
 

 

Review Article 

A review on Eco-Friendly Pesticides and Their Rising Importance in 

Sustainable Plant Protection Practices 

Abstract  

The increasing environmental and health concerns associated with conventional pesticides have 

catalyzed a significant shift toward the development and application of eco-friendly pesticides 

within the agricultural sector. It proceeds to trace the historical transition from chemical-based to 

eco-friendly pest control methods, outlining key milestones and driving forces behind this shift. 

A diverse range of eco-friendly pesticides, including biological, botanical, and mineral types, are 

then explored, with an emphasis on their unique modes of action and comparative efficacy to 

synthetic alternatives. It also addresses the multitude of benefits these pesticides present, from 

reducing environmental contamination and preserving biodiversity to offering economic 

advantages and enhancing public health and safety.Case studies illustrating successful 

implementation across various climates and crops underscore the practicality and adaptability of 

eco-friendly pesticides. It also critically assesses the challenges that currently hinder broader 

adoption, including questions regarding efficacy, economic and regulatory hurdles, and logistical 

constraints. It then projects into the future, speculating on the innovative research directions, 

policy initiatives, and educational strategies that could support the growth and integration of eco-

friendly pesticides into mainstream agriculture. The potential for nanotechnology and genetic 

engineering to revolutionize pesticide application and crop resistance is particularly highlighted, 

along with anticipated developments in global policies and regulatory frameworks. It also offers 

targeted policy recommendations to support the research and development of eco-friendly 

pesticides and best practices for their integration into farming and agribusiness operations, 

emphasizing the importance of IPM and collaborative knowledge-sharing networks. The 

synthesis of current knowledge with future perspectives provides valuable insights for 

stakeholders across the agricultural sector, advocating for informed decisions and strategic 

actions that align with environmental sustainability and human health objectives. Through such 

multidimensional analysis, the review articulates a clear vision for the role of eco-friendly 

pesticides in the evolution of sustainable agricultural systems. 
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Introduction 

Eco-friendly pesticides, often termed as 'green pesticides', mark a significant departure from the 

conventional chemical-based agents that have long dominated the agricultural sector. The 

fundamental distinction between eco-friendly pesticides and their traditional counterparts lies not 

only in their chemical composition but also in their operational ethos. Conventional pesticides, 



 

 

which are predominantly synthetic, have been the linchpin of pest management strategies for 

decades. Their deployment has been increasingly questioned due to their broad-spectrum 

activity, which inadvertently targets non-pest species and contributes to biodiversity loss, 

pollution, and health hazards [1]. In stark contrast, eco-friendly pesticides are specifically 

designed to minimize environmental footprint and human health risks. They are often derived 

from natural substances, such as plant extracts, microbial agents, or minerals, that offer targeted 

action against pests while being benign to other organisms and ecosystems [2].The composition 

and inherent nature of eco-friendly pesticides are reflective of their origins—rooted in ecological 

balance rather than chemical warfare against pests. For instance, microbial pesticides make use 

of pathogens specific to pests, thereby causing little to no harm to other species. An illustrative 

example is Bacillus thuringiensis (Bt), a bacterium whose toxin is lethal to certain insect larvae 

but harmless to other fauna [3]. Similarly, botanical pesticides like pyrethrin, derived from 

chrysanthemum flowers, are effective insecticides that rapidly degrade in the environment, 

diminishing the potential for extended environmental contamination [4]. This directed approach 

of eco-friendly pesticides represents a new paradigm in pest control that aligns with the 

principles of sustainability and ecological stewardship [5].The surge in the importance of 

sustainable plant protection is underpinned by the mounting evidence of the detrimental impacts 

of traditional pesticides. The widespread environmental implications of these synthetic chemicals 

are well-documented, ranging from the contamination of water bodies leading to aquatic toxicity, 

to the biomagnification of persistent organic pollutants in food chains, and the concerning 

decline in pollinator populations [6]. The recognition of these negative outcomes has galvanized 

a global movement towards more sustainable agriculture practices, wherein the health of the 

environment and the wellbeing of human populations are prioritized [7].With the objectives of 

this review clearly outlined, we delve into a critical examination of the development of eco-

friendly pesticides. This includes an exploration of their historical context, a review of their 

diverse types, and an assessment of their burgeoning role in modern agriculture. Further, the 

review evaluates the effectiveness and efficiency of these eco-friendly alternatives. This is 

crucial as the agricultural sector is under increasing pressure to meet the global food demands of 

a burgeoning population while mitigating the adverse environmental impacts of farming 

practices [8]. Finally, the review aims to provide insights into the future trajectory of plant 

protection practices. Given the evolving landscape of agricultural technologies and the shifting 

regulatory paradigms, it becomes imperative to discuss how eco-friendly pesticides can be 

seamlessly integrated into sustainable agriculture to safeguard future food security and 

environmental health [9]. 

Historical Perspective 

The chronicle of pesticides in agriculture is a testament to humanity's relentless pursuit of crop 

protection. Historical records illustrate the use of sulphur compounds in ancient Mesopotamia 

and herbal preparations in classical Chinese and Indian agriculture, underscoring early efforts to 

combat pests [10]. The 20
th

 century marked a turning point with the synthesis of Dichloro-



 

 

Diphenyl-Trichloroethane (DDT) and its widespread application during and post-World War II, 

which heralded the modern age of synthetic pesticides [11].The prolific use of DDT and other 

synthetic compounds such as organophosphates and carbamates brought about unprecedented 

increases in agricultural productivity. Yet, it was not long before the deleterious effects of these 

chemicals on the environment and human health came to light, catalyzing the environmental 

movement of the 1960s and 1970s. Pioneering works like Rachel Carson's "Silent Spring" raised 

public awareness about the ecological and health implications of indiscriminate pesticide use, 

leading to stricter regulations and a rethinking of pest control strategies [12]. 

Shift from Chemical to Eco-Friendly Pesticides 

1. Early signs and drivers for change 

The transition towards eco-friendly pesticides can be traced back to several key factors. 

Scientific research began to uncover the persistence of chemical residues in the environment and 

their biomagnification in food chains [13]. The resurgence of pest populations due to the 

development of resistance to synthetic pesticides necessitated alternative approaches 

[14].Socioeconomic drivers also played a critical role. The burgeoning organic farming 

movement of the late 20th century, with its emphasis on natural inputs and processes, created a 

demand for pesticides that were not only effective but also compliant with organic standards 

[15]. Additionally, consumer awareness and advocacy groups pushed for more environmentally 

benign pest control options [16]. 

2. Milestones in the development of eco-friendly pesticides 

The development of eco-friendly pesticides is marked by several milestones. The rediscovery 

and utilization of neem-based biopesticides can be highlighted as a pivotal point, with ancient 

practices being validated by modern science, underscoring the efficacy of azadirachtin, a key 

compound in neem [17]. The introduction of Bacillus thuringiensis (Bt) crops, engineered to 

express a pest-resistant toxin, represented a landmark innovation, combining principles of 

biological control and genetic engineering [10].The early 21
st
 century witnessed rapid 

advancements in biotechnology, paving the way for RNA interference (RNAi) technologies to 

create targeted, species-specific pesticides, reducing non-target effects [19]. Regulatory agencies, 

such as the Environmental Protection Agency (EPA) in the United States, began granting 

registrations to biopesticides at a higher rate, acknowledging their safety profile and 

effectiveness [20]. 

Types of Eco-Friendly Pesticides 

A. Biological Pesticides 

Biological pesticides, or biopesticides, are derived from natural materials such as animals, plants, 

bacteria, and certain minerals. These are considered more environmentally friendly because they 



 

 

tend to be less toxic than conventional pesticides and usually target specific pests, reducing harm 

to beneficial insects, animals, and people. 

1. Microbial pesticides 

Microbial pesticides consist of a microorganism (e.g., a bacterium, fungus, virus or protozoan) as 

the active ingredient. They are very selective, typically affecting only the target pest and closely 

related organisms. For instance, Bacillus thuringiensis, or Bt, is one of the most well-known 

microbial pesticides and has been used against a range of caterpillar, beetle, and fly larvae with 

great effectiveness [21]. 

Table 1:Eco-Friendly Microbial Pesticides in Sustainable Agriculture 

Microbial 

Agent 

Target Pests Mode of Action Examples 

Bacteria Caterpillars, 

beetles, 

mosquitoes 

Producing toxins 

that disrupt the gut 

lining of the insects, 

leading to starvation 

or infection 

Bacillus thuringiensis (Bt), Bacillus subtilis 

Fungi Aphids, 

whiteflies, 

thrips, mites 

Parasitizing the 

insect directly, 

invading through the 

cuticle, and 

proliferating inside 

the host 

Beauveria bassiana, Metarhizium anisopliae 

Viruses Caterpillars, 

moth larvae 

Infecting and 

replicating within 

the cells of the host, 

causing disease and 

death 

Baculoviruses (e.g., 

Helicoverpaarmigeranucleopolyhedrovirus) 

Protozoa Various soil-

dwelling 

insects 

Infecting the host, 

often disrupting 

their digestive 

processes or 

reproductive 

capabilities 

Nosema locustae (against grasshoppers) 

Nematodes Soil-dwelling Entering through Steinernema spp., Heterorhabditis spp. 



 

 

insects, root 

weevils, 

cutworms 

body openings or 

directly through the 

cuticle, releasing 

symbiotic bacteria 

into the host's 

bloodstream 

 

2. Biochemical pesticides 

Biochemical pesticides include substances that control pests by non-toxic mechanisms. 

Pheromones that interfere with mating, as well as various scented plant extracts that attract insect 

pests to traps, fall under this category. Because of their natural origin and specific modes of 

action, these substances are often less detrimental to non-target species and the environment 

[22]. 

Table2:Eco-Friendly Biochemical Pesticides in Integrated Pest Management [23,24] 

Category Active 

Ingredient 

Target 

Pests 

Mode of Action Examples of 

Biochemical 

Pesticides 

Plant Growth 

Regulators 

Auxins, 

Gibberellins, 

Cytokinins 

Weeds, 

insect larvae 

Inhibit or stimulate plant 

or insect growth, 

affecting reproduction or 

physical development 

Trinexapac-ethyl (for 

growth regulation in 

turfgrasses) 

Insect Sex 

Pheromones 

Species-

specific 

pheromones 

Moths, 

beetles, and 

other 

insects 

Disrupt mating patterns 

and suppress populations 

Pheromone traps for 

codling moths in 

apple orchards 

Herbicidal 

Soaps 

Fatty acid salts Soft-bodied 

insects, 

mosses, 

algae 

Disrupt cell membranes, 

causing desiccation and 

death 

Ammoniated soap of 

fatty acids for 

controlling aphids 

and whiteflies 

Insecticidal 

Soaps 

Potassium salts 

of fatty acids 

Soft-bodied 

insects 

Penetrate and disrupt 

insect cell membranes, 

leading to dehydration 

and death 

Potassium fatty acid 

salts for aphid and 

mite control 

Mineral- Kaolin Clay, Various Create a barrier or Kaolin clay as a 



 

 

based agents Sulfur insects and 

fungal 

diseases 

unfavorable 

environment, or act as a 

fungicide 

protective film 

against insect damage 

Botanical 

Extracts 

Pyrethrins, 

Azadirachtin 

Broad range 

of insects 

Interfere with nervous 

system or act as growth 

regulators 

Neem oil containing 

azadirachtin for pest 

control on various 

crops 

 

3. Plant-incorporated protectants 

Plant-incorporated protectants (PIPs) are pesticidal substances produced by plants and the 

genetic material necessary for the plant to produce the substance. For example, scientists can use 

biotechnology to introduce a gene for a beneficial trait into a plant, such as resistance to a pest. 

The resultant GMO crops can dramatically reduce the need for sprayed chemical pesticides [25]. 

Table 3: Plant-Incorporated Protectants (PIPs): Characteristics and Regulatory Aspects [26,27] 

PIPs 

Category 

Source of 

Genetic 

Material 

Method of 

Gene 

Introduction 

Target Pests Crop 

Examples 

Regulatory 

Aspects 

Bacterial 

Derivatives 

Bacillus 

thuringiensis 

(Bt) genes 

Transgenic 

techniques 

Bollworms, 

corn 

rootworms, 

and other 

pests 

Bt Corn, Bt 

Cotton 

Regulated by 

EPA, USDA, and 

other national 

bodies depending 

on the region 

Viral 

Derivatives 

Plant viruses Transgenic or 

Cisgenic 

techniques 

Virus-

infected 

insects 

Virus-

resistant 

Papaya 

Subject to safety 

and 

environmental 

assessments 

RNA 

Interference 

Plant or 

synthetic 

RNA 

sequences 

Transgenic 

techniques or 

gene editing 

Insects that 

ingest the 

RNAi 

molecules 

RNAi 

modified 

Crops 

Emerging 

regulatory 

frameworks 

Enzyme 

Inhibitors 

Genes coding 

for specific 

enzyme 

Transgenic 

techniques 

Insects 

affected by 

the enzymes 

Crops with 

modified 

enzyme 

Strict safety 

evaluations 

required 



 

 

inhibitors pathways 

Growth 

Regulators 

Plant growth 

hormone 

genes 

Transgenic 

techniques 

Pests 

sensitive to 

growth 

disruptions 

Modified 

Brinjal 

(Eggplant) 

Requires food 

safety and 

environmental 

impact studies 

 

B. Botanical Pesticides 

Botanical pesticides are naturally occurring chemicals extracted from plants known to have 

insecticidal properties. 

1. Neem oil and other plant extracts 

Neem oil, derived from the seeds of the neem tree (Azadirachta indica), contains various 

compounds with insecticidal and medicinal properties. It acts as an anti-feedant, repellent, and 

egg-laying deterrent, affecting over 400 species of insects [28]. 

2. Essential oils as natural insecticides 

Essential oils, concentrated liquids containing volatile aroma compounds from plants, have been 

explored for their insecticidal and repellent properties. Various essential oils from plants like 

eucalyptus, citronella, and peppermint have shown efficacy against a broad spectrum of pests 

[29]. 

Table 4:Botanical Pesticides in Eco-Friendly Pest Management [30] 

Botanical 

Pesticide 

Source Plant Active 

Compound(s) 

Target 

Pests 

Mode of 

Action 

Usage Notes 

Pyrethrin Chrysanthemum 

spp. 

Pyrethrins Wide range 

of insects 

Contact 

insecticide; 

affects insect 

nervous 

system 

Rapidly degrades 

in sunlight; 

minimal toxicity 

to mammals 

Neem Azadirachta 

indica 

Azadirachtin Insects, 

mites, 

nematodes 

Inhibits 

growth, 

feeding, and 

reproduction 

Low toxicity to 

non-target 

organisms; used 

in integrated pest 

management 

(IPM) 



 

 

Rotenone Derris spp., 

Lonchocarpus 

spp. 

Rotenoids Beetles, 

aphids, 

caterpillars 

Inhibits 

cellular 

respiration 

Toxic to fish and 

other aquatic 

life; use has 

declined due to 

toxicity concerns 

Nicotine Nicotiana spp. Nicotine Sucking 

insects 

Neurotoxin; 

mimics 

acetylcholine 

Highly toxic; 

largely replaced 

by 

neonicotinoids 

Sabadilla Schoenocaulon 

spp. 

Veratridine 

and other 

alkaloids 

Thrips, 

caterpillars, 

leafhoppers 

Disrupts 

nervous 

system 

Low mammalian 

toxicity; limited 

use due to rapid 

degradation 

Ryania Ryania speciosa Ryanodine Caterpillars, 

beetles 

Disrupts 

calcium 

channels in 

muscle cells 

Moderate 

toxicity to 

mammals; slow 

action 

Quassia Quassia amara Quassin Flies, 

mosquitoes, 

aphids 

Deterrent and 

growth 

inhibitor 

Low toxicity; 

can also be used 

as a feeding 

deterrent 

 

C. Mineral Pesticides 

Mineral pesticides comprise inorganic substances that control pests. 

1. Diatomaceous earth 

Diatomaceous earth, made from the fossilized remains of diatoms, a type of hard-shelled algae, 

is a fine powder that causes insects to dehydrate and die. It is used against a variety of pests, 

including bed bugs, cockroaches, and various insects [31]. 

2. Sulfur and other minerals 

Sulfur is one of the oldest known pesticides and is particularly effective against fungi and mites. 

Other minerals, such as copper, have also been used as fungicides and bactericides in agriculture 

for centuries [32]. 

Table 5:Applications of Mineral Pesticides in Sustainable Agriculture [33] 



 

 

Mineral 

Pesticide 

Source 

Mineral 

Active 

Ingredient 

Target Pests Mode of 

Action 

Usage Notes 

Diatomaceous 

Earth 

Diatomite 

(fossilized 

diatoms) 

Silica dust Insects with 

exoskeletons 

(e.g., beetles, 

mites) 

Mechanical 

insecticide; 

damages 

exoskeleton, 

causing 

desiccation 

Non-toxic; safe 

for use around 

humans and 

animals; limited 

efficacy in high 

humidity 

Sulfur Naturally 

occurring 

sulfur 

Elemental 

sulfur 

Fungi, mites, 

and some 

insects 

Fungicide and 

miticide; 

inhibits 

respiration 

Low toxicity; 

may burn plants 

in hot weather; 

widely used in 

organic farming 

Borates Boron 

compounds 

(e.g., boric 

acid) 

Boron Cockroaches, 

termites, ants, 

and other pests 

Stomach 

poison; affects 

metabolism 

Low toxicity to 

mammals; used 

as a wood 

preservative 

and household 

pesticide 

Copper 

Compounds 

Copper ores 

(e.g., 

malachite, 

azurite) 

Copper salts 

(e.g., copper 

sulfate, 

copper 

hydroxide) 

Fungi and 

bacteria 

Fungicide and 

bactericide; 

denatures 

proteins and 

enzymes 

Care required 

due to potential 

to accumulate 

in soil and 

toxicity to 

aquatic life 

Lime Sulfur Calcium 

polysulfide 

Calcium and 

sulfur 

Fungi, mites Fungicide and 

insecticide; 

reacts to form 

sulfur dioxide 

Caustic and can 

cause skin 

burns; less 

commonly used 

due to potential 

risks 

Kaolin Clay Kaolin clay 

deposits 

Aluminum 

silicate 

Insects, such 

as beetles and 

mites 

Barrier and 

repellent; 

forms a 

protective film 

Non-toxic; can 

also protect 

against sunburn 

and heat stress 

on plants 



 

 

 

D. Other Innovations 

Recent advancements in eco-friendly pest control technologies have shown great promise. 

1. RNA interference-based pesticides 

RNA interference (RNAi) is a natural cellular process that uses the organism's own genetic 

material to suppress or "silence" gene expression. Scientists are developing RNAi-based 

pesticides that target specific genes in pests, thus providing a method to control them without 

harming other organisms [34]. 

2. Pheromone traps and insect growth regulators 

Pheromone traps use synthetic copies of the natural chemicals insects use to communicate to 

attract pests. Insect growth regulators (IGRs) are chemicals that mimic hormones in young 

insects, disrupting their growth and development. Both methods offer targeted approaches to pest 

management without the broad-spectrum effects of conventional pesticides [35]. 

Mechanisms of Action 

Understanding the mechanisms by which eco-friendly pesticides exert their effects is essential 

for their development and application. Unlike their synthetic counterparts, which often have 

broad-spectrum activity and can affect a wide range of non-target species, eco-friendly options 

tend to be more selective and specific in their action. 

A. How Eco-Friendly Pesticides Work 

Eco-friendly pesticides deploy a variety of mechanisms to deter, incapacitate, or kill pests. Their 

modes of action can be highly specific, often exploiting unique biological pathways and 

behaviors of target pests. 

1. Targeting specific pests 

One of the primary advantages of eco-friendly pesticides is their ability to target specific pests 

with minimal impact on non-target species. This specificity can be achieved through various 

means: 

 Biochemical affinity: Some biopesticides work by binding to specific receptors present 

only in target pests. For instance, Bacillus thuringiensis produces proteins that are toxic 

to specific insects when ingested, affecting their digestive systems and leading to their 

death. The specificity is due to the presence of receptors in the insect gut that are not 

found in non-target organisms [36]. 



 

 

 Behavioral manipulation: Pheromones and other semiochemicals can attract pests to 

traps or disrupt their mating patterns. The specificity of these compounds is dictated by 

the unique communication channels within insect species [37]. 

 Plant defense induction: Some eco-friendly pesticides work by enhancing the plant's 

own defense mechanisms. Harpin proteins, for example, can trigger systemic acquired 

resistance in plants, which equips them to resist a broad range of pathogens and insect 

pests [38]. 

2. Natural predators and control agents 

The use of natural predators and parasitoids forms a significant part of biological control 

strategies within eco-friendly pest management. By introducing or encouraging the proliferation 

of a pest's natural enemies, biological control agents can suppress pest populations without the 

need for chemical intervention. For example, lady beetles (Coccinellidae) and lacewings 

(Chrysopidae) are natural predators of aphids and other small insects and are often used in 

agricultural settings [39]. 

B. Comparative Analysis with Synthetic Pesticides 

Comparing the action of eco-friendly pesticides with synthetic chemicals reveals distinct 

differences, particularly in terms of selectivity, environmental impact, and resistance 

management. 

1. Selectivity and non-target effects 

While synthetic pesticides often affect a wide range of organisms, including beneficial insects, 

birds, and mammals, eco-friendly pesticides tend to have a narrower range of action, reducing 

the likelihood of non-target effects. For example, the neonicotinoid class of insecticides has been 

associated with negative impacts on pollinators such as bees, whereas eco-friendly options like 

neem oil target specific feeding pathways in pests without harming pollinators [40]. 

2. Resistance management 

Pest resistance to synthetic pesticides has become a significant problem in agriculture. Eco-

friendly pesticides, on the other hand, often have unique and complex modes of action that make 

it more difficult for pests to develop resistance. Strategies like crop rotation and the use of 

multiple types of biopesticides in tandem can prevent the buildup of resistant pest populations 

[41]. 

Benefits of Eco-Friendly Pesticides 

Eco-friendly pesticides offer numerous benefits over their synthetic counterparts. Their 

implementation in agricultural practices can lead to environmental, economic, and social 

advantages, providing a holistic approach to sustainable agriculture. 



 

 

A. Environmental Benefits 

The environmental impact of pesticides has been a concern for decades. Eco-friendly pesticides 

mitigate many of these concerns through their sustainable and less toxic approach. 

1. Reduced chemical runoff and soil contamination 

Eco-friendly pesticides typically break down more quickly in the environment than synthetic 

chemicals, reducing the risk of runoff into waterways and soil contamination. For example, the 

use of microbial pesticides like Bacillus thuringiensis is known to be safe for the environment as 

these microbes are naturally occurring and do not leave harmful residues [42]. 

2. Conservation of biodiversity 

The selective nature of eco-friendly pesticides spares non-target organisms, preserving the 

biodiversity that is essential for ecological balance. For instance, botanical pesticides, such as 

pyrethrin extracted from chrysanthemum flowers, are toxic to insects but are less harmful to 

birds and mammals [43]. Biodiversity conservation also helps maintain a balanced ecosystem 

which contributes to the natural pest regulation [44]. 

B. Economic Benefits 

Adopting eco-friendly pesticides can have significant long-term economic benefits for farmers 

and the agricultural industry as a whole. 

1. Cost-effectiveness in the long term 

While the initial investment in eco-friendly pesticides may be higher, their use can lead to cost 

savings over time. The reduction in pest resistance development means that farmers can use the 

same biopesticides effectively for longer periods without the need for increasingly potent 

chemical solutions [45]. The enhanced quality of produce and the reduced need for chemical 

handling and storage can also result in cost savings [46]. 

2. Supporting organic and non-GMO farming 

The global market for organic and non-GMO products is growing, and eco-friendly pesticides 

support these farming practices. They enable farmers to meet the stringent standards required for 

organic certification, which in turn can command higher prices in the marketplace [47]. 

C. Social and Health Benefits 

Beyond environmental and economic factors, the social and health benefits of eco-friendly 

pesticides are perhaps the most immediately impactful. 

1. Minimizing health risks for consumers and farmworkers 



 

 

The reduction in toxic chemical use associated with eco-friendly pesticides diminishes the 

exposure risk to farmworkers and has been linked to lower incidences of certain health issues in 

these populations [48]. Consumers also benefit from lower pesticide residues on food, aligning 

with increasing public health recommendations to reduce exposure to synthetic chemicals [49]. 

2. Community acceptance and the social license to operate 

Community acceptance is critical for the sustainable operation of agricultural enterprises. The 

use of eco-friendly pesticides can improve the relationship between agriculture and the public by 

addressing environmental and health concerns, thereby maintaining the social license to operate. 

This can be particularly important in areas where agriculture is a major part of the community 

and the local economy [50]. 

Case Studies and Application Examples 

The transition to eco-friendly pesticides has been documented in various contexts globally.  

A. Success Stories in Various Crops and Climates 

The adaptability of eco-friendly pesticides across diverse climates and crops is one of their most 

compelling attributes. 

1. Temperate climates 

In temperate regions, where temperature fluctuations can be significant, eco-friendly pesticides 

have shown promising results. For instance, the use of pheromone mating disruption in apple 

orchards has been effective in controlling codling moth populations in the Pacific Northwest of 

the United States. Studies have documented not only the effectiveness of these methods but also 

the positive environmental impacts, such as the reduction in non-target organism harm [51]. 

2. Tropical climates 

Tropical climates, with their high biodiversity and intense pest pressures, present unique 

challenges for pest management. Biocontrol methods using entomopathogenic fungi have been 

successfully used in Brazil to control sugar cane pests, reducing the need for chemical 

insecticides while maintaining yield [52]. 

B. Challenges Overcome in Implementation 

While the benefits are significant, the adoption of eco-friendly pesticides is not without 

challenges. These case studies highlight the obstacles encountered and the strategies used to 

overcome them. 

1. Farmer education and adaptation 



 

 

Adopting new practices requires changes in farmer behavior and education. In Vietnam, 

initiatives to transition to biopesticides for rice pest management involved extensive farmer 

training programs. These programs highlighted not only the application methods but also the 

economic and health benefits, leading to widespread adoption and a significant reduction in 

chemical pesticide use [53]. 

2. Integration into existing farming practices 

Integrating eco-friendly pesticides into existing farming systems can be challenging. In Kenya, 

push-pull technology, which uses strategically planted crops to repel and attract pests away from 

the main crop, has been incorporated into maize farming practices. This method required 

alignment with traditional farming practices, but once integrated, it proved effective in pest 

control and improved soil fertility [54]. 

Challenges and Limitations 

The adoption of eco-friendly pesticides is not without its hurdles. While the benefits are 

substantial, there are efficacy concerns, economic and regulatory hurdles, and technical 

challenges that need to be addressed to increase their application in sustainable agriculture. 

A. Efficacy Concerns 

One of the primary reservations about eco-friendly pesticides concerns their efficacy, especially 

when compared to conventional chemical pesticides. 

1. Consistency in performance 

The performance of eco-friendly pesticides can be influenced by a variety of environmental 

factors, making their effectiveness more variable. For example, certain biopesticides may be 

highly effective under specific conditions but less so under others, necessitating more precise 

application strategies [55]. 

2. Speed of action and residual effect 

Chemical pesticides are often valued for their quick action and lasting residual effects, 

characteristics that many eco-friendly alternatives lack. Biological control agents, for instance, 

might take longer to establish and exert control over pest populations [56]. 

B. Economic and Regulatory Hurdles 

The path to market for eco-friendly pesticides is often strewn with economic and regulatory 

obstacles. 

1. Cost of development and registration 



 

 

The development and registration of new pesticides, including eco-friendly options, can be a 

costly and lengthy process, with expenses often running into millions of dollars. This high cost 

can deter investment in eco-friendly pesticide development [57]. 

2. Market acceptance and consumer preferences 

Consumer preferences and market acceptance can also pose challenges. While there is a growing 

demand for sustainable products, eco-friendly pesticides must compete with well-established 

chemical pesticides that are often less expensive due to economies of scale [58]. 

C. Technical and Logistical Challenges 

There are several technical and logistical challenges associated with the use of eco-friendly 

pesticides. 

1. Shelf life and storage conditions 

Many eco-friendly pesticides have shorter shelf lives and may require specific storage conditions 

to maintain their efficacy, which can pose challenges in terms of logistics and farm-level 

management [59]. 

2. Application techniques 

The application of eco-friendly pesticides often requires specialized knowledge and techniques. 

For example, the use of beneficial insects as a pest control method requires understanding of the 

pests' and predators' life cycles and the optimal conditions for the predators to thrive [60]. 

The Future of Eco-Friendly Pesticides in Sustainable Agriculture 

A. Research Trends and Innovations 

Emerging technologies and scientific advancements promise to bolster the development and 

efficacy of eco-friendly pesticides. 

1. Nanotechnology in pesticide delivery 

Nanotechnology offers new avenues for pesticide delivery, potentially increasing the 

effectiveness of eco-friendly formulations. Nano-encapsulated biopesticides can improve 

stability, reduce degradation, and enhance targeted delivery, minimizing environmental impact 

and reducing the quantities required for pest control [61]. 

2. Genetic engineering for pest-resistant crops 

Genetic engineering holds the potential for developing crops with inherent pest resistance, which 

could significantly reduce the need for external pesticide applications. For instance, gene editing 



 

 

techniques such as CRISPR/Cas9 allow for precise alterations in plant DNA, providing a 

promising avenue for the development of pest-resistant varieties [62]. 

B. Policy and Regulatory Developments 

Effective policy and regulatory frameworks are critical in shaping the future use of eco-friendly 

pesticides. 

1. Government incentives and subsidies 

Governments play a crucial role in promoting eco-friendly pesticides through incentives and 

subsidies. Such policies can lower the economic barriers to entry for new eco-friendly products, 

encouraging their adoption and supporting research and development [63]. 

2. International regulations and agreements 

International agreements and regulatory standards also influence the adoption of eco-friendly 

pesticides. The Stockholm Convention on Persistent Organic Pollutants, for example, has been 

instrumental in phasing out the use of certain harmful pesticides, paving the way for eco-friendly 

alternatives [64]. 

C. Education and Awareness 

Education and awareness are vital to ensuring the successful implementation and acceptance of 

eco-friendly pesticides. 

1. Extension services and farmer training 

Extension services play a vital role in transferring knowledge about eco-friendly pesticides to 

farmers, including best practices for application, safety, and environmental impacts. These 

services need to be robust and well-funded to reach a broad audience [65]. 

2. Public education campaigns 

Public education campaigns can raise awareness about the benefits of eco-friendly pesticides and 

sustainable agriculture practices. By informing consumers and creating demand for sustainably 

produced food, these campaigns can drive market changes [66]. 

Implications for Policy and Practice 

A. Policy Recommendations 

Policymakers have a significant role in steering the agricultural sector towards more sustainable 

practices through strategic initiatives and support mechanisms. 

1. Incentives for research and development 



 

 

It is essential to foster innovation in eco-friendly pesticides through financial incentives. This can 

involve direct funding for R&D projects, tax breaks for companies investing in sustainable 

solutions, or public-private partnerships that leverage both government and industry strengths 

[67]. Funding could also support independent efficacy and impact assessments, which are crucial 

for developing products that meet farmers' needs while ensuring environmental safety [68]. 

2. Support for transitioning to eco-friendly practices 

Policies must also provide robust support systems for farmers transitioning to eco-friendly 

practices. This could include subsidies for eco-friendly products, technical assistance, or risk-

sharing mechanisms that alleviate the financial burdens of transitioning [69]. 

B. Best Practices for Farmers and Agribusiness 

For the agricultural sector, adopting best practices is vital for the sustainable integration of eco-

friendly pesticides. 

1. Integrated Pest Management (IPM) 

Integrated Pest Management (IPM) strategies, which combine biological, cultural, physical, and 

chemical tools in a way that minimizes economic, health, and environmental risks, should be the 

cornerstone of pest control practices [70]. Adoption of IPM can be encouraged through extension 

services, which provide training and resources for farmers to implement these strategies 

effectively [71]. 

2. Collaboration and knowledge sharing 

Encouraging collaboration and knowledge sharing within the agricultural community can 

accelerate the adoption of eco-friendly practices. This involves creating networks and forums 

where farmers, agronomists, researchers, and industry representatives can exchange information 

on best practices, innovations, and case studies demonstrating the successful application of eco-

friendly pesticides [72]. 

Conclusion  

The transition towards eco-friendly pesticides represents a crucial advancement in sustainable 

agriculture, aligning with environmental imperatives and consumer health concerns. The 

scientific community has substantiated the efficacy of these substances, offering promising 

alternatives to traditional chemical pesticides. Integrating innovations such as nanotechnology 

and genetic engineering, while navigating regulatory, economic, and technical challenges, 

remains pivotal. Policy frameworks must evolve to incentivize research and support adoption, 

and farmers require training in best practices like Integrated Pest Management (IPM). As this 

review highlights, only through collaborative efforts and informed policy actions can the 



 

 

potential of eco-friendly pesticides be fully realized, ensuring the protection of crops, 

conservation of ecosystems, and the well-being of future generations. 
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