations to the crops, the
effective availabilities are usually less than 30% due to losses. More than 70% of
pesticide does not reach to the target organisms and spreads in a wide area through
water, soil, and air [5, 6]. These losses occur by wash off by rainwater, leaching,
precipitation, and volatilization in the environment. Waxy cuticle and root surfaces
of the plant also absorb pesticides, and they enter into the transport system of the
plant. Degradation due to photolysis in the presence of sunlight, etc., is among the
routes that reduce the amount of unused pesticide, and they also leave their residues
in the environment and pose health hazards. The presence of pesticide residues in
the environment is of great concern for researchers as pesticides have the potential
to pose harmful effects and cause diseases to humans and other non-targeted
organisms. Pesticides can also interfere with the reproductive systems thus initiating
the fetal development. Pesticides also have the potential to cause cancer and asthma
[7]. Some of the pesticides are sustained and remain in the body causing long-term
exposure.

In the current scenario, the plant protection is based on the proper utilization of
pesticide, and it is the most economical way of getting a high yield of good quality
food but not compromising with the environment. The use of pesticides indis-
criminately would result in harmful effects to the environment, people, and animals
[8]. Researchers have been constantly trying to produce new formulations for the
controlled release of pesticides for the protection of the environment and human
health. Various mixtures of chemical agents to control pests are known as pesticide
formulations. Special formulations of pesticides improve effectiveness, storage,
safety, and handling. A pesticide formulation has an important role in its effec-
tiveness and safety concerns. An appropriate formulation for a particular application
can be obtained by considering type of pesticide, applicators safety, pest biology,
available equipment for application, and final product cost. Various classes of
polymers such as plastics, elastomers, and fibers are largely used in agriculture for
increasing water-holding capacity and achieving controlled release of pesticides and
nutrients [9, 10]. Polymers, in the form of micro-nanocarriers, beads, granules and
gels, are very important materials for the development of controlled release for-
mulations (CRF). CRF provide slow and controlled release of pesticides and also
enhance the water-holding capacity of the soil [11]. After degradation, these
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formulations convert into compost and enhance soil nutrients [12]. CRF of pesti-
cides are defined as depot systems which continuously release pesticide into the
environment for a long time (months to years). According to this definition, such
formulations can be successfully employed where a chronic exposure to biologi-
cally active compounds is required over a longer period. The use of polymeric
formulations to solve the problem of pesticide loss and their accumulation in the
environment is shown in Fig. 8.1.

A variety of polymers have been extensively used to control the release rates,
molecular motilities, and the period of effectiveness depending on their end
application. Polymeric dispersants offer superior stability by strong adsorption to
the surface along with multiple anchoring points. The resultant effect is that the
dispersant will not be disrupted by the incorporation of an adjuvant leading to a
stable and highly efficacious formulation. Polymer-based controlled release systems
offer various advantages over conventional formulations to avoid excessive use of
active agrochemicals thus providing the most suitable technical solution of the
pesticide residues [13]. The major benefit of the CRF is that if fewer amounts of
agrochemicals are used for the protection of plants for a predetermined period, then
it will reduce volatilization, leaching, and degradation of pesticide.

In 2016, the global market for controlled release pesticide size was estimated to
be 1.7 billion USD, and up to 2025, it is expected to grow at a CAGR of 7.3%. The
increasing demand of food for growing population is expected to drive more quanta
of research in the field of CRF in the future [14].

Fig. 8.1 Use of polymeric formulations to solve the problems of pesticide loss and their
accumulation in environment
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8.2 Types of Polymers Used in Formulation

For the release of pesticides, many natural and synthetic polymers have been largely
used in designing their formulations. Natural polymers are environment-friendly
and easily degradable whereas synthetic polymers provide better stability to pes-
ticide release carriers. Major classes of some natural and synthetic polymers used in
making pesticide formulations are shown in Fig. 8.2.

List of some natural and synthetic polymers which are used in formulation for
pesticides are given in Table 8.1.

8.2.1 Natural Polymers

Nowadays, natural polymers are gaining increasing attention over synthetic poly-
mers in pesticide release formulations because of their easy availability,
eco-friendly nature, cost-effectiveness, and biodegradability [35]. The following are
major classes of natural polymers which are used in polymeric formulations of
pesticides.

8.2.1.1 Polysaccharides

Polysaccharides are most widely used in controlled release pesticide formulations.
Due to their ready availability, fast degradation, low cost and wide variety
polysaccharides facilitate large-scale production of these formulations. Some of the

Fig. 8.2 Major classes of some natural and synthetic polymers used in making pesticide
formulations
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known examples are amylose, cellulose, pectin, alginate, etc. On the basis of
degradation behavior, polysaccharides are classified into (a) starch and systems
based on amylase which are readily degradable, and (b) other polysaccharides such
as cellulose and derivatives, dextran, chitin, chitosan, alginate, and guar gum which
degrade slowly as compared to starches [36]. These macromolecules can be cyclic
(cyclodextrin) or linear (chitosan) with positive or negative charges or even neutral
[37]. Many polysaccharides can be used for the controlled release of agrochemicals

Table 8.1 Some natural and synthetic polymers used in pesticide formulations

Polymers Pesticides Formulation
type

References

Sodium alginate Carbaryl Hydrogel beads [15]

Polyacrylamide-g-guar gum/sodium
alginate

Chlorpyrifos and
fenvalerate

IPN beads [16]

Alginate, chitosan Paraquat Nanoparticle [17]

Carboxymethylchitosan 4-Azidobenzaldehyde Nanocapsules [18]

Lignin PAA Paraquat, cyfluthrin,
cyhalofop-butyl

Hydrogel [19]

Polylactic acid PAA Emamectin benzoate Microemulsion [20]

Poly(hydroxybutyrate) (PHB) or poly
(hydroxybutyrate-valerate) (PHBV)

Ametryn Microparticle [17]

Polylactic acid PAA Lambda-cyhalothrin Microcapsules [21]

Polydopamine Triazolone Mesoporous
particle

[22]

Poly-3-hydroxybutyrate Metribuzin Degradable
matrix

[23]

Poly(oxy‐ ethylene) lauryl ether and
methyl decanoate

b-cypermethrin Nanoemulsion [13]

Lignin-polyethylene
glycol-ethylcellulose

Imidacloprid Nanocapsule [24]

Polyethylene Piperonyl butoxide
and deltamethrin

Nanocapsule [25]

Polyethyleneglycol-dimethyl esters Carbofuran Micelle [26]

Poly(methyl methacrylate)-poly
(ethylene glycol)
Polyvinylpyrrolidone

Carbofuran Nanosuspension [27]

Polyvinylpyrrolidone Triclosan Nanoparticle [28]

Chitosan/alginate/gelatin Malathion and
spinosad

Capsules [29]

Montmorillonite-chitosan Clopyralid Nanocomposite [30]

Ethylcellulose Norflurazon Microparticles [31]

Alginate Azadirachtin Nanoemulsion [32]

Poly(e-caprolactone) Carbendazim,
tebuconazole

Nanocapsule [33]

Sodium alginate E-b-caryophyllene Beads [34]
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by ionotropic gelation process by using multivalent metal ions [38–40].
Polysaccharides are suitable for all type of formulations including hydrogel, micro/
nanoparticles, micro/nanocapsules, beads, and emulsions. Polysaccharides are
hydrophilic in nature and are most suitable for hydrophilic pesticides as a matrix
system. Hydrophobic pesticides can also be loaded into cross-linked micro/
nanocapsules or used in the form of nano-emulsions.

8.2.1.2 Proteins

Proteins are another major class of natural polymers which are used in controlled
release formulations of pesticides. Gelatin [29], casein, and albumin [31] are some
of the common proteins which are largely used in these formulations. A herbicide
[(4-chloro-2-methylphenoxy) acetic acid] formulation with gelatin clay composite
was prepared and release of herbicide was investigated [41]. Proteins are also used
in combination with polysaccharide to give structural stability.

8.2.1.3 Phospholipids

Many natural phospholipids from plants and animal origin such as lecithin are used
in the preparation of liposomal delivery systems for pesticides. Natural phospho-
lipids are preferred over synthetic phospholipids for the preparation of liposomes as
they are cheap and largely available with reproducible results. Natural phospho-
lipids obtained from vegetable sources such as soybeans, canola seed, wheat germ,
sunflower, and flaxseed, and from animal sources, such as milk and egg yolk, can
be used to produce low-cost liposomes for controlled release of pesticides. Natural
phospholipids are also well accepted by regulatory authorities and are produced
using less chemicals and solvents at higher yields [42].

8.2.1.4 Other Natural Polymers

Lignin which is a complex organic molecule found in support tissues of vesicular
plants, and some algae are also widely used in agriculture for controlled release
formulations [43]. Polylactic acid (PLA) which is a FDA-approved material is used
as carriers for active agents [44, 45]. Liu et al. used polylactic acid for preparing
carriers for controlled release of Lambda-Cyhalothrin via premix membrane
emulsification. They prepared three types of carriers including microspheres,
microcapsules, and porous microcapsules which are shown in Fig. 8.3.
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8.2.2 Synthetic Polymers

Many biodegradable synthetic polymers such as polyvinyl alcohol, polyacrylamide
[46] are frequently used in the fabrication of slow-release formulations for pesti-
cides. Although polyacrylamide gels are frequently used for encapsulation of
pesticides, other polymers such as polyethylene, divynilbenzene, copolymers of
acrylic acid and copolymers of cyclopentadiene with a glyceryl ester of an unsat-
urated fatty acid have also been used by researchers for designing pesticide release

Fig. 8.3 SEM images of the a microspheres, b microcapsules, and c porous microspheres before
and after cut by a super thin blade [21]
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applications [47]. Some pesticides containing monomers are copolymerized with
acrylamide and other hydrophilic co-monomers such as 4 vinyl pyridine [48]. Many
pesticides such as pentachlorophenol (PCP), 2, 4-dichlorophenoxyacetic acid
(2,4-D) and 4-chloro-2-methylphenoxyacetic acid are used as pendant groups in
polymers [49]. Vinyl monomers containing pentachlorophenol pesticide via an ester
linkage was prepared and homo- and copolymerized with 4-vinylpridine and
styrene to induce hydrophilic and hydrophobic nature to the polymers [50].
Researchers combined chloropyriphos with polyethylene which can control mos-
quito larvae for about 18 months by one application itself [51]. Poly (vinyl alcohol)
was widely used in agriculture for studying controlled release of agrochemicals
[52]. Furthermore, the pesticides Azadirachtin A was physically bounded to both
the PVA and poly (vinyl acetate) for its controlled release [53].

8.3 Diffusion of Pesticide into Polymer

Pesticides can diffuse into a polymer forming monolithic or reservoir-type formu-
lations. In monolithic type, the pesticide is uniformly dispersed in a polymer matrix
whereas in reservoir type the pesticide is covered by polymeric membrane as in
case of capsules, laminates, liposome, coatings, etc.

8.3.1 Reservoir System

Reservoir-type formulations essentially consist of an enclosure system which
exploits the diffusion of pesticides through a non-porous membrane as wall material
for adjustment of the migration rates. Encapsulation ranges from macro to micro
and nanoscales. In these systems, pesticides in the form of solid particles, liquids, or
dispersions of solid particles in liquids, form a nucleus which is enclosed in a
polymeric film. In reservoir-type formulation, the migration is controlled by
membranes in which the transport of pesticides is controlled by Fick’s law

J ¼ dMt=Adt ¼ ð�DdcmÞ=dx

where J = Flux in g/cm
cm= Concentration of pesticide in g/cm2 of the polymeric membrane
dcm/dx = Concentration gradient
D = Diffusion coefficient of the pesticide in cm2/s in polymeric membrane
A = Surface area in cm2, through which diffusion takes place
M = Mass of agent releaseddM/
dt = steady-state release rate at time t.
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8.3.1.1 Laminates

In laminate systems, a special type of membrane-controlled pesticide formulations
can be produced. Laminates are obtained by the reciprocal bonding of different
layers of sheet-like materials. For example in a three-layer formulation, the middle
layer act as a reservoir containing pesticide in it and the other two outer layers act as
barriers for controlling migration of pesticide. At the surfaces, the pesticides are
released by leaching, evaporation, degradation, moisture wind dust, or mechanical
contact by human or animals [54]. Laminates are used for the release of insect
pheromones and insect attractants for insect control. A typical laminate system is
shown in Fig. 8.4.

8.3.1.2 Capsules

Capsules are core–shell type structure where core is made up of pesticide which is
surrounded by polymeric shell. They are usually in the range of nano to microsize.
In the past decade, various pesticides were encapsulated into micro and nanocap-
sules [18, 33, 55]. Capsules can be mononuclear or polynuclear [56].

In the mononuclear capsules, only one depot of pesticide is present in core,
whereas in multinuclear one, many small depots of pesticide are present. Chuxiang
Sun et al. prepared nanocapsules of cross-linked carboxymethyl chitosan for the
encapsulation of hydrophilic pesticide methomyl [18]. SEM and tem images of
prepared nanocapsules are shown in Fig. 8.5 which clearly reveal core–shell nature
of the capsules.

Latheef et al. prepared microcapsules of poly (methyl methacrylate) (PMMA),
ethyl cellulose, poly (a-methylstyrene) and cellulose acetate with butyrate insecti-
cide sulprofos contained in the core. The authors found the best results with ethyl
cellulose formulations against eggs and larvae of the tobacco budworm Heliothis
virescens in cotton plants [57].

Controlled release capsules of chitosan, alginate, and gelatin mixture were
prepared by cross-linking biopolymers with glutaraldehyde. The capsules were
loaded with the insecticides temephos [29], malathion and spinosad [54] and their
pesticticidal activities were studied against Culex pipiens larvae.

Outer layer 

Outer layer 

Middle layer 

Reservoir
Barriers for Migration 

control 

Fig. 8.4 Illustration of laminates-type controlled release system
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8.3.1.3 Liposomes

Liposomes are lipid-based nonmaterial with hydrophic core encapsulated in a lipid
bilayer [58]. Liposomes are also known as fatty acid vesicles [59], and it has been
reported that the pesticides encapsulated in liposomes demonstrate superior action
due to the prolonged persistence at reduced damage to other non-targeted organisms
[60]. Liposomes can carry both hydrophilic and hydrophobic pesticide [61].
Hydrophobic pesticide can be encapsulated between lipid bilayer and hydrophilic in
the core. Both types of liposomes can be made sticky so that they remain on leaves
for longer times and do not wash off to the ground. Inexpensive liposomes can also
be produced from synthetic lipids and natural lipids for the controlled release of
pesticides. Hwang et al. prepared liposome of chitosan-coated lecithin for the
controlled release of etofenprox [62].

8.3.1.4 Coatings

Mesoporous silica nanoparticles with polymer coatings have been developed to
achieve controlled release of pesticides. The tunable pore size, low cost, large
surface area, good-loading capacity, and low cost make them ideal carriers for
controlled release of pesticides [63, 64]. Lidong et al. successfully coated a
water-soluble chitosan (CS) derivative (N-(2-hydroxyl) propyl-3-trimethyl ammo-
nium CS chloride on the surfaces of the mesoporous silica nanoparticle loaded with
pyraclostrobin. The loading efficiency was greatly improved by the coating and the
material showed excellent fungicidal activity against Phomopsis asparagi (Sacc.)
in half dose [65]. Sato et al. developed a slow-release system with a certain lag time
for Imidacloprid. They mixed Imidacloprid with bentonite and clay for the prepa-
ration of core granules. The core granules were coated with a mixture of
high-density polythene and talc by using spouted bead coating system [66].

Fig. 8.5 TEM (left) and SEM (right) images of cross-linked nanocapsules
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8.3.2 Matrix System

In matrix-type formulations, the pesticide is heterogeneously dispersed or dissolved
in a solid polymeric matrix, and this can be either biodegradable or non-
biodegradable. The release of pesticide is generally controlled by diffusion through
the matrix, chemical, or biological erosion, or through a combination of diffusion
and erosion. The release by erosion is surface area-dependent, and the general
expression that describes the rate of release Rr by an erosion mechanism is given as,

Rr ¼ dM=dt ¼ KECoA

where KE= erosion rate constantA = exposed surface area
Co=concentration of loaded pesticide in the matrix.
Matrix systems are easy to produce than the reservoir systems, but the zero-order

release cannot be obtained by these systems. These systems are easy to produce than
the reservoir devices [67]. A major factor affecting the release process is the porosity
or free volumes within the matrix of the plastic material the magnitude of which is
controlled by the processing conditions and incorporated additives [68]. Volova and
coworkers used poly(3-hydroxybutyrate) as a matrix for slow-release formulations
of the herbicide metribuzin. Physical mixtures of polymer and pesticide in the form
of solutions, powders, and emulsions were used to construct different metribuzin
formulations in the form of granules, pellets, and microparticles [23].

8.3.2.1 Particles

Micro and nanoparticle prepared from a variety of natural and synthetic polymers
have attracted attention of researchers in the area of controlled release of pesticide.
The size of particles has great influence on the release behavior. Grillo et al.
developed biodegradable polymeric microparticles of poly (hydroxybutyrate)
(PHB) or poly(hydroxybutyrate-valerate) (PHBV), and the authors noticed that the
herbicidal activity in microparticles formulation was found better as compared to
the conventional formulations [69]. Faria et al. prepared calcium alginate
microparticles for controlled release of tebuthiuron [70]. Liu et al. incorporated
tebuconazole and chlorothalonil fungicides in polymeric nanoparticles prepared
from polyvinyl pyridine and polyvinyl(pyridine-co-styrene) with 10 and 30%
styrene, respectively. The mean diameter of particles was found in the range of
100–250 nm, and it increases with increase in the styrene content [71].

8.3.2.2 Pellets

PVA and 1,8-cineole mixture were prepared by dry mixing method. The aim of the
present study was the evaluation of controlled release time and efficiency of 1 g
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insecticide pellets prepared using the eucalyptol, botanic constituent, and poly
(vinyl alcohol), a biodegradable polymer, under laboratory condition [72].

8.3.2.3 Beads

Beads are the simplest formulations for the controlled release of pesticides. They
are normally prepared by cross-linking of preformed polymers. The beads of
polyacrylamide-g-guar gum and sodium alginate were prepared by cross-linking the
IPN of grafted polymer and alginate with gluteraldehyde. The as-prepared beads
were loaded with chlorpyrifos and liquid fenvelarate for their controlled release
[16]. Hydrogel beads of calcium alginate and nickel alginate were prepared and
assessed for the controlled release of carbaryl insecticide [15].

8.4 Formulation Methods

The release rate of pesticide from the polymer matrix is highly influenced by the
following factors:

Chemical nature of the pesticide—polymer bond such as esters, amides, and
acetals.

• The distance of the pesticide molecule from the polymer backbone
• Rate of breakdown of the bond between pesticide and the polymer by chemical,

biological, or environmental agents.
• Biodegradation of polymer.
• Structure and dimension such as degree of polymerization, solubility, degree of

cross-linking, co-monomers, and the stereochemistry of the polymer.

In order to control these parameters, the pesticides are either chemically bounded
or physically incorporated into a polymer matrix by different techniques. The
migration of the substances is, therefore, preceded by chemical reactions for bond
cleavage or physical transport processes in and through polymers.

8.4.1 Physical Combination of Polymer and Pesticide

The active agent is dissolved, dispersed, or encapsulated within the polymeric
matrix or coating. The release takes place through diffusion or biological/chemical
degradation of the polymer. The polymer acts as a rate-controlling device in
physical combination [73]. The physical combination broadly comprises laminated,
reservoir, and monolithic systems [54].
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8.4.1.1 Interfacial Polymerization

Morgan and co-researchers first described the principles of interfacial polymer-
ization [74]. In interfacial polymerization, the polymerization reaction occurs at the
interface of the two immiscible liquids [75]. For interfacial polymerization, two
reactive monomers are dissolved in two immiscible solvents to facilitate their
contact only at interface. In this way, the polymerization occurs only at the interface
forming a polymeric film. Interfacial polymerization is largely employed for the
formation of microcapsules consisting of liquid pesticide inside the polymeric
membrane. In the formulation, generally one phase is an aqueous and the other
phase is organic. If the aqueous phase is dispersed in organic phase, the core will be
hydrophilic and can be used for encapsulation of hydrophilic pesticide whereas
inverting the phases would result in a hydrophobic core which can be used for
hydrophobic pesticides. Microcapsules of polyamide, polyurathanes, polyurease,
and polyesters can be prepared by interfacial polymerization [76]. Moghbeli et al.
prepared polyurea microcapsule containing ethion pesticide by interfacial poly-
condensation [77].

8.4.1.2 Coacervation

Encapsulation of pesticide by the coacervation phase-separation technique works in
the liquid phase and generally consists of three steps.

• Formation of three immiscible chemical phases
• Deposition of coating
• Hardening of the coating.

The pesticide and the polymer materials are initially present as different phases
in the form of an emulsion or suspension. During mixing, the polymer encloses
pesticide, through adsorption, around a nucleus of the pesticide. The polymer phase
is subsequently precipitated (solidified) by means of thermal treatment,
cross-linking reaction or desolvation [78]. The solvent used in this process must not
dissolve the pesticide to obtain discrete capsules. Particle sizes of capsules are
significantly affected by the mixing rate. The best example of simple coacervation is
the encapsulation of core material in gelation [79].

The coacervation-phase separation can be divided into two categories, simple
coacervation and complex coacervation. In simple coacervation, a strongly
hydrophilic substance is added to a colloidal solution which results in the formation
of two phases. The complex coacervation is a pH-dependent process where the
microcapsules are produced by manipulating acidity or basicity of the system. The
microcapsule formation takes place only above a critical pH. Complex coacervation
deals with the system containing more than one colloid [80].
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8.4.1.3 Ionic Gelation

Ionic gelation involves the interaction of an ionic polymer with oppositely charged
ion to initiate cross-linking [81]. Pesticide-loaded matrix of various size ranges can
be prepared by ionic gelation method in which the pesticide containing polymer
solution is poured dropwise into the solution of metal ions. The best example of
ionic gelation is the solution of sodium alginate and pesticide added drop-wise into
calcium chloride solution. This method is very useful for the preparation of
hydrogel-type release system where release of pesticide depends on swelling of
polymer matrix. Isıklan encapsulated carbaryl in the alginate beads by the iono-
tropic gelation of sodium alginate (NaAlg) with calcium and nickel ions [15].
Kumbar prepared interpenetrating polymer network beads by ionic gelation tech-
nique. Solution of polyacrylamide-grafted-guar gum with sodium alginate con-
taining chlorpyrophos/fenvelarate pesticides was dropped into the aqueous solution
of gluteraldehyde and hydrochloric acid [82]. Micro and nanoparticles of
polysaccharides were also prepared by ionic gelation process, but some defects such
as improper surface morphology, high dispersibility index, and fragile particulate
system can be encountered [83, 84].

8.4.1.4 Spray Drying and Spray Congealing

Spray drying is a single-step microencapsulation technique for different ingredients
in various applications such as cosmetics, food materials, and agrochemicals [85–
87]. In this technique, a liquid is rapidly transformed into a dried powder [88]. The
four important steps of spray drying are atomization, contact of droplet with hot
gas, evaporation, and powder separation. The main advantage of this technique is
that one can use different forms such as emulsion, suspension, solution, and slurries
via this technique [89, 90].

Spray drying has been extensively used for many years for microencapsulation
of active agents. Both synthetic and natural polymers such as ethyl cellulose, gums,
maltodextrin, polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), chi-
tosan, and poly(ɛ-caprolactone) (PCL), are widely used materials to encapsulate
different pesticides [91, 92]. For microencapsulation of pesticide, the pesticide is
dispersed in a liquid-coating material forming an emulsion. The emulsion is then
sprayed into the heated chamber of a spray drier where rapid solidification of the
coating takes place [93]. The size of the encapsulated particles depends upon the
droplet size of emulsion. Spray drying process is beneficial for microencapsulation
of biopesticides as spray-dried encapsulated biopesticides can be preserved for long
time [94, 95].

Basic principal and equipment used for both spray drying and spray congealing
are same and the only difference between the two methods is coating solidification.
Coating solidification in the case of spray drying the polymeric material used for
coating is dissolved in a suitable solvent whereas in spray congealing molten
coating material is used. Waxes, fatty acids, and alcohols, polymers which are
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solids at room temperature but meltable at reasonable temperature are applicable to
spray congealing [96].

8.4.2 Chemical Combination of Polymer and Pesticide

In chemical combination of polymer and pesticide, the pesticide is chemically
attached to polymeric chain through covalent or ionic bonds. Here the pesticide
either constitutes a part of the macromolecular backbone or is attached to it as a
pendent group as shown in Fig. 8.6.

The polymer acts as a carrier for the pesticide in chemical combination [97] and
the release of pesticide is dependent on the biological or chemical degradation by
cleavage of the bonds between the polymer and the pesticide molecules [98]. The
release of the pesticide is dependent on environmental conditions that break the
linkages via chemical attack (hydrolytic by moisture; thermal/photo by sunlight) or
biological degradation (enzymatic by microorganisms). pH of the medium, elec-
trolyte concentration, temperature and ionic strength of the dissolution medium
have great influence on degradation rate and hence on the release of pesticide also.

Only the pesticides containing a structural moiety with at least one reactive
functional group can be used in this technique. For chemical combination, two
approaches are utilized; in the first approach, a preformed polymer is used to form
chemical linkage with pesticide; while in the second approach, a pesticide con-
taining monomer unit or a pesticide and monomer mixture is polymerized. Amide,
ester, and anhydride linkages are most common linkages formed between polymer
and pesticide in their chemical combination [99].

8.4.2.1 Chemical Attachment of Pesticide with Preformed Polymer

It involves chemical modification of a preformed polymer with the pesticide via a
chemical bond, leading to a polymer having the pesticide linked to the main chain
as a pendant group. Pesticides containing carboxylic acid groups can be easily
attached to a polymer containing labile hydrogen as found in polymers with alcohol
or amine side chain. Here the pesticide is bonded to polymeric main chain as
pendent group. This type of reaction is given in equation,

Fig. 8.6 Illustration of chemical attachments of pesticide molecule with polymer backbone as
pendent group (left) and as a part of backbone (Right)
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Polymer�X�HþHCOOR ! Polymer�X�CORþH2O

X can be sulfur, oxygen, or nitrogen.

8.4.2.2 Chemical Attachment of Pesticide with Polymerization
of Monomer

This type of reaction leads to the formation of both type of polymers, either having
pesticide group in main chain or pesticide group attached with main chain as
pendent group. The main advantages of this method are the ability to control the
molecular weight of the polymer, the weight ratio of polymer and pesticide, the
hydrophobic-hydrophilic balance via appropriate co-monomers, and the distribution
of groups along the backbone.

A. Pesticide attached to polymer chain as pendent group

Copolymers containing pendant pentachlorophenol have been prepared by free
radical copolymerization of the corresponding monomer. A series of vinyl mono-
mers containing PCP via an ester linkage have been prepared which are shown in

Scheme 8.1 Examples of polymerization of biologically active monomers. [97]
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Scheme 8.1. These monomers have been homo-and copolymerized with styrene
and 4-vinylpridine [100].

B. Polymers having the pesticide in the main polymeric chain

Heptachlor is a chlorinated dicyclopentadiene insecticide which is used to control
soil insects and termites. Three copolymers of heptachlor with methacrylic acid
(MAA), ethylene glycol dimethacrylate (EDMA), 4-vinyl pyridine (4-VP),
divinyl-benzene (DVB) and styrene were prepared by Singh et al. The prepared
copolymers are heptachlor-co-MAA-co-EDMA, heptachlor-co-4-VP-co-DVB,
and heptachlor-co-Styrene-co-DVB [101].
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Chapter 9
Molecularly Imprinted Sensors
for Detecting Controlled Release
of Pesticides

Fatma Yılmaz, Nilay Bereli, Ali Derazshamshir, Duygu Çimen,
Semra Akgönüllü, Yeşeren Saylan, Aykut Arif Topçu and Adil Denizli

Abstract Increasing of the world population and food demand has led to the
development of new agricultural practices to improve food production using more
effective pesticides. The controlled release formulations of pesticides are used to
delay the release of the biologically active components into their environment for a
defined period of time. In these formulations, compounds are incorporated in a
polymer matrix by different chemical or physical incorporation techniques.
Reducing the toxicity of the compounds and unwanted side effects on non-target
organisms are prominent characteristics of these formulations. The development of
an ideal controlled release pesticide formulation is just as difficult as developing the
ideal pesticide. For these reasons, further research works are needed. In this chapter,
the recent applications of sensor systems to detect pesticides in environmental
studies with particular attention to the fate of pesticides once introduced in water
and soil, and also the advantages of their use are discussed. Current trends in the
development of sensor technology for rapid assessment of the environment, as well
as challenges for practical implementation and future research directions, are dis-
cussed. Findings show that the use of sensors to detect pesticides can improve the
quality of the environment and help detect polluted sites.
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9.1 Introduction

Today, approximately two million tons of pesticides are applied to control patho-
gens and pests in the world every year. However, 90% of pesticides are estimated to
be actually lost due to degradation, photolysis, evaporation and surface run-off.
Only 0.1% of pesticides are finally deposited to harmful biological targets. Due to
their loss and degradation, pesticides are used more than recommended doses,
which results in a large amount of waste and serious environmental pollution. These
long-term widespread and inefficient use of pesticides has led to serious social
concerns on food safety and ecological environment [1]. Researchers are motivated
to develop effective, safe and green pesticide formulations. Controlling of pests is
an unquestionably crucial task if goals for the future concerning food and energy
are to be achieved.

Recent estimates suggest that inefficient pest control techniques lead to large
financial losses. Although the realization about the danger of pesticides is con-
stantly increasing, the frightening fact is: in the case of pesticide bans, the starvation
will become more common in the world population. Scientists have tried to solve
pest control problems by designing new, more potent agents, but desired biological
response is often inefficient. These agents were not accomplished in delivering to
their targets on precise time and in optimum quantities. Recognizing the cost and
limitations in the design of new pesticides, scientists began to improve the delivery
of the agents in the 1960s. The main advantage of controlled release formulations is
that they allow less use of pesticides for the same period of activity [2].
Furthermore, release formulations are particularly advantageous when the normal
half-life of a potential pesticide is short. In a controlled delivery system, the min-
imum effective level of drugs for a specified period of time is maintained by the
continuous and stable release of active ingredients [3]. Controlled-release system
improves the utilization of pesticide via prolonging the effective duration with
reduced spraying times and pesticide dosages and achieves economic, safe and
effective insect control with reducing environmental pollution [4].

9.2 Pesticides

Pesticides are substances or mixtures which play a significant role in the high
efficiency achieved in the agriculture field, and they used to destroy, reduce and
control of pests such as plants and insects. Pesticides are used to secure the requests
of the growing human population and to improve food production. Significant
impacts on pest control are useful in preventing hazardous diseases in agricultural
products [5, 6]. Pesticides have been broadly applied to protect agricultural prod-
ucts since the 1940s, and the use of pesticides has increased significantly during the
last decades [7, 8]. The use of these compounds may benefit agriculture, but many
can arrive at a different destination than targets species and contaminate food, soil
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and water. Some pesticides are carcinogenic and therefore can be very harmful to
human health even at low concentrations. The continued use of these compounds is
a source of concern worldwide due to the risks to food safety [9]. Pesticides are
firstly used to control, prevent or eliminate weeds and pets to increase crop pro-
ductivity in modern agricultural fields. In the literature, the use of pesticides has
been reported to help secure approximate one-third of product producing world-
wide. The residue of pesticide even at trace levels can critically reason food con-
tamination and seriously disrupt the ecosystem and pose a great danger to people’s
daily life. Consequently, pesticide pollution has become one of the most alarming
challenges. In order to ensure proper use and management of pesticides, govern-
ments regulated maximum residue levels on food and agricultural products for
pesticide use. Although most pesticides are found to be within detection limits, the
bioaccumulation effect and continuous exposure may increase the security risks for
human health. In addition, some new generation of pesticides with highly active,
which have not been clearly elucidated by the toxic mechanism, are constantly on
the market. For this reason, analysis of pesticide residues is essential to protect the
ecosystem, to ensure food quality and safety and to protect human health from
potential hazards [10].

The application of pesticides can be seen in non-agricultural fields such as insect
control in buildings, industrial vegetation control (roads, railways), pet care or grass
management. Pesticide application is constantly increasing; it is very difficult to
prevent contact with the environment. With the increase in the human population,
the increase in food demand will continue, and the increase in pesticide application
is expected to continue in the coming years. Moreover, rapid urbanization means
that less land will be allocated to agricultural activities, so society is expected to
produce highly productive crops [11]. The use of harsh pesticides has been criti-
cized and accused of human health problems and environmental damage. The use
of pesticides for a long time, pests will slowly show resistance to pesticides. For this
reason, numerous researches are carried out for more effective chemicals to fight
against large insect groups. People are exposed to pesticides in three ways: first, by
diet or by ingestion; this is the most serious way of exposure to these chemicals.
Second, dermal contact; the use of pesticides in the home though. Finally, breathe;
it can be carried out by inhaling contaminated air, especially for those living near
agricultural areas [6]. Pesticide excessive application may leave harmful residues,
including metabolites and degradation products into the environment, such as soil,
water, plants and food. Significant amounts of residues in these complex matrices
have become an important issue and are a serious concern for health and the
environment. Until today, various techniques have been used for the detection of
pesticides. Pesticides are traditionally detected by conventional chromatographic
techniques such as gas chromatography (GC) [12], high-performance liquid chro-
matography (HPLC) [13], mass spectrometry (MS) [14], enzyme-linked
immune-absorbent assays (ELISA) [15] and capillary electrophoresis (CEC) [16].
As depicted in Fig. 9.1, these techniques have a strong trace analysis with excellent
high reproducibility and sensitivity and low detection limits but have limited many
disadvantages, such as time-consuming, sophisticated equipment, costly
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instruments, laborious, boring sample preparation, high-skilled people power,
on-site and real-time applications, especially in emergency situations [6]. The other
approach is to detection pesticides via an advanced technique based on sensors
principles. These methods offer various advantages including high sensitivity and
selectivity, simple, rapid and low-cost operation, user-friendly and on-site detec-
tion. For pesticide detection, numerous strategies have been established using
biorecognition elements, such as an aptamer, antibody, enzyme, host–guest rec-
ognizer and molecularly imprinted polymers, which utilized to directly identify and
capture the target pesticide. Besides, combination of biorecognition elements with
nanomaterials enables highly sensitive and selective real-time detections which is in
high demand for pesticides detection [17].

9.2.1 Classification and Toxicity

Pesticides are classified according to chemical structure, target organism and origin.
It can form in biological (biopesticides), synthetic (synthetically that produced) or
inorganic samples. There are two main groups of pesticides: chemical and bio-
logical pesticides. Chemical pesticides are originally synthetic materials that

Conventional detection 
techniques

Chromatography
(GC and LC)

Capillary 
electrophoresis

Immunoassay
(ELISA)

High performance liquid 
chromatography (HPLC)

Mass spectrometry (MS)

Advances detection 
techniques

Sensor
(optical, piezoelectric and 

electrochemical)

Molecularly imprinted polymers 
(MIPs)

Fig. 9.1 Available techniques for pesticides detection
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inactivate or directly kill the pests. They are mostly classified as herbicides,
insecticides, fungicides, nematicides and rodenticide [18]. Biological pesticides are
derived from natural sources like bacteria, plants, animals and certain minerals. For
example, baking soda and canola oil are used as pesticidal biopesticides. Pesticides
separated into four important types; organophosphorus, organochlorines, pyre-
throids and carbamates. Pesticides are classified in Table 9.1 according to their
general chemical properties.

Pliny suggested using arsenic molecule to kill insects as early as about AD 70.
At the end of the sixth century, the Chinese also used arsenic sulphide. In the early
nineteenth century, some inorganic compounds were used as insecticides such as
sodium fluorosilicate, zinc phosphide, paris green (copper acetoarsenite) and lead
arsenate. At that time, it was not realized that arsenical pesticides would remain in
the soil for up to 40 years. It was noted that the period of synthetic organic
pesticides started around 1940. The dichloro-diphenyl-trichloroethane (DDT),
commonly known as an insecticide, was first synthesized in 1874, and it is
rediscovered as an insecticide in 1939. Benzene hexachloride (BHC) was dis-
covered after DDT . Thousands of chemical compounds were synthesized and
used for many years [19].

Organochlorines (OCs) pesticides, the most residual chemicals, have high tox-
icity, bioaccumulation and lipophilicity. OCs are carcinogenic, estrogenic and also
found to be resistive to environmental degradation process [20, 21]. OCs has
estimated that the ranges of half-life is about 10–30 years and have long half-lives
in tissues. OCs has relatively persistent, and it can also be transported at unlimited
distances with water and air. Organophosphates (OPs) pesticides are broadly used
in agricultural fields globally. The first invention of OPs was hexaethyl
tetraphosphate (HETP) which applied as an insecticide in agriculture industries in
1942 [22]. OPs compounds can be applied as insecticides besides as herbicides and
fungicides in these days. OPs usually exist in the form of esters that simply can
degrade. They are low soluble in water; however, it is well dissolved in fats and
inorganic solvents. Carbamates, another pesticide type, largely applied to protect
crops against agricultural pests and household pests in agriculture [23, 24]. OPs and

Table 9.1 Classification of
pesticides

Typical action Subtype

Insecticide Organochlorines
Organophosphates
Carbamates
Pyrethroids
Neem products
Others: thiocyanates, phenols, formamides

Herbicide Carboxylic acid
Derivatives
Substituted ureas
Triazines

Fungicide Dithiocarbamates
Organometallics
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carbamates are preferred as they are low persistence in the environment (shorter
half-life), easy to obtain, best price and a wide spectrum of applications (wider
utilizations), they can also destroy large pest groups (Table 9.2).

Pesticides, which have contributed greatly to the protection of agricultural
productivity, have been applied worldwide in the control of weeds, pests and plant
diseases [25]. Pesticide loss and release cause serious adverse effects on the
ecosystem and serious hazards to human health. As a result, it is of great importance
to develop new technologies to control pesticide release, to increase utilization
efficiency and to reduce related pollution. Among the traditional and analytical

Table 9.2 Classification of pesticides according to pesticidal actions [19]

Pesticide Pesticidal action

Algicides Algae control in swimming pools, lakes, canals

Antifouling agents Organisms kill or repel that attach to underwater surfaces such as boat
bottoms

Antimicrobials Organisms kill such as viruses and bacteria

Attractants Pests attract tolure an insect or rodent into a trap, and also food is
considered a pesticide when used as the attractant

Biopesticides Pesticides derived from natural materials such as plants, bacteria,
animals and some minerals

Biocides Microorganisms kill

Disinfectants and
sanitizers

Kill or inactivate microorganisms that produce disease-producing on
inanimate objects

Fungicides Kill fungi including mildews, moulds, rusts and blights

Fumigants Produce gas or vapour to destroy pests in soil or buildings

Herbicides Kill plants and weeds growing in unwanted places

Insecticides Kill insects and arthropods

Miticides/acaricides Kill mites which feed on animals and plants

Microbial
pesticides

Microorganisms that kill, inhibit or defeat pests

Nematicides Kill nematodes

Ovicides Kill eggs of mites and insect

Pheromones Biochemicals used to disrupt the mating behaviour of insects

Repellents Repel pests, including insects such as mosquitoes and birds

Rodenticides Mice and other rodents control

Defoliants Cause leaves or other foliage to drop from a plant

Desiccants Promote drying of living tissues, such as unwanted plant tops

Insect growth
regulators

Disrupt the moulting, maturity from pupal stage to adult or other life
processes of insects

Plant growth
regulators

Substances excluding fertilizers or other plant nutrients that alter the
expected growth, flowering or reproduction rate of plants
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methods, molecularly imprinted may be an advantageous method for the detection
of pesticides, as it is highly selective and sensitive compared to the other methods
[26].

9.2.2 Molecularly Imprinted Polymers (MIPs)

Molecularly imprinted polymers (MIPs) are based on the polymerization of a
cross-linker and a functional monomer around a target molecule. Firstly,
target-monomer precomplexes are formed between a target and a complementary
functional monomer. After, the polymerization process is carried out around the
precomplexes after addition of initiator and cross-linker. Finally, the target mole-
cule is removed for creating three-dimensional specific cavities for functional
groups of the target (Fig. 9.2).

The target molecule can interact several times with the imprinted sites [27, 28].
In a synthetic polymer, the specific sites can be created for various targets such as
amino acids [29], proteins [30], antibodies [31, 32], bacteria [33–35] and organic
molecules [17, 26, 36]. Moreover, molecularly imprinted polymers are easy to
synthesize, stable, cost-effective and can be produced in large quantities with
perfect reusability. These perfect biorecognition surfaces are interesting materials
that are useful in many various areas, such as analytical, biomedical, enantiomeric
separations and sensors applications [28, 37]. The molecularly imprinted method-
ology is currently a skilled and cost-effective approach to the design of synthetic
polymer. Because of their high selectivity and sensitivity, interest to MIPs has
increased. When a target molecule is connected to a MIP-based sensor, the gen-
eration of an optical response (e.g. a refractive index using surface plasmon reso-
nance), mass-sensitive frequency change (e.g. mass change in quartz crystal
sensors) or electrochemical signal change (e.g. an impedance in electrochemical
sensors is obtained [38]). For this reason, the ease of adaptation of MIPs to
practical applications in sensors has led increased interest in applications of
MIP-based sensors in various fields. Recent developments in biotechnology for the
detection of specific target molecules in a short time can provide the design of more
effective and highly selective sensors.

Fig. 9.2 Schematic illustration of molecularly imprinted polymer’s polymerization steps
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9.3 Sensing Techniques for Detecting Pesticides

A sensor is a self-contained integrated device which is able to convert a chemical
signal depending on analyte concentration into a measurable analytical signal
(Fig. 9.3) [39, 40]. Sensors consist of two main components; the receptor recog-
nizes the analyte and transducer is responsible for converting the binding event into
a measurable signal [39, 41]. Sensors possess many advantages such as specificity,
sensitivity, portability and quick response time, thereby, which are fabricated for
various purposes including pesticide detection [17, 39, 42, 43].

9.3.1 Classification of Sensors

Sensors are basically categorized according to bioreceptor and transducer units [44].
Selectivity of a sensor plays a crucial role during the analysis; so, enzymes (en-
zymatic sensors), antibodies (immunosensors), DNA (DNA-based sensors), cells

Fig. 9.3 Schematic representation of a sensor system
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(microbial sensors) and MIPs are used as biorecognition units, but several
parameters such as immobilization procedure, chemical or physical conditions and
stability of receptors can directly affect the performance of developed sensor
platforms (Fig. 9.4) [45–47].

9.3.1.1 Categorization of Sensors According to the Receptor

For the fabrication of enzymatic sensors, oxidoreductase and hydrolases enzymes
are extensively used and catalyzing products for instance ions, CO2 and O2 are
measured with a transducer [44, 45]. Entrapment, microencapsulation and covalent
binding methods are used to immobilize an enzyme on a solid support [39].
Immunosensors are basically depended on antigen–antibody interactions, and
antibodies are immobilized on a support material where the specific interactions
occur at the surface of a solid and liquid phase [44]. But immobilization of antibody
plays a vital role to avoid the functional loss of the antibodies [39]. Microbes and
yeasts can be used as the receptor for the fabrication of whole-cell-based sensors,
and these receptors are immobilized on a transducer, and in addition, whole cells
(containing periplasmic enzymes) can be alternatively used as enzymes [39, 45].
DNA-based sensors are classified into two groups: affinity-based and
catalytic-based sensors [39]. In affinity-based sensors, probe selection and immo-
bilization can directly affect the analytical performance of the developed sensor, and
when compared with monoclonal antibodies, aptamers (single-stranded DNA or
RNA oligonucleotides) are able to bind their targets with high specificity and are
more resistant towards denaturation and degradation [39, 45]. MIPs are tailor-made
receptors that allow creating specific binding cavities towards the target molecule in
a polymer matrix. Owing to their selectivity, low-cost and stability of MIPs, which
are utilized as a receptor for sensor studies [48, 49].

Fig. 9.4 Basic concept of a sensor
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9.3.1.2 Categorization of Sensors According to the Transducers

Sensors are classified according to the transducer unit which are designed as
electrochemical, optical, and piezoelectric. Electrochemical sensors are utilized
three electrodes: A reference electrode, a counter electrode and working electrode,
and these sensors basically measure the electrochemical changes on electrode
interfaces [39, 50]. Optical sensors are mainly depended on fluorescence, colori-
metric, surface-enhanced Raman scattering (SERS), surface plasmon resonance
(SPR) and enzymes, antibodies, aptamers, and MIPs can be acted as a receptor unit
for designing of optical sensors [10]. Piezoelectric sensors are mass-sensitive
devices that are based on the piezoelectric effect, and these platforms allow to
analysis in a real time and label-free [51, 52]. Quartz crystal microbalance
(QCM) is a well-known piezoelectric-based sensor, in which receptor is immobi-
lized on a quartz crystal electrode [39, 53]. For designing of thermal- or
calorimetric-based sensors, molecules are immobilized on temperature based sensor
which measures the reaction heat according to analyte concentration [45].

9.4 Electrochemical Sensors for the Determination
of Pesticides

The most rapidly developing type of chemical sensors is the electrochemical sen-
sors. Electrochemical sensors have advantages such as remarkable detectability,
low cost and experimental simplicity which compared to thermal, mass and optical
sensors. Electrochemical sensors have a leading position among other sensors and
which have arrived at the commercial stage [54]. The three classes of electro-
chemical sensors are conductometric, potentiometric and voltammetric. They have
important applications in the agricultural, industrial, environmental and clinical
fields. Conductometric sensors are based on changes in electric conductivity of a
film or a bulk material. Conductometric methods are not essentially selective. These
sensors have become more available methods only with the advent of modified
surfaces for improved instrumentation and selectivity. Improved instrumentation is
used only on the measurement of conductivity. No reference electrode is needed in
conductometric sensors. Conductometric methods have significant advantages such
as low cost and simplicity [55].

Pardieu et al. designed an electrochemical sensor based on molecularly imprinted
conducting polymer for the recognition of a small pesticide target molecule, atrazine.
In this study, poly(3,4-ethylenedioxythiophene-co-thiophene-acetic acid) MICP was
synthesized in two steps by electrochemically on a platinum electrode. These two
steps are the polymerization of comonomers in the presence of atrazine and the
removal of atrazine from the prepared polymer, respectively. The prepared MICP
was highly specific for added atrazine. The linear range of atrazine detection was
1.0 � 10−9–1.5 � 10−2mol/L, and the low detection limit was 10−7mol/L [56].
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Potentiometric sensors have been used frequently since the early 1930s due to
their practical applicability, simplicity, familiarity and low costs. In a basic prin-
ciple of the potentiometric sensor, local equilibrium is established at the sensor
interface. The potential difference between the two electrodes in the potentiometric
sensors in which the composition of a sample, electrode or membrane potential is
measured to get information about the composition of a sample [57, 58].

Anirudhan et al. developed a potentiometric sensor with high selectivity for the
determination of lindane, c-hexachlorocyclohexane (c-HCCH). In this study, the
modification of c-HCCH imprinted polymer film onto the surface of the Cu elec-
trode was performed for the potentiometric sensor. A multiwalled carbon nanotube
imprinted polymer (MWCNT-MIP) was synthesized with methacrylic acid as a
monomer, an organochlorine pesticide molecule, as the template, ethylene glycol
dimethacrylate as the cross-linker and a,a′-azobisisobutyronitrile as the initiator.
The optimizations of operational parameters for the designed potentiometric sensors
were done and were characterized by means of Raman spectra, TEM, FTIR and
XRD analyses. The limit of detection for organochlorine pesticide was as
1.0 � 10−10 M, and the linear range was from 1 � 10−10 to 10−3 M [59].

Anirudhan et al. prepared a new potentiometric sensor on ion-imprinted polymer
containment membrane. In this study, the multiwalled carbon nanotube-
based molecularly imprinted polymer was investigated for the detection of
2,4-dichlorophenoxyaceticacid pesticide in natural water samples. For
MWCNT-imprinted polymer was synthesized by 2,4-D organochlorine pesticide
used as the template, a,a’-azobisisobutyronitrile as the initiator, trimethylolpropane
trimethacrylate as the cross-linker and methacrylic acid as the monomer. The
characterization of MWCNT-imprinted polymer was done with SEM, FTIR and
XRD analyses. The optimization of amount and nature plasticizer sensing material,
pH and response time parameters was investigated for MWCNT-imprinted poly-
mer. The imprinted polymer inclusion membrane and non-imprinted sensors were
compared under optimum conditions. The limit of detection was found to
1.2 � 10−9 M in the range of 1 � 10−9 –1 � 10−5 M. The prepared potentiometric
sensor was performed with the ground and tap water samples [60].

Prasad et al. designed a biomimetic potentiometric sensor for atrazine detection.
Firstly, the atrazine imprinted polymer particles were dispersed in di-n-octyl
phthalate plasticizer and then embedded into polyvinyl chloride matrix. This pre-
pared potentiometric sensor was used to atrazine detection in pH 2.5–3.0, in atrazine
concentration of 0.0001–10 mM. The limit of detection was found to be 0.5 lM.
The response time was *2 min. The important characteristic of the potentiometric
sensor has high selectivity towards herbicides and other pesticides. The stability of
sensor was investigated for the detection of atrazine in real samples [61].

Abdel-Ghany et al. investigated five novel potentiometric membrane sensors for
the detection of the dinotefuran levels in real samples. A prepared four potentio-
metric sensors were used a molecularly imprinted polymer material with
methacrylic acid or acrylamide as the functional monomer. Other potentiometric
sensors were prepared with a carboxylated PVC. The application of the prepared
sensors was demonstrated for the detection of the dinotefuran in spiked cucumber
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and soil samples. The important characteristic of prepared potentiometric sensors
includes short response time, good precision and selectivity, low limit of detection,
simple construction, and high accuracy [62].

Voltammetric techniques involve the application of a potential to an electrode
and recording the resulting current flowing through the electrochemical cell as a
function of the concentration of the analyte. In most cases, the applied potential is
varied or the current is monitored over a period of time [63, 64]. Voltammetric
sensors continue to be the most popular ones among electrochemical sensors due to
their simplicity, ease of production and the low cost. The application of voltam-
metric molecularly imprinted polymer-based sensors has attracted much attention as
reflected by many references in the literature.

Yang et al. prepared a sensor for the determination of parathion based on cou-
pled grafting of the functional macromolecule polyethyleneimine (PEI) on surfaces
of silica gel particles using molecularly imprinted technology. The electrochemical
behaviour of parathion at the imprinted film sensor was characterized by cyclic
voltammetry (CV) and linear sweeping voltammetry (SWV). A linear range over
parathion concentration from 0.015 to 15 mg/kg found to be the detection limit of
3 � 10−3 mg/kg. They applied the imprinted electrochemical sensor to the deter-
mination of parathion in spiked cucumber and cabbage samples, and validation
studies were performed by HPLC analyses [65].

Mazzotta et al. performed the electrochemical synthesis of a metal
complex-based molecularly imprinted polymer (MIP). They used this system for
the development of an electrochemical sensor for a chlorophenoxy carboxylic acid
(4-(2,4-dichlorophenoxy)butyric acid (2,4-DB)) commonly used as a pesticide. The
developed MIP was successfully applied to the electrocatalytic detection of the
template by cyclic voltammetry (CV) and at a fixed potential. Linear response over
2,4-dichlorophenoxybutyric acid concentration in the range of 200 lM–2 mM was
exhibited with a detection limit of 40 lM [66].

Motaharian et al. developed an electrochemical sensor based on molecularly
imprinted polymer nanoparticles for selective and sensitive determination of
diazinon (DZN) pesticides. They synthesized diazinon imprinted nanoparticles
using suspension polymerization and then used for modification of carbon paste
electrode (CPE) composition in order to prepare the sensor. Cyclic voltammetry
(CV) and square wave voltammetry (SWV) methods were applied for electro-
chemical measurements. Under the optimized experimental conditions, the cali-
bration curve of the molecularly imprinted carbon paste electrode sensor had two
linear concentration ranges from 2.5 � 10−9 to 1.0 � 10−7mol/L (R2 = 0.9971)
and 1.0 � 10−7 to 2.0 � 10−6mol/L (R2 = 0.9832) with a limit of detection of
7.9 � 10−10 mol/L. The diazinon imprinted carbon paste electrode sensor was
applied for the determination of diazinon in well water and apple fruit samples with
recovery values in the range of 92.53–100.86% [67].

Imidacloprid was also used as a target molecule pesticide in molecular imprinted
electrochemical sensor studies in the literature. Ghodsi and Rafati have published a
study on the detection of imidacloprid (IMD). In this study, an electrochemical
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sensor having high selectivity and sensitivity was developed for IMD determination
based on an imprinted poly(levodopa) electropolymerized on electrodeposited TiO2

nanoparticles (TiO2NPs) modified glassy carbon electrode (GCE). They found high
selectivity and sensitivity for imidacloprid in 2–400 lM concentration of IMD. The
limit of detection (LOD) and the limit of quantification (LOQ) of the imprinted
TiO2 nanoparticles modified glassy carbon electrode sensor were found as 0.3 and
1 lM by SWV measurements, respectively [68].

Carbofuran is widely used in agriculture because of its high effectiveness and
low cost. Due to environmental pollution and the frequent use of carbofuran, an
effective detection method for carbofuran needs to be developed. One recent study
on Au nanoparticles modified molecularly imprinted electrochemical sensor was
reported by Qi et al. for the detection of carbofuran. As shown in Fig. 9.5, they
developed an electrochemical sensor for the detection of carbofuran using MIP as
the recognition element and AuNPs on a glassy carbon electrode (GCE). Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) methods were applied
for electrochemical measurements. In this study, the detection limit of carbofuran
was reported as 2.4 � 10−8 mol/L [69].

In a study reported by Hassan et al. molecularly imprinted polymer produced on
the magnetic-MIP electrode by square wave voltammetry was used for the direct
electrochemical detection of methyl parathion in fish samples (Fig. 9.6). The
detection limit was found 1.22 � 10−6 mg/L for methyl parathion, and the recovery
for tuna and catfish samples was in the range of 89.4–94.7% [70].

Fig. 9.5 Schematic diagram of carbofuran imprinted polymer membrane. Modified electrode
preparation procedure [69]
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9.5 Optical Sensors for the Determination of Pesticides

Optical sensors focus on the measurement of a change in the optical properties of
the transducer when the target and recognition element form a complex. These
types of sensors can be divided into two groups: (i) direct and (ii) indirect. In the
direct optical sensors, signal generation is based on the complex formation on the
surface of the transducer. The indirect optical sensors are mostly designed with
various labels such as fluorophores or chromophores to detect the bindings and
amplify the signals. Although indirect sensing methods can produce higher signal
levels, they suffer from non-specific binding and high reagent cost of labelling step
[71]. In the literature and the market, there are multiple optical sensors, including
optrode-based fibre, evanescent wave fibre, time-resolved fluorescence, the reso-
nant mirror, interferometric and surface plasmon resonance sensors. Their detection
window is so versatile, and they sense multiple types of molecules [47, 72, 73].

Zor et al. reported a study about the preparation and characterization of a
multifunctional composite material (magnetic silica beads/graphene quantum dots/
molecularly imprinted polypyrrole). This composite material was engineered to
detect tributyltin. Their concept was based on turn-off in photoluminescence of
composite material and tributyltin was captured by the specific cavities of the
imprinted polymer, photoluminescent quantum dots lead to an optic transducer, that
is, quantum dots are quenched upon analyte recognition (Fig. 9.7). They also
discussed this composite material capable of a simple, fast and sensitive platform
for small molecule detection without any sample treatment due to the magnetic and
selective properties [74].

Wang et al. prepared molecularly imprinted fluorescent hollow nanoparticles for
k-cyhalothrin detection in water samples. They reported that this imprinted
fluorescent sensor exhibited a significant sensitivity and had a low detection limit
(10.26 nM), fast detection (8 min), easy regeneration ability and appreciable
selectivity over several structural competitors. They also tested the fluorescent
sensor to detect k-cyhalothrin in real sample solutions from the Beijing–Hangzhou
Grand Canal Water. According to the results, the fluorescent sensor demonstrated a

Fig. 9.6 Scheme of the electrochemical sensing of methyl parathion on magnetic-MIP [70]
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high recovery that shows the potential application of this sensor in environmental
studies [75].

A colorimetric sensor was developed for 3-phenoxybenzaldehyde detection by Ye
et al. They prepared surface molecularly imprinted nanoparticles, and the
3-phenoxybenzaldehyde resulted in a characteristic colour fading by potassium per-
manganate reduction reaction. The 3-phenoxybenzaldehyde could be detected by
absorbing potassium permanganate solution with a high correlation coefficient. The
colorimetric sensor exhibited a low limit of detection value (0.052 µg/mL) with the
range from 0.1 to 1 µg/mL of 3-phenoxybenzaldehyde. They also performed real
sample experiments to compare detection performanceof 3-phenoxybenzaldehyde [76].

Shrivastav et al. fabricated an optic sensor based on surface plasmon resonance
system and molecularly imprinted method to detect profenofos (Fig. 9.8). They
applied the concentration range of profenofos towards the sensor from 10−4 to
10−1 µg/L. They found that the detection limit of the sensor as 2.5 � 10−6 µg/L.
They reported that the combination of surface plasmon resonance system and
molecularly imprinted method provided high sensitivity and selectivity and had
numerous other advantages including fast response, immunity to electromagnetic

Fig. 9.7 Scheme of the composite material and its sensing mechanism [74]
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interference, low cost and capable of real-time monitoring and remote sensing of
analyte [77].

Saylan et al. fabricated the molecularly imprinted nanofilms and integrated them
with surface plasmon resonance sensors for detection of multiple pesticides,
including cyanazine (SNZ), simazine (SMZ) and atrazine (ATZ). The molecularly
imprinted nanofilms onto the surface plasmon resonance sensor surfaces were
prepared by using functional monomer, co-monomer, and cross-linker. As shown in
Fig. 9.9, they performed the real-time measurements on surface plasmon resonance
sensor with a detection range from 0.10 to 6.64 nM and found the detection limit
values of 0.095, 0.031 and 0.091 nM for cyanazine, simazine and atrazine,
respectively [26].

Yılmaz et al. prepared the surface plasmon resonance sensor by using molecularly
imprinted nanoparticles to detect pesticides. The schematic representation of the
surface plasmon resonance sensor preparation process is displayed in Fig. 9.10.
They chose atrazine as a recognition element and applied a wide concentration range
(0.5–15 ng/mL) of atrazine solutions to surface plasmon resonance sensor system for
the adsorption kinetics determination. They claimed that the imprinted nanoparticles
displayed more sensitivity to atrazine than the non-imprinted ones. In addition, their
results showed that the surface plasmon resonance sensor was more selective atra-
zine compared to other pesticides. They also calculated the limit of detection value as
0.7134 ng/mL [78].

Fig. 9.8 a Scheme of sensing probe fabrication and b experimental set-up of surface plasmon
resonance and molecularly imprinted based sensor system [77]
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Fig. 9.9 SNZ, SMZ and ATZ detection on a surface plasmon resonance sensor system [26]
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9.6 Piezoelectric Sensor for Determination of Pesticides

Environmental pollution from industrial and agricultural activities can have serious
negative effects on nature and people. Surface waters like rivers and lakes are
contaminated by pesticides, which are major pollutants [79, 80]. Pesticide pollution
in natural waters due to intensive agriculture and horticulture activities has a
negative impact on human and nature. In order to ensure in future human
well-being, there is a rapidly growing awareness of the world for environmental
protection and sustainable use of natural resources. Governments create legal
frameworks and action plans to protect natural water resources and regulate pes-
ticide use [81]. Analytical methods have been developed for the mostly used pol-
lutants such as organophosphorus and organonitrogen pesticides. However, in line
with future needs, online monitoring methods or fast sample screening are highly
desirable. Therefore, new, cost-effective analytical methods are intensively devel-
oped for continuous monitoring of natural waters and on-field sample screening in
order to meet future analysis needs [82]. There is a growing interest to develop
sensors for the detection of pesticides which are used currently in large quantities.
Sensors technology using sensors or chemical sensors are considered the perfect
basis for such field-usable devices for pesticide detection [9]. In the domain of
chemical sensors, quartz crystal microbalance (QCM) or surface acoustic wave
sensors functionalized with organic polymers for pesticides detection have been
reported [83–86]. Piezoelectric systems are the most attractive of all physical
transducers due to their real-time and label-free detection with high sensitivity, low
instrumentation costs and simplicity. QCM sensor, which is a practical and con-
venient monitoring tool, measures small changes with high specificity, accuracy,
stability and reproducibility on the sensor surface. Therefore, QCM as a highly
stable and portable transducer element is suitable for chemical sensors. The
increased mass on the gold surface associated with the binding reactions causes the
frequency to decrease. QCM devices are well suited for converting the recognition
process using MIP-based memories into a sensor signal. QCM-based sensors have
been used to detect several analytes, even in very different matrix environments.
Thus, the combination of a QCM and MIP as synthetic receptors increases the
sensitivity by means of MIP process-based multiplexing binding sites having
molecular memories prepared towards the target compound. This section aims to

Fig. 9.10 Preparation and schematic representation of the surface plasmon resonance sensor [78]
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highlight and summarize the recent progress and studies in the field of sensor
systems based on QCMs combined with molecularly imprinted technology [87].
MIP particles are attached to the surface of the QCM sensor modified with
self-assembled monolayers comprising thiol-containing compounds such as
11-mercaptoundecanoic acid, using a chemical, thermal or photochemical initiator
[88]. Although photochemical initiation has some advantages, such as easy control
and polymerization at room temperature, the MIP layers can also be formed on the
QCM sensor surface by electropolymerization [89]. In this strategy, by changing
the applied voltage the thickness of the MIP layer can be easily controlled by
changing the applied voltage [90]. However, the non-adhesion of the MIP layer
prepared on the surface may cause problems during the washing step. Therefore,
some pretreatments must be applied to increase the adhesion of the MIP layers to
the sensor surface. In this section, it was provided with an overview of the recent
progress and applications of MIP-based QCM sensors about pesticide detections.

In the last decade, one of the most promising technical applications based on the
use of MIPs is QCM. QCM sensors have been developed for the detection of various
pesticide targets. Such as Gurgu and co-workers were able to detect different pesti-
cide types in aqueous solution in order to prevent their illegal use in agriculture. QCM
is widely used due to its sensitivity and ability to determine in real time the variation
of the adsorbed mass on the sensor surface, in the field of ng/cm2. They used chrome–
gold electrodes (CrAu) covered with self-assembled monolayers (SAM) in order to
increase the limit of detection up to 18 ng/cm2 for a frequency shift of 1 Hz. All
pesticide samples were investigated using CrAu sensors covered with ethanethiol
SAM, in static mode: the SAM was obtained using ethanethiol (1%). The obtained
data were used to calculate the sensor response (frequency shift in time [Hz/s]) and to
draw the linear or polynomial regression. For Dithane M-45 was observed linear
regression for all samples (i.e. D5, D7, D9, D11) with R2 determination coefficient
values in the range of 0.8945–0.9693. For Fastac and Optimol, the fitting curves
show polynomial regression for all samples (i.e. F5, F7, F9, F11 and O5, O7, O9,
O11) with R2 determination coefficient values in the range of 0.9882–0.9946 for
insecticide samples, respectively, 0.9826–0.9963 for molluscicide samples.
Considering the fact that the adsorbed mass on QCM sensor surface was inversely
proportional to sensor response, it could be observed that for fungicideDithane M-45
with active substance concentration of 0.01 lg/L, the recorded signal was very poor
and probably was under the limit of detection. For the other two pesticides (Fastac
and Optimol), the recorded signal was good even for the lowest concentration of
active substances. The pesticides selected for this study (i.e. Dithane M-45, Fastac
and Optimol) were banned, as they were classified as persistent organic pollutants
(POPs). The proposed solution for the determination of pesticides using QCM
techniques was advantageous in terms of the time required for sample preparation,
and the time devoted to actual analysis. The fact is that microbalance provided
real-time results with its use in various fields. The used sensor showed high sensi-
tivity at low concentrations (10 ng/L) and was considered a promising method for the
direct analysis of aqueous samples. The obtained data established the potential of the
QCM sensor for the pesticide analysis at low levels [91].
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MIP technique is an attractive method for the generation of polymer-based
molecular “memory” for a present target molecule or group of target molecules.
Cheng et al. prepared MIP-QCM sensor for detection of parathion pesticide. OP
compounds, as important components of insecticides, pesticides and chemical threat
agents, have become more and more serious threats to the environment. Real-time
monitoring of the threats is an urgent demand for environmental safety.
They integrated a novel MIP with QCM to build a simple sensor to selectively
monitor OP in water samples in real time. The MIP system was built up by the
polymerization of methacrylic acid with divinylbenzene, initiated with 2,2’-azobis
(2-methylpropionitrile) in the presence of a target molecule. Using parathion as a
representative template, the MIP was coated on QCM by casting a semi-polymerized
solution. The sensor could detect parathion in the wide range from 290 ppb to
29 ppm. This sensor was stable, easy to prepare which can be reused and has
potential to be applied to other analytes, which are threats to the environment [92].

Fast evaluation of the QCM sensor is based on the piezoelectric properties of
quartz crystals, which could reflect mass and viscosity changes on the crystal
surface. By the aid of the specific nature of MIP, the sensor of MIP-based QCM
could detect the mass of the target molecule captured in samples by reading the
corresponding frequency changes. The sample solution was pumped to pass
through the surface of the MIP-based QCM sensor, and the frequency shift was
monitored in real time. To rapidly evaluate the response to the target, they per-
formed the detection of water samples in sequence in the interval of 30 min,
including various concentrations of the target (0.1–100 lM or 0.029–29 ppm).
After 50 min of water rinsing, the sensor was brought to the resonant frequency (f0).
Then, the frequency of the sensor decreased once it was treated with aqueous
parathion solution. The frequency remained steady until reaching 10 lM (2.9 ppm)
of parathion. By increasing the concentration of parathion, the frequency shifts
dramatically. Compared to the MIP-based QCM sensor, NIP-based QCM sensor
showed much smaller frequency shifts to the samples. MIP has a larger capacity for
the target as it contained many cavities for binding target molecules, while NIP
holds much less molecule by the non-specific binding on the surface. The binding
experiment illustrated that the MIP-based QCM showed the superior specific and
sensitive response to the target compared with NIP-based QCM. Performance of the
sensor was evaluated by using aqueous parathion solution; the sensor was further
studied to establish the correlation between the frequency shift and sample con-
centrations. After 20 min of water flow, the sensor was treated with various con-
centrations of parathion for 60 min. Compared to the blank sample (0 lM of
parathion in water), aqueous parathion solution showed obvious frequency shifts.
The limit of detection (LOD) was calculated as 0.83 lM. Subsequently, they
evaluated the selectivity of MIP (parathion) against two analogues—paraoxon and
methyl parathion. The frequency shift of parathion (−30.28 Hz) is much larger than
that of methyl parathion (−16.29 Hz) and paraoxon (−11.02 Hz), which indicated
MIP (parathion) has higher selectivity to the template (parathion) than to the two
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analogues. Comparing parathion with paraoxon, MIP (parathion) showed distinct
affinities. Comparing parathion with methyl parathion, the dominant interaction was
the differences in three-dimensional matching because of the sizes of ethyl and
methyl group. The results indicated that the designed sensor had good selectivity
for parathion. In brief, with parathion as the preset template, the selectivity
experiment showed that the MIP-based QCM sensor could selectively detect
parathion in water samples as the MIP offered specific cavity for the template
molecule. The sensor has a wide detection range (290 ppb * 29 ppm) and fast
response (60 min) to parathion. The sensor was easy to prepare and could be
potentially applied to other templates including organophosphorus compounds. The
sensor could potentially be useful for monitoring targets in real water samples.
Carbamate pesticides are widely used in the agricultural industry due to their high
efficiency and low toxicity. Metolcarb, an N-methylcarbamate pesticide, has been
extensively used to control the agricultural production of rice leafhoppers, plan-
thoppers and fruit flies in [93]. If metolcarb enters the human body, it inhibits
acetylcholinesterase activity. It results from the accumulation of acetylcholine,
causing headache, nausea or quadriplegic. Unfortunately, metolcarb residues have
been found in fruit and many other food products [94]. Nowadays,
high-performance liquid chromatography (HPLC) [95], capillary electrophoresis
(CEC) [96], enzyme-linked immunosorbent analysis (ELISA) [97] and electro-
chemical analyses are the methods used for the determination of metolcarb in food
samples [98]. However, these methods have some difficulties in limiting the
widespread use of large-scale instrumentation, such as time-consuming pretreat-
ments, large reagent consumption, the need for skilled operators and the need for
expensive biomaterials that are difficult to maintain. Low cost, fast, sensitive and
selective methods are needed for metolcarb detection.

Wang and co-workers fabricated a novel MIP-based QCM sensor, successfully
applied to detect trace metolcarb in food samples with high specificity, high sen-
sitivity and simplicity. They modified on the quartz crystal Au electrode surface for
metolcarb detection. The synthesis process of MIP was performed via one-step
polymerization by using template molecule metolcarb and functional monomer
methacrylic acid. As a control, non-imprinted polymer (NIP) was prepared using
the same procedure in the absence of the template [99]. The response of the QCM
sensor towards metolcarb was evaluated by submerging the quartz crystal resonator
assembled in the Teflon holder. The frequency shift Df (fi − f0, Hz) could be
obtained, which was attributed to mass change caused by the specific absorption of
MIP towards metolcarb on the quartz crystal surface. The average value of Df was
used to calculate the mass of metolcarb adsorbed onto the quartz crystal surface
using the Sauerbrey equation (Eq. 9.1) [100].

Df ¼ 2:26� 10�6Dmf 20 =A ð9:1Þ

where fo is the original resonant frequency of the quartz crystal (Hz), Dm is the
mass change (g) and A is the surface area of the electrode (cm2). The adsorption
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capacity of MIP in methanol was almost two times larger than that of NIP, revealing
non-specific adsorption could be effectively suppressed in methanol (Fig. 9.11).

They evaluated the binding performance of MIP-based and NIP-based QCM
sensors against metolcarb concentrations ranging from 5 to 90 lg/L by measuring
the frequency shifts at room temperature, and the results are presented in Fig. 9.12.
According to the results, the frequency shifts of the MIP-based and NIP-based
QCM were increased with the increasing initial concentration of metolcarb. At any
concentration, the MIP-based QCM sensor showed a greater frequency response
than the MIP-based QCM sensor showed better binding capability for metolcarb
than the NIP-based QCM sensor. At any particular concentration, the frequency
change of the MIP sensor was −175.7 Hz, while the NIP sensor was −63.2 Hz.
These results are attributed to the MIP imprinting cavities that can specifically
recognize the metolcarb in terms of the spatial structure and the binding sites
formed during the polymerization process. The results showed that the MIP-based
QCM sensor had a linear relationship between the frequency shifts and the con-
centrations of metolcarb ranging from 5 to 70 lg/L, with a low detection limit of
2.309 lg/L (S/N = 3).

The selective recognition property of the MIP-based QCM sensor is important
for the practical applications in the complicated food matrix. Some interference
with similar structures of metolcarb, such as carbaryl, isoprocarb and propoxur,
were used to evaluate the frequency response of the MIP-based QCM sensor at the
same concentrations. The frequency response of the proposed MIP-based QCM
sensor for metolcarb was significantly higher than the other three structural ana-
logues, and SC values of metolcarb towards carbaryl, isoprocarb and propoxur were
calculated to be 2.45, 2.97 and 4.41, respectively, suggesting the good selectivity of
the MIP-based QCM sensor.

During the last two decades, pesticide usage has increased dramatically, and
their presence in vegetable, fruits and the environment has increased. Nowadays,
the more sensitive detection of pesticides has arisen due to the problem of them
faster [26]. Herbicides, which are known as one of the pesticides group, are
commonly used against crop diseases in agricultural areas. When these chemicals
are applied to crops, its droplets are fallen on soil, plant and water. Hence, they may

Fig. 9.11 a Binding isotherm of MIP and NIP for metolcarb in methanol, b Scatchard analysis of
MIP and NIP [99]
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be harmful, especially when these pesticides are taken directly or indirectly to the
body [101]. Denizli and co-workers prepared QCM sensor by using molecularly
imprinted method for selective recognition of toxic herbicide molecule, amitrole
which is used to control weeds in agriculture [102]. N-methacryloyl-(L)-tryptophan
methyl ester (MATrp) was selected as a proper functional monomer and poly-
merized with ethylene glycol dimethacrylate (EGDMA). Amitrole imprinted poly
(ethylene glycol dimethacrylate-N-methacryloyl-(L)-tryptophan methyl ester) [poly
(EGDMA-MATrp)] nanofilms were attached to the gold surface of the QCM
sensor. The amitrole imprinted QCM sensor was characterized by the contact angle,
AFM and ellipsometer measurements. According to AFM images, the surface depth
of amitrole imprinted QCM sensor was higher than non-imprinted one, meaning
that the imprinting procedure was achieved successfully. On the other hand, the
roughness of the surface is well distributed through the surface of the sensor. It
indicated that amitrole imprinting on the QCM sensor has been homogeneously
achieved, which is an important parameter controlling the specificity, selectivity
and recognition rate of the sensor. Besides, kinetic and affinity binding of amitrole
was investigated by binding the pesticide imprinted and non-imprinted sensor to
QCM sensor. The contact angle values of unmodified, non-imprinted and amitrole
imprinted QCM sensor were found to be 60.2° ± 0.24, 68.3° ± 0.47 and
72.4° ± 0.12, respectively. The values of contact angle were increased due to the
hydrophobic character of MATrp, which is a hydrophobic functional monomer.
The QCM sensor was prepared for real-time detection of amitrole in aqueous
solution in the concentration range from 0.06 to 11.9 nM. When the amitrole
solution reached to the sensor surface, amitrole imprinted QCM sensor responded
quickly. The total measurement time was read as 25 min. The increasing of ami-
trole concentration caused an increased response, as expected. The selectivity of
amitrole imprinted QCM sensor was investigated for the better understanding of the
specificity of the interactions between the binding sites of the MIP-based QCM
sensor and template molecule. For this aim, benzotriazole and dinoseb were used as
a competitor agent. No defined cavities exist to provide selective binding of ami-
trole with NIP-based QCM sensor. The relative selectivity coefficient for amitrole

Fig. 9.12 a Frequency shifts of MIP- and NIP-based QCM sensors towards different concen-
trations of metolcarb; b calibration curves of the prepared sensors [99]
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showed that the cavities created in the pesticide imprinted QCM sensor recognized
imprinted template molecule and had structural memory and remarkable molecular
size matching for amitrole. The reusability of amitrole imprinted QCM sensor was
investigated by six cycles. It was observed that there was a slight difference in the
frequency shift. Thus, it was concluded that the amitrole imprinted QCM sensor
could be reused with reproducible results. Amitrole imprinted QCM sensor was also
used to detect amitrole in a natural source (green pepper). Freshly prepared green
pepper samples caused an increase in sensor response as expected by remaining
between calibration points. Amitrole concentration was approximately 0.342 nM
(28.69 ng/L) in green pepper. It was concluded that amitrole imprinted sensor
detects amitrole even in a natural complex mixture.

9.7 Conclusions and Perspectives

The use of pesticide dated back in 1940 in order to improve the food quality;
however, bioaccumulation of pesticides is highly toxic for the environment and
living organisms. Chromatographic methods are used for pesticide detection but
which are time-consuming, high-cost equipment and need skilled person during the
analysis. Therefore, rapid, selective, sensitive detection methods can be improved
for detection of pesticides which is a global issue around worldwide. Sensors are
rapid, selective and sensitive devices for pesticide detection, and enzymes, anti-
bodies, whole cells and MIPs are integrated with sensor platforms in order to push
the sensitivity and selectivity of these platforms. Among the receptors, MIPs known
as tailor-made receptors have many advantages such as cost-effective
easy-prepared, robust, sensitive and selective against the target molecules. Today,
different types of biomimetic sensors are fabricated for pesticide detection but the
need for better sensitive, selective and reliable sensing platforms are a highly
important issue to protect the environment and living organisms.
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Chapter 10
Controlled Release Herbicides
and Allelopathy as Sustainable
Alternatives in Crop Production

S. Shahena, Maya Rajan, Vinaya Chandran and Linu Mathew

Abstract Herbicides are specially designed chemicals to kill unwanted plants that
adversely affect the crop growth and thereby increase the nutrient requirements.
Directly applied herbicide residues finally accumulate in the soil. They are found in
all environmental spheres including air, water, and soil. Most of the herbicide
formulations contain active ingredients and additives so as to fulfill regulatory
standards without affecting their effectiveness. Nevertheless, their excessive use
leads to herbicide resistance in weed plants prompting increase in the dosages.
Hence, many modified, controlled release systems with reduced hazards and
environmental toxicity are developed. These methods minimize the environmental
impacts and aid in the sustainable development. Also, plant derived bioformulations
with weedicide activities are considered as environmentally safe alternatives.
Allelochemicals are plant compounds which give a survival advantage to the
producers. Allelopathy has an important role in weed control and crop productivity.
Since the allelochemicals are biologically active compounds, they are less disrup-
tive to the ecosystem than synthetic herbicides. Hence, controlled release of her-
bicides and allelopathy are discussed as sustainable alternatives in farming practice.

Keywords Allelopathy � Herbicides � Controlled release � Sustainable
development

10.1 Introduction

Plants are the primary food source for the World. Around 10,000 B.C, human race
started cultivating crops and they found weeds as their major problem in crop
cultivation [1]. Out of total annual loss of agricultural production in India, weeds
contribute almost 37% and rest by insects, diseases, and other pests [2–5]. Weeds
can be defined as plants which are detrimental, persistent, and harmful. It affects the
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growth of other crop plants and thus affects human agricultural practices and
economy of the country [3]. Herbicide application, mechanical weeding, and hand
weeding are the commonly used methods of weed control and are found to be
effective in agricultural production [6].

Herbicides are specially designed chemicals to kill unwanted plant tissues that
affect the crop plant’s growth and thereby increase the nutrient requirements. The
mode of action of each herbicide is unique and targets a particular biosynthetic
pathway. Some of them will prevent the sugar metabolism and the others may
inhibit an essential hormone development. Herbicides control the biological and
adaptive advantages of the weeds partially and totally [7].

10.2 Classification of Herbicides

The herbicides can be classified according to their mode of action, chemical family
and activity, method of application, site of action, and timing of application [3].

10.2.1 Based on the Mode of Action or Translocation

According to the mode of action, the herbicides can be grouped into contact her-
bicides or non-systemic and systemic or translocated. The contact herbicides will
kill the plant parts that it contacts, especially the upper leafy parts of the plants. The
systemic herbicides will be absorbed by the plants through the leaves or stems and
transport it internally throughout the plant. The systemic herbicides move along
with the sap or vascular system along with the nutrients, water, and other materials,
and it does not have any quick effect. The systemic herbicides will slowly kill the
entire weed plant. In the case of contact herbicides, most of the weed plants will
regenerate the affected plant tissues and thus cause weed resurgence. Mostly, the
systemic and contact herbicides are applied together for a better and faster effect.
Glyphosate and glufosinate are non-selective systemic herbicides, and 2, 4-D and
dicamba are the examples of selective systemic herbicides. Bromoxynil and ben-
tazon belong to systemic or translocated group [3].

10.2.2 Based on the Time of Application

Based on the time of application, herbicides can be classified into preplant herbi-
cides, preemergence herbicides and postemergence herbicides. Preplant herbicides
are volatile herbicides and applied to the soil before the cultivation. They are
incorporated into the soil through mechanical methods to avoid photodecomposi-
tion. They are non-selective herbicides which inhibit the weed seedlings growth.
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Allelocompounds can be used as preplant bioherbicides because of their allelo-
pathic property [8, 9]. In the case of preemergence herbicides, they are applied
before the weed seedling growth and their action is by affecting cell division.
Dithopyr and Pendimethalin are preemergence herbicides. Postemergence herbi-
cides are applied after the weed seedlings emerge. Postemergence herbicidal
practices require multiple applications for adequate control of the weeds. They can
be selective or non-selective, contact or systemic. 2, 4-D is a selective, systemic,
foliar absorbed, and postemergence herbicide [3, 10].

10.2.3 Based on the Method of Application

According to the method of application, the herbicides can be grouped into soil
applied and foliar applied. The soil-applied herbicides are preplant or preemergence
herbicides, and they can be directly applied to the soil. These are absorbed by the
root or shoot of the emerging seedlings. Thiocarbamates (e.g., EPTC) and dini-
troanilines (e.g., trifluralin) are the examples of soil herbicides. The foliar herbicides
are applied to the upper portion of the plants. They belong to postemergence,
systemic herbicides and are absorbed by the exposed tissues of the weed seedlings.
Glyphosphate and 2, 4-D are foliar-applied herbicides [3].

10.2.4 Based on the Specificity

Selective herbicides control or suppress the weeds without affecting the crop plants.
2, 4-D, mecoprop and dicamba are selective herbicides. Non-specific herbicides are
not specific in their selection. They are used to clear industrial sites, waste ground,
railways, etc. Paraquat, glufosinate, glyphosphate are non-selective herbicides [3].

10.3 Environmental Effects of Herbicides

There has been a tendency to maximize the crop production through increasing
productivity by developing new-high yield crops, heavy use of fertilizers and
agrochemicals and also by the use of improved agricultural machinery. The envi-
ronment gets damaged due to these innovative practices by causing soil erosion,
salinization, flooding of heavily irrigated soils, aquifer depletion, deforestation and
environmental contamination which affect human health and natural ecosystems [7].

According to Codex Alimentarius (Commission created by the food and
Agricultural Organization [FAQ]) and the World Health Organization (WHO: UNO,
1963), “a plaguicide is any substance aimed to prevent, destroy, attract, repel or fight
any plague including unwelcome species of plants or animals; during the production

10 Controlled Release Herbicides and Allelopathy as Sustainable … 239



or storage, transportation, distribution, and elaboration of food; agricultural pro-
duction or food for animals; or that may be administered to animals to ectoparasites
which include herbicides and compounds used as growth regulators, insecticides,
defoliants, desiccants and inhibitors of fruit thinning and germination” [7].

Largely, herbicides are applied either directly to the foliage or to the soil.
Approximately, 50% of the herbicidal particles finally deposits in the soil through
the direct application and also a lesser amount through plant stubbles left
post-harvesting. The herbicidal particles drift by the wind and rain and they finally
get suspended in the atmosphere. So, they found in all environmental compartments
including air, water, and soil [11–14].

The herbicidal particles reach the soil surface and undergo a series of chemical
and biological reactions such as photodecomposition. The residual herbicidal par-
ticles get bioaccumulated in all kinds of organisms from plankton to human beings
and have been biomagnified through trophic nets [15, 16]. Since the herbicides
protect and sustain crops, they are essential and valuable tools for the modern
agricultural practices. But there is an urgent need to optimize the use of herbicides
to avoid the environmental harm [17].

Herbicides possess more dangerous effects as compared to insecticides and
bactericides [18–21]. Due to their high mobility, they probably affect non-target
organisms and affect the ecosystem adversely. Therefore, it is very important to
develop an efficient technology to promote the correct dosage of herbicides and
improve their utilization efficiency [22].

10.4 Herbicide Resistance in Weeds

The excessive use of herbicides without a proper release formulation leads to the
transition of normal weeds into herbicide-resistant weeds [3, 23–26]. Some weeds
have an inherent ability to survive adverse effect of herbicides that results in the
susceptibility of the original species to that particular herbicide. Resistant weeds
survive the application of herbicides and gradually their population increases
causing damage to crop plants and their yield [3]. Herbicide resistance was
observed in 1957 against 2, 4-D in Hawaii [27]. The first confirmed report was
against triazine herbicide in Senecio vulgaris (common groundsel) in 1970 [28–30].

Pline et al. reported the effects of ammonium sulfate and pelargonic acid in the
weed control of soybean [31]. The herbicides were applied along with glufosinate
and glyphosphate. They found glufosinate-resistant and glyphosphate-resistant
soybean in the greenhouse and fields. The efficacy of glufosinate can be increased
by the addition of ammonium sulfate. In the case of perennial crops, its efficacy can
be improved by the addition of glufosinate without affecting the soybean [32].
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10.5 Mode of Applications and Herbicide Formulations

Most of the herbicides are applied along with the active ingredient and additives to
fulfill regulatory standards without affecting their effectiveness. The active ingre-
dient is combined with adjuvants such as solvents, moisturizers, and adherents.
There are many modified, controlled release systems for reducing the hazardous
effect of herbicides and also to reduce the environmental toxicity. These methods
minimize the environmental impacts and aid in the sustainable crop production [33].

The objectives of the herbicide formulations are (a) the effectiveness should
retain throughout the time required to control the harmful weeds; (b) the man-
agement and application should be safe for workers and users; (c) the use of toxic or
dangerous solvents must be reduced; (d) it should not affect or minimize the effects
on organisms except weeds; and (e) to extend the range of herbicide application
[34, 35].

The herbicides, compatible with other formulations such as adjuvants or
co-adjuvants which is already present in the formulations or during mixing them in
the tank of application system is found to be physically and chemically stable
throughout the time. They are able to favorably modify the physical and chemical
properties of the active ingredients [36].

The traditional methods of controlled release of herbicides include:

5:1 Slow release of herbicide formulations.
5:2 Herbicide collars.
5:3 Herbicide-treated papers.
5:4 Herbicide-treated mulch.
5:5 Herbicides applied with pruning shears.

These techniques can reduce the off-site movement and other environmental
concerns about herbicidal usage in container production, field production and
landscape maintenance [37].

10.5.1 Slow Release Herbicide Formulations

Weed control must be maintained for a longer period of time in nursery industry,
annual crops, plants, crops in landscapes, etc. In the case of annual crops, herbicides
that possess long soil residual activity have a tendency to exist for a long time in the
soil [38]. Multiple applications of hazardous herbicides per year are required for
field production and landscape maintenance. Either herbicides with long soil
residual activity or increasing the herbicide rate are the two methods which serve
this purpose. But this could increase crop damage as well as cause concerns about
environmental hazards [37].
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10.5.1.1 Herbicide Tablets

Slow release tablets are a porous pellet containing an inert material such as Plaster
of Paris or dicalcium phosphate along with herbicide. These tablets when wetted by
irrigated water, low amounts of herbicides are gradually released over an extended
period of time. The release of herbicides can be increased by increasing herbicide
concentrations and by changing the size of porosity of the tablets [39–43]. Alachlor
and 4% metolachlor in dicalcium phosphate are the examples of herbicide tablets.

Some types of slow release formulations used starch xanthide and pine craft
lignin [44–49] instead of Plaster of Paris and dicalcium phosphate: e.g., ester for-
mulations of picloram in starch xanthide and chloramben and metribuzin in pine
craft lignin [39–41].

The major advantage of the herbicide tablets is the concentration of the herbicide
used in this formulation is less when compared to granular or sprayable form. As a
result, the herbicide leaching will be reduced. The threshold concentration and labor
requirement are also less in the case of herbicide tablets [39–41].

10.5.2 Herbicide Collar

The herbicide collar formulation is a standard and better herbicide application
formula. The use of physical barriers for weed control in container production is
referred to as herbicide collar [50, 51]. Solid polyethylene (black plastic) is an
example of herbicide collar that controls weeds in established plantings. Herbicide
collar is a multiple chemical delivery system because fertilizers and other chemicals
can also be added to the collar. The labor requirement is also less in the case of
herbicide collar formulation. The cost-effectiveness and the difficulty in the disposal
of the fabric collar are the major disadvantages of the usage of herbicide collar in
the field [37].

Herbicide-impregnated cloth [52] and herbicide-impregnated string [53] are
found to be more efficient than physical barriers composed of synthetic or natural
fibers. Simazine, atrazine, and diuron were efficiently controlled weeds in peach
planting by using these methods [37, 53].

10.5.3 Herbicide-Treated Papers

In landscape plantings, water soluble papers or herbisheets are used to deliver
herbicides (American Cyanamid and Princeton N. J). Appropriate rate of herbicide
pre-treated papers was cut into small pieces and fit into landscape bed and covered
with a thin layer of mulch. When water droplets fall into the sheets by irrigation or
through rainfall, it dissolves and releases the herbicides into the soil or mulch
surface. Herbicide-treated paper sheets containing Oxyflourfen marketed under the
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trade names Neal and Senesac were able to control horse weeds. No calibration or
spraying is required for herbicide-treated papers and it also eliminates the problem
of drift through wind, water and air.

Exposure of applicator to the herbicide during the cutting and installation pro-
cess makes this method difficult for the common adoption. Preinstallation will be a
time-consuming process in herbicide-treated papers. The result may be varied due
to irrigation practices and rainfall [37].

10.5.4 Herbicide-Treated Mulch

The controlled release of herbicides through herbicide-treated mulch is an improved
method. In landscape plantings, herbicide-treated mulch is used to control weeds
[50]. For example, equal or better weed control was observed when dichlobenil was
incorporated into mulch [54]. No chemical mixing or spraying is required for
herbicide-treated mulch. But the herbicide application rate is excessive. Exposure of
applicant during mixing results in health hazards.

10.5.5 Herbicide/Hand Pruners

Weed stem is cut with a sterile blade. Herbicide containing solution is applied to the
cutting edge of the weed stem. Weed stem absorbed the herbicide solution and it
translocates into various plant parts resulting in the death of the weed plants. This is
known as Klipkleen system (Klipkleen Pruning system, Bloomland Special
Products, Atlanta, G.).Undiluted 2,4-D and 25 and 50% solutions of Clopyralid
completely controlled poison ivy when applied with the hand-pruner system.
Minimal herbicide usage is required for herbicide or hand pruners. Drift through
spraying can be avoided with maximum elimination of desired plant. It is a labor
consuming process and exposure of the applicant during application time results in
health hazards [37].

10.6 Release Systems for Herbicides

Materials composed of silica, clays (bentonites and sepiolites), polymers (alginate),
and synthetic polymers (polyhydroxyalkonates—PHAs) are the most commonly
used bioactive substances for the transportation of herbicides.

The methods used for controlling loss of herbicide such as microcapsule [55],
tablets [56, 57], organosilicone [58, 59], nano-additives [60–62] are limited due to
their disadvantages.
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Microcapsule and tablet methods are less applicable because of their high cost
[55, 56]. They also lack sensitivity to physical and chemical factors which makes it
difficult for them to control the release of herbicides [57]. The adhesion and pen-
etration performance of the organosilicone can be increased to a certain extent. But
this method has poor stability, high cost and also has low ability to control herbicide
release. Nano-additives showed higher stability than organosilicone. They ensure
the adhesion ability of herbicides through network-structured nano-clay [60–62].
The pH sensitive gels display low application values because of their cost [60, 63].

10.6.1 Microencapsulation

Microencapsulation is the process of coating particles of active substances of
micrometric size. The active substances include coating molecules, solid particles,
or liquid globules consisting of various materials. According to system particu-
larities with regard to morphology and internal structure, the encapsulated products
are denoted as microparticles, microcapsules (MICs), or microspheres (MISs), and
all are <1 mm [64]. Nanocapsules or nanospheres are smaller than 1 mm in size.
Most of these particles are not spherical, but they are considered as MIC or MIS due
to their size and composition. The terms microparticles and nanoparticles are used
in a general way to address particles presenting either small irregular or spherical
shape [65, 66].

10.6.2 Polymer Micro and Nanoparticles

Polymer microparticles and nanoparticles can be used for the transport of bioactive
substances. They have the ability to alter the physio-chemical properties of the
substances they incorporate and are completely biodegradable [33]. These
microparticles can be easily produced by the fermentation of varieties of bacteria
and are easily degraded during natural biological process. They are inexpensive
also. The most widely used polymers for the transport of herbicides are PHAs
which includes polyhydroxybutyrate (PHB) and polyhydroxybutyrate-valerate
(PHBV). The ametryn encapsulated within the PHB or PHBV microparticles will
be reduced the impacts caused by the herbicide and is environmentally safe.

Tebuthiuron (TBH) is the most commonly used herbicide for the weed control in
sugarcane and cotton crops and are applied as preemergent herbicide. The calcium
alginate microparticles were prepared from the cross-linking of sodium alginate by
Ca++ containing varied amounts TBH supplied in CaCl2 aqueous solution. This
encapsulated Tebuthiuron is found to be more effective than the normal method of
application [67].

The controlled release of herbicides should be a simple procedure with a low
cost. According to Chi et al. (22), attapulgite is an ideal carrier of herbicide because
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of their low cost and high stability [22]. Attapulgite is an eco-friendly herbicide
carrier. This is a temperature-responsive controlled release herbicide particle
method (TCHP) with a core-shell structure developed using a nano-composite.

The starch encapsulated agrochemicals can be dispersed as an aqueous paste of
gelatinized starch through retrogradation or cross-linking [68]. The technique has
many advantages. This method is highly accurate with extended activity and an
economic alternative. The matrix used for the encapsulation is biodegradable and
less harmful to the environment. The application time and dose of the weedicide
can be reduced. This method also increases safety of handling of the plants and the
applicants. It has effective control over the targets and reduced levels of losses
through evaporation, degradation, leaching, etc. [69].

The starch xanthate was an effective substrate for encapsulating agrochemicals
[70, 71]. The active ingredient or herbicide could be encapsulated within starch–
calcium–adducts [72, 73] or starch–borate complexes [69, 74]. The natural starch is
also a good material for agrochemical encapsulation [75, 76].

Zhu and Zhou suggested that starch-g-polybutyl acrylate (starch-g-PBA) is an
effective material for controlling the release of carboxylic containing herbicides
[68].

Teffet and Friend prepared polymeric microspheres (MS) based on ethylcellulose
(EC) and polyarylsulfone (PS) and tested them for the controlled release of her-
bicide dicamba [77, 78].

Junior et al. proposed a new delivery system for sulfentrazone herbicide
encapsulated into calcium alginate (Ca-ALG) microparticles for the weed control
and the field trial were conducted using Cucumis Sativus or cucumber as indicator
species [79]. They studied the phytotoxicity evaluation caused by Ca-ALG
microparticles at different concentrations and the relationship with leaching depth.
They concluded that Ca-ALG encapsulated microparticles exhibited high
efficiency.

Unmodified, cyanomethylated and cross-linked corn starches were reacted with
2,4-dichlorophenoxy acetyl chloride in pyridine to produce the 2,4-D esters of high
acyl content. Hydrolysis studies at pH 6 and pH 8 at ambient temperature showed
that, these insoluble compositions liberated varying amounts of 2,4-D and soluble
2,4-D esters by ester link and glucoside bond cleavage, proving their possible use as
controlled release herbicides [80].

Zhila et al. developed a formulation of metribuzin and tribenuron-methyl
embedded in the degradable matrix of natural poly-3-hydroxy butyrate [P (3HB/
MET and P (3-HB/TBM)] which were constructed in the form of films and
microgranules [81]. This formulation was tested against the weeds such as white
sweet clover (Melilotos albus) and lamb’s quarters (Chenopodium album) in the
presence of soft spring wheat (Triticum aestivum).

Li et al. formulated controlled release formulations of herbicide acetochlor [82].
The herbicide acetochlor prepared by using carboxy methyl cellulose (CMC) gel
and different types of clay which obtained by acid activation, pillared with metal
hydroxides or saturated with organic cations. The effect of formulation parameters
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on the acetochlor release rate from different formulations was evaluated by
water-release studies.

The polymeric encapsulated system has the following advantages: The usage of
minimum amount of chemical substance required for weed control in polymeric
encapsulated system. It reduced the level of environmental toxicity and contami-
nation. Minimized the energy consumption compared to the conventional methods
and more safe to the persons that handled into the field [37].

Allelopathy can be integrated with agriculture that will reduce the dependence of
the agriculturists to the synthetic herbicides and other agrochemicals [83].

10.7 Allelochemicals: The Biological Alternatives
to Synthetic Herbicides

Allelopathy is a natural ecological phenomenon [84]. According to International
Allelopathic Society, the definition of allelopathy is “any process involving sec-
ondary metabolites produced by plants, algae, bacteria and fungi that influence the
growth and development of agricultural and biological systems” [8, 85]. Macias
et al. defined allelochemicals as “biocommunicators,” suggesting the possibility of
active mixtures, because of increasing number of findings in which single com-
pounds are not active or are not as active as a mixture [86].

Allelopathy has an important part in weed control and crop productivity. It has
been used in agriculture since ancient times [84]. The allelopathic plants have the
weed suppressing ability [83]. Since the allelochemicals are biologically active
compounds, they are less disruptive to the ecosystem than synthetic agrochemicals.
They act on the weeds without causing any harmful effects to the ecosystem. They
can be used as natural herbicides [8, 9]. Allelochemicals, therefore, reduce the
problems such as environmental contamination, use of hazardous agricultural
products and unhealthy effects on human health [83]. Allelochemicals can enhance
or suppress germination and growth of the plant, and thereby the development of
crops with low phytotoxic residue amounts in water and soil. It also facilitates
treatment and recycling of the wastewater [84, 87].

10.8 Natural Phytotoxic Compounds

Plants produce hundreds of compounds that are not involved in primary metabolism
of plants. These compounds involved in interspecific chemical interactions or
allelopathy with higher plants. Such compounds are often phytotoxic or herbicidal
to other species or to the species producing them [88].

The first attempt to synthesize botanical herbicides by the isolation and identi-
fication of active principles of allelochemicals were made in the USA and Asia [89].
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Four percent out of 10,000 rice germplasm line possess various degrees of allelo-
pathic activity against certain riceweeds [90]. The plants released a great variety of
organic compounds and they have an active lifespan in the soil. The active life of
the organic compounds in the soil is determined by the factors such as volatility,
leaching, adsorption, and microbial action [8]. The degradation of the fresh crop
residues of 3–4 weeks of aerobic decomposition at 15 °C results retarded germi-
nation in the fields [91]. Many complex interactions, transformations, and synthesis
occur during the decomposition of plant parts. They have an important role in the
control and regulation of each developmental stage of other plants [8].

The allelopathy integrated agricultural weed management practices includes
various techniques such as the use of allelopathy in crop-rotation, preceding, and
cover crops, green manure, mulch, intercropping, and also the incorporation of
allelochemicals or allelopathic plants in the soil [83, 92].

10.8.1 Allelochemicals as Botanical Herbicides

Since allelochemicals are phototoxic compounds, they can be used as natural
herbicides and there are several examples of allelochemicals from plants that are
used in the production of new herbicides [93, 94]. The light activated compounds or
photosensitizes are potentially useful in agriculture as herbicides [95]. Examples are
naphtha and anthraquinone of fungi and higher plants, polyines of Asteraceae
porphyrines, extended quinones, and isoquinoline alkaloids. The terpenoids,
monoterpenes, sesquiterpenes, sesquiterpene lactones, triterpenes and fatty acids
with activity range of 0.25–10.5 ppb are the more potential herbicidal allelo-
chemicals than phenolics, quinines, and alkaloids [96].

Nie et al. studied the allelopathic potential of Wedelia trilobata L. on growth,
germination and physiological parameters of rice [97]. Wedelia was treaded into
paddy fields in many areas such as Guangdong, Fujian, Taiwan, and Liaonin
province. They used this mulch as organic fertilizers or as green manure [97–99].

Application of brassinolide, a steroid obtained from rape pollen (Brassica
napus), triacontanol from alfalfa (Medicago sativa L), agrostemin from seeds of
corncockle (Agrostemma githago) and several natural products isolated from the
chinaberry (Melia azedarach) have enhanced yield of several crops and are rec-
ommended as useful materials in agricultural practice [100–102].

Worsham reported that the effective utilization of allelochemicals for weed
control is through crop residues that are selectively toxic, mainly in conservation
and no-tillage crop production [103]. Rye (Secale cereale), wheat (Triticum aes-
tivum), sorghum (Sorghum bicolor), and certain winter legumes can be used as
mulch or cover crops.

Examples of already identified allelochemicals are: (1) cyanobacterin produced
by the cyanobacterium Scytonema hofmanni inhibit electron transport and cause
extensive damage to the thylakoid membrane of the chloroplasts. The cyanobacterin
has the same effect similar to that of the synthetic herbicide Diuron [104].
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(2) Tentoxin produced by Alternaria alternata is effective against Sorghum hale-
pense in maize and soybean [8]. (3) The antimalarial drug Artemisinin from
Artemisia annua L is phytotoxic to weeds [105]. (4) Bialaphos or bilanafos is the
only biosynthetically produced commercial herbicides that degrade phos-
phinothricin in target plants [106].

10.9 Conclusion

To conclude, the controlled release of the herbicides need only single application
reducing toxicity and manpower requirement [107]. As compared to the normal
practices, the controlled release of herbicides carries maximum concentration of
herbicides. The reduction in costs and pollution due to the efficient utilization of
herbicides is possible through improved release methods. This increases the sus-
tainability of the practice. Utilization of environmentally safe alternatives like
plant-derived bioherbicides or allelochemicals enhances the crop production by
avoiding the negative and harmful impacts [108].
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Chapter 11
Controlled Release of Plant Hormones
for Modifying Crop Yield

Vinaya Chandran, S. Shahena, Maya Rajan and Linu Mathew

Abstract Plant hormones have been an important component in crop improvement
because they can in some way manipulate or modify plant development. Controlled
application of phytohormones to crop plants alters their life processes or growth
pattern to enhance yield, improve quality and facilitate better post-harvest life.
Synthetic hormones those mimic natural plant hormones were used significantly
and they are a major component in modern agriculture. Also, they are extensively
used in plant tissue culture, as weedicides, for initiating uniform flowering
parthenocarpic fruit development and even fruit set. They also have role in stress
alleviation and plant’s adaptation to stress.

Keywords Auxins � Cytokinins � Gibberellins � Ethylene � Abscisic acid

11.1 Introduction

Production of quality agricultural and horticultural products at quantities sufficient
to the ever-increasing need is the basic purpose of farming practices. However,
agricultural production not always matches the increasing demand made by human
and livestock. Thus, there is always a need to improve agricultural productivity.
Many approaches are tried by farmers and scientists to increase crop yield. One
such approach is the use of plant hormones to augment productivity. Plant
hormones affect many facets of plant life including growth, flowering, fruiting, etc.
They are termed as plant growth regulators because they act by controlling or
modifying plant growth processes.
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11.2 Plant Hormones

The German Botanist Julius von Sachs (1832–1897) described that certain chemical
messengers are responsible for the growth and development of different plant
organs. These signalling molecules were described as plant hormones [1]. They
have profound effect on regulation and co-ordination of plant growth,
morphogenesis and metabolism. They are defined as organic substances produced
naturally in plants and controls growth and other physiological functions [2]. The
exact location of synthesis of plant hormones is uncertain but actively growing
tissues, leaves and developing seeds are capable of hormone production. However,
it depends on plant species and climatic factors and varies according to the season
[3]. Phytohormones regulate or control all aspect of growth and development from
embryogenesis to reproduction. They act at genetic level [4, 5] to stimulate or
inhibit specific enzyme or enzyme system that regulate plant metabolism. They act
through the modification of transcription, translation and/or differential sensitivity
of the tissue [6]. Generally, phytohormones required for growth and development
are synthesized endogenously in plants [7]. Nevertheless, they could be applied
exogenously for exploiting the full genetic potential of plants for crop production.
There are five major classes of hormones that occur within the plants at extremely
low concentration. These are auxins, cytokinins, ethylene, gibberellic acids and
abscisic acid [8]. Some steroid hormones are also present in plants; for example,
brassinosteroids have a wide range of morphological effect on plant growth and
development [9].

11.2.1 Auxins

Auxins are a class of plant hormones which control plant growth and development
through cell cycling and formation of vascular tissues [10] pollen [11] and embryo
[12]. Auxins can enhance the root development of plant cuttings [13]. Stefen et al.
(2009) noted that the differential distribution of auxin within plant tissue triggers an
impressive variety of developmental processes [14]. Endogenous auxin
biosynthesis takes place locally in response to both developmental and environ-
mental signals. De novo auxin biosynthesis plays an essential role in virtually every
aspect of developmental processes in plants [15]. Indole-3-acetic acid is the most
abundant naturally occurring active auxin in plants [16]. However, it is unstable in
heat and light and aqueous solutions are chemically labile. Therefore, its com-
mercial use is limited as a plant growth regulator. Other naturally occurring auxins
include 4-chloroindole acetic acid [17], phenylacetic acid [18] and indole-3-butyric
acid. IBA is more effective than IAA and efficiently induces lateral roots at con-
centrations that minimally inhibit root elongation [19]. Hence, it is commonly used
as a rooting hormone for accelerating rooting in plant cuttings. Applications of
synthetic auxin analogs such as indole acetyl-l-alanine and indole acetyl-l-glycine
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also alleviate the problem associated with IAA. The uses of such stable chemical
analogs are extremely effective in most cases. They cause profound changes in plant
growth and development, if supplied externally.

11.2.2 Cytokinins

Cytokinins are specific plant hormones that have the ability to play a central role in
regulating cell cycle and numerous other developmental pathways [20]. Cytokinins
together with auxins have great influence in plant morphogenesis. Skoog and Miller
demonstrated that auxin together with cytokinin play essential role in plant
morphogenesis and have profound influence in the formation of root and shoot and
their relative growth [21]. Cytokinins are an important regulatory factor of plant
meristem activity with opposing role on shoot and root meristems [20]. Cytokinins
are initially thought as a substance that stimulates cell division in cultured tobacco
cells. However, externally applied cytokinins have broader actions. These include
shoot initiation from callus cultures, promotion of axillary bud growth, stimulation
of pigment synthesis, direct transport of nutrients and inhibition of root growth and
delay of senescence.

11.2.3 Ethylene

Ethylene is a simple naturally occurring gaseous plant hormone having numerous
effect on plant life, i.e. growth, development and storage life of many fruits,
vegetables and many ornamental crops [22]. Ripened and diseased plant tissues are
the main natural sources of ethylene. The hormone has autocatalytic activity, i.e.
ethylene synthesis is promoted by itself in mature reproductive tissue and inhibited
in immature tissues. Ethylene is biologically effective at very low concentration, i.e.
ppm and ppb range. Most plants are continuously synthesizing small amount of
ethylene to maintain biologically active levels in tissues. Because it is an organic
gas, it readily diffuses from the site of production.

11.2.4 Gibberellic Acid

Gibberellic acids are large group of diterpenoid carboxylic acids functioning as
potent growth regulators promoting organ expansion and developmental switches
[6]. At present, about 125 gibberellins are known from all sources of plants. They
differ from each other by the presence or of the location configuration (internal
ester) within the ring A. Among them GA3 is universally accepted as more potent
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than other derivatives due to the presence of an additional ethylene double bond in
ring A [23]. It is more unsaturated and more active than other gibberellins [24–26].

11.2.5 Abscisic Acid

The role of abscisic acid (ABA) as plant stress hormone is well established. ABA
control a broad range of processes in plants including seed maturation,
maintenance, dormancy, secondary root formation and leaf size [27]. ABA is a
well-known stress hormone which improves drought tolerance in plants through
osmotic adjustment and improving water relations. Under drought condition, it is
synthesized in tissue and sent to the guard cell as a stress signal [28]. It induces the
closure of leaf stomata to reduce water loss through transpiration [29]. Exogenous
application of abscisic acid will help in conserving water within plants which is
necessary for successful crop production under water deficit conditions.

11.3 Effects of Plant Growth Hormone on Plant
Physiology

11.3.1 Growth and Development

Micro-application to the apical meristem demonstrates that local increase in auxin is
sufficient for initiation and formation of leaves and flowers [30]. It participates in
phototropism [31], geotropism and hydrotropism and other developmental changes.
When plant competes for sunlight, shade induced changes in light quality triggers
auxin biosynthesis that accelerates stem elongation [32]. Benkova et al.
(2003) demonstrate that differential auxin activities modulate plant organ formation
[33]. In early embryonic stages, the auxin accumulation site will specify the apical
cell and late establishment of root pole and cotyledons [34]. Auxins accumulate at
the site of organ initiation [35]. Auxin induces root formation by breaking root
apical dominance induced by cytokinins. High concentration of auxin inhibits root
elongation and promotes adventitious root formation [36]. Auxins may act as both
bio-stimulators and bio-inhibitors of plant growth. For example, the low
concentration of synthetic plant hormone 2, 4-D stimulates cell enlargement
whereas its higher concentration act as a bio-inhibitor. Exogenous auxin stimulates
ethylene production [37] through induction of a gene encoding enzyme in ethylene
biosynthesis [38]. Auxins inhibit ethylene production in low concentration;
however, its high doses stimulate ethylene production which inhibits cell elongation
and leaf abscission. Therefore, high concentration of auxin is used for inducing
femaleness in flowers. Exogenous application of auxins delays fruit senescence and
stimulates the growth in seed removed fruits. In combination with ethylene, auxin
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elicits gibberellic acid (GA) production [39]. For example, auxin is necessary for
the increased production of the active gibberellins GA1 and GA3 in barley [40].

Cytokinins are believed to play regulatory role in plant growth and
differentiation [41]. They promote cell division, nutrient mobilization and leaf
longevity [42–47]. Cytokinins are a plant growth regulator found in tissue where
intense cell division is occurring in seeds, root extremities, leaves and developing
fruits [8].

In horticulture, auxins—NAA and IBA—are commonly applied to stimulate root
growth. In tissue culture, auxins promote rooting from undifferentiated callus [21].
The auxin and cytokinin combination in vitro, induce root and shoot development,
respectively, and are inversely correlated in vivo [48]. The auxin treatment can
rapidly inhibit cytokinin biosynthesis [49]. Cytokinins are an important regulatory
factor of plant meristem activity with opposing role of shoot and root [20].
Numerous reports ascribe a stimulatory or inhibitory function to cytokinins in
different developmental processes such as root growth and branching control of
apical dominance in the shoot, chloroplast development and senescence [50].
Application of benzyladenine and a cytokinin has been reported to stimulate the
growth of axillary buds in different ornamental bulbous plants including tulips [51],
lilies [52] and calla bulbs [53]. Cytokinin also increases grain yield, by activating
inflorescence meristem activity [54, 55]. External application of kinetin stimulates
tiller bud growth in wheat [56] and rice [57].

The influence of gibberellins includes promotion of cell growth, elongation and
growth of whole plant, parthenocarpic fruit development, senescence and increase
cell wall plasticity [24, 5]. The obvious GA-regulated growth responses in vege-
tative tissues is the elongation growth of shoots, particularly stem internodes [58].
Other cell growth responses to GA occur only during specific stages of growth of
the plant. For example, the transition from juvenile to adult leaf shape is regulated
by GA in a range of plant species, such as sweet pea and tomato. Cell growth
polarity in root tips and shoot apical meristems is also influenced by GAs. During
fruit set [59], GA may stimulate pollen germination and tube growth. It delays
post-harvest senescence in various crops, including roses [60] and citrus [61].
Gibberellins promote degradation of DELLA repressors [62], disrupting auxin
transport [63].

11.3.2 Crop Yield

Ethylene has key regulatory role in the ripening of fruits and its associated events
such as altered sugar metabolism, texture, synthesis of aroma and softening of fruits
[64]. The field application ethylene became practical with the development of
ethylene releasing chemicals like ethephon (2-chloroethyl-phosphonic acid).
Ethephon has been used on cereals, fruits (apples, cherries, citrus, guava,
cucumbers, pineapple and tomatoes), cotton, peppers, walnut, coffee, olives and
sweet potatoes [65]. It has beneficial effect on colour development in fresh fruits
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and vegetables. For example, accumulation of red colour is enhanced through
stimulation of anthocyanin synthesis in apples and tomatoes and yellowing or
degreening in bananas and citrus through chlorophyll destruction. Ethylene has
been used in liquid forms to effect seed germination, bulb sprouting and reduce
apical dominance, to promote or delay flowering, to alter sex expression, to control
insects and pests [66]. One of the major uses of gibberellins is to manage fruit crops
to increasing sugar yield and fruit production in some seedless varieties [67].

Application of gibberellic acid can reduce the time of flowering and enhance the
yield of flowering stem in Limonium x ‘misty blue’ and may partially replace
vernalization treatment this hybrid [68]. The efficiency of this type of growth
promoter depends on application timing [69]. It also has been used to increase the
number of flowers [70] and promote flowering in a variety of plant species under
non-inductive conditions [71, 72]. The exogenous application of gibberellic acid
has been reported numerous times in various ornamental plants [73] such as tulip
[74], dahlia [75], lily [76] and iris [77].

11.3.3 Seed Dormancy and Germination

Abscisic acid is the hormone that plays a prominent role in dormancy and
germination control [78, 79]. It enhances dormancy [80]. The function of ABA
during seed development is the induction of primary dormancy and inhibition of
precocious germination [81]. Several plant hormones are necessary and sufficient to
control all aspects of dormancy and germination [82]. However, the ABA/
gibberellin (GA) combination is involved in these regulatory mechanisms [83].
Certain types of dormancy including physiological dormancy, photodormancy and
thermodormancy are arrested by the exogenous application of GA3 [84] and are
used to increase the length or height of plants.

11.3.4 Stress Tolerance

Abscisic acid is associated with genetic difference in drought tolerant and drought
sensitive plants [85]. Drought tolerance of maize [86], chilling tolerance of rice
seedlings [87] and salt tolerance of rice [88] may be associated with increase of
ABA in response to various environmental stresses. In sunflower, stomatal control
depends on the concentration of abscisic acid in xylem sap [89]. Abscisic acid has
pronounced effects on proline content and water status of different genotypes of
sunflower. Unyayar et al. (2004) studied the effect of exogenous application of
ABA on sunflower genotypes. Leaf area and relative leaf water content decreased
under drought stress but in ABA-treated leaves relative water content had lower
values than in non-treated leaves [90]. Moreover, cytokinin accumulation of
Nicotina tobacum leads to tolerance against extreme drought stress [91]. The GA is
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also important phytohormones that are actively involved in regulating plant
response to various stresses in many crop plants. Exogenous application of GA may
increase crop growth under stressful environment. For example, Maggio et al.
reported that treatment with GA decreased stomatal resistance and improved
efficiency of plant water use at lower salinity level in tomato plants [92].

11.3.5 Herbicidal Action

Synthetic auxins are used not only as plant growth regulators but also as herbicides
for controlling weeds [93, 94]. 2, 4-D alone is widely used as an herbicide. The
infamous defoliant herbicide ‘Agent Orange’ was a mixture of 2, 4-D and 2, 4,
5-trichlorophenoxy butyric acid [95]. Recently, various synthetic auxin herbicides,
with different weed spectra and types of selectivity, have been commercially
introduced. These classes include phenoxy carboxylic acids, pyridine carboxylic
acids benzoic acids, aromatic carboxymethyl derivatives and quinolone-carboxylic
acids [96].

11.4 Factors Affecting the Efficiency of Plant Hormones

Effect of plant hormone depends on various factors including the application
method, time of application, concentration of hormones, plant species and
environmental conditions [97, 98]. The intensity of application is also an important
factor affecting the efficacy of plant hormones. Some plants respond to a single
hormone application, but in most cases, multiple applications are beneficial to attain
good results [99]. There are various reported methods of commercial application of
plant hormone, mostly including foliar application [73, 100], drenching [43],
pre-plant sowing [76], pasting [101], capillary string [102] and injection [103].
Generally, pre-sowing seed treatment or through foliar application as dilute
solutions at crucial stages is more effective [104–106]. This method is more
promising due to many factors, including the small amount of the hormone required
and low operation cost involved. Pre-plant soaking of corms inaccurate dosage of
phytohormones is an efficient method for obtaining good results and also has
advantages over other methods in terms of time and labour saving [107].

The effect of plant hormone is cultivar dependent which might be due to the
genotype factor of the cultivar and the endogenous hormone level [108]. The
application of NAA at 50 ppm on ridge guard shows higher germination percentage
among all other hormone treatment during summer and kharif season [109]. In
Okra, IAA/NAA at 20 ppm levels enhanced seed germination. Soaking treatment in
ethephon at 480 mg/l for 24 h improved seed emergence in bottle guard, squash
melon and watermelon at low temperature [110]. Controlled application of plant
hormone regulates physiological processes of crop plant which are found to be
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beneficial for overall crop yield. It was reported that NAA sprayed at 100 ppm and
GA3 at 80 ppm gave maximum yield of tomato [111]. NAA at 75 ppm were used
after 30 and 60 days of transplanting gave maximum yield per chilli plant [112].
Singh et al. (2016) reported that GA3 at 200 ppm gave increased height of plant,
number of branches and leaves, length of pod and seed weight on garden pea. The
experiment also suggested that foliar application of hormone was fruitful to garden
pea for obtaining better yield [113]. Foliar application of Ethrel at 250 ppm on
potato was effective in changing total yield of the tuber [114]. Patel et al. recorded
that root dipping treatment of NAA at 100 ppm on onion reduced the loss of
spoilage [115]. GA3 at 50 ppm gave significant germination in asparagus seeds but
as the concentration increased the germination decreased rapidly and vigour index
also decreased during light and dark period [116]. The application of NAA at
15 ppm [117] significantly improved the growth yield and quality of strawberry.
Hilli et al. (2008) indicated that 2, 4-D at 2 ppm gave better yield in ridge guard
among other hormone treatment [109]. A combined dose of GA3 20 ppm + NAA
100 ppm showed significant increment in morphological and yield characters on
cucumber [118].

The application of exogenous hormone may alter the concentration of some
endogenous plant hormone. Application of ethephon an ethylene releasing com-
pound at 100 mg/l at turning stage of earliest fruits induced fruit ripening thus
increasing the early fruit yield by 30–35% [110]. Hilli et al. (2008) reported that
plant growth regulators were ineffective in promoting flowering and fruiting in
winter season [109]. However, the controlled application of phytohormone provides
quantifiable advantages over crop improvement. For this, they must be specific in
their action, less time-consuming and environmentally safe. For example,
exogenous applications at low concentrations of Brassinosteroids are more effective
under stress by enhancing physiological processes and improving tolerance of rice
[119] and barley [120].

11.5 Conclusion

Plant hormones have been an important component in agricultural productivity by
influencing the rate of plant growth and development. Their use is encouraged in
many areas in agriculture, horticulture, pomiculture and moriculture for successful
cultivation and greater yield. They are also helpful in altering various growth
characteristics. The usage of ecologically safe formulation of synthetic plant
hormones will enhance their acceptability by the consumers. Hormones like NAA
and IBA are very effective in inducing roots in vegetative propagation stem cut-
tings. These are also be used for in grafting propagation. This way most of the
plants can be vegetatively propagated in large numbers in a short time. Many
horticultural plants are propagated by this way. The overall growth of plants,
number of tillers, branches and leaf area of every plant in the field contributes to the
total yield. Use of GA, NAA, IAA, etc. increases the percentage of germination and
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also greatly enhances the total growth of plants. Gibberellins ensure fruit setting and
prevent premature falling of fruits. Fruits that develop from such treatments are
seedless, larger in size and sweeter in content. GA is also used in inducing
non-seasonal flowering. Specific synthetic hormones such as 2, 4-D, 2, 4, 5-T are
available in the market to destroy the weeds selectively. Let us summarize that all
these phytohormones are directly or indirectly ameliorate plant physiological
responses in different crops. In many cases, seed pretreatment or exogenous
applications at low concentration are more effective in modulating overall crop
improvement.
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