


Plant-Based Repellents as Potential Alternatives to Chemical Pesticides against Tribolium castaneum (Herbst, 1797): A Review

Abstract

The widespread application of synthetic pesticides has elicited significant concerns regarding environmental degradation, pest tolerance, and potential threats to human health, underscoring the urgent need for sustainable and effective alternatives. Tribolium castaneum, a detrimental pest of stored grains, contributes to significant spoilage after harvest and poses a direct threat to total food supply. This review examines plant-based repellents as environmentally friendly and effective alternatives to synthetic pesticides for controlling T. castaneum infestations. Numerous reports have demonstrated that essential oils (EOs) and plant extracts exhibit strong repellent and insecticidal properties with minimal environmental impact. Notably, EOs derived from Coriandrum sativum, Cymbopogon citratus, Cymbopogon winterianus, Mentha pulegium, Murraya koenigii, Piper nigrum, and Syzygium aromaticum have been shown to effectively repel T. castaneum. Furthermore, neem oil and lemongrass EO not only disrupt pest behaviour, but also offer extended agricultural applications owing to their broad-spectrum bioactivity. These natural products operate through various mechanisms such as disrupting the olfactory responses of insects and affecting feeding and reproduction. This underscores the potential of integrating plant-based repellents into pest management programs to reduce the need for unsafe chemicals. Such an approach supports safer food storage practices, preserves the ecological balance, and promotes sustainable agricultural systems.
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Introduction

Pest infestations represent a significant menace to food security, especially in developing nations like India, where traditional grain storage methods remain prevalent. Tribolium castaneum, commonly known as the red flour beetle, infests stored grains and contributes to economic losses (Patil et al., 2020). Owing to its rapid reproductive rate and adaptability to diverse storage conditions, T. castaneum continues to pose a persistent challenge to farmers and storage operators, establishing it as a highly destructive species (Khalil et al., 2024). The estimated damage ranges from 7% to 12% in temperate climates and increases to 25%–35% in tropical areas (Campbell et al., 2022). According to the Food and Agriculture Organization (FAO), postharvest grain losses in India can reach up to 10%, which is exacerbated by infestations from pests such as T. castaneum (Bandara et al., 2021). These losses underscore the urgent need for efficient and sustainable pest control measures.

Traditionally, chemical pesticides like organophosphates and pyrethroids have been used to manage T. castaneum infestation (Anusree et al., 2019). Although effective, excessive reliance on these chemicals has resulted in several adverse outcomes, including ecological imbalances, pesticide resistance, and health risks to humans (Ahmad et al., 2024). Residues of these chemicals in food grains have been associated with carcinogenic effects, endocrine disruption, and acute toxicity (Peivasteh-Roudsari et al., 2023). The widespread use of phosphine has resulted in the development of insect strains that are resistant to this compound, particularly in developing nations (Chidemo et al., 2023). Recent research has highlighted genetic mutations, especially in the dihydrolipoamide dehydrogenase (DLD) gene, as key factors driving this resistance, emphasizing the urgent need for alternative pest control strategies (Riaz et al., 2025). In light of the increasingly stringent regulations governing pesticide application coupled with heightened consumer awareness regarding food safety, there is a discernible trend in the market towards the adoption of organic and environmentally friendly pest control methods.

Recently, research has been increasingly focused on plant-based repellents, biopesticides, and EOs as sustainable alternatives. Botanical products derived from plants, such as Azadirachta indica (neem) and Cymbopogon winterianus (citronella), exhibit strong insecticidal properties and are non-toxic to humans and other beneficial organisms (Iqbal et al., 2022; Riaz et al., 2025). These natural repellents function by altering insect behaviour or disrupting life cycles without causing environmental harm. Studies have demonstrated that such approaches can support ecological balance and long-term agricultural sustainability (Barathi et al., 2024). However, their effectiveness against T. castaneum depends on various factors, including formulation, concentration, and application method (Omar et al., 2021). With rising food demand and growing awareness of chemical risks, this review evaluates the role of eco-friendly repellents in managing T. castaneum, emphasizing their relevance to grain storage systems and potential as cost-effective and sustainable solutions (Khani et al., 2017; Savita et al., 2018). This review reports eco-friendly repellents against T. castaneum and examines their mechanisms and effectiveness in pest control. It explores chemical pesticides and evaluates their advantages and limitations in grain storage while comparing the efficacy, residual effects, and safety of eco-friendly repellents and chemical pesticides for human health and the environment.

Methodology

A thorough literature analysis was conducted using scientific databases such as Google Scholar, PubMed, and Scopus. Keywords pertinent to the thematic focus of this study were used to identify relevant articles published between 2005 and 2022. This review exclusively considers peer-reviewed journal articles. The inclusion criteria required that the selected studies be written in English, directly address the central research question, and exhibit robust empirical or theoretical frameworks. Articles were evaluated based on their relevance, quality, and contribution to the field, with only the most pertinent studies included.

Findings and Discussion

Use of Eco-Friendly Repellents against Tribolium castaneum

Plant-derived eco-friendly materials have proven effective in the management of T. castaneum. EOs exhibit insecticidal properties via various mechanisms. The main mechanism involves the inhibition of acetylcholinesterase, causing acetylcholine to accumulate at synapses, which leads to nervous system overstimulation, paralysis, and ultimately, insect mortality (Rants’o et al., 2022). EOs also compromise the integrity of insect cuticles and cell membranes by disrupting lipid bilayers, thereby increasing permeability, causing dehydration, and inducing cell lysis (Yap et al., 2021). Furthermore, they interfere with hormonal pathways critical for insect development, such as egg production, molting, chitin biosynthesis, and juvenile hormone function, thereby acting as growth regulators (Corrêa et al., 2023). Oxidative stress induced by EOs leads to cellular damage via lipid peroxidation, protein denaturation, and DNA fragmentation (Manna et al., 2020). Moreover, EOs disrupt insect behaviour by affecting olfactory and gustatory receptors, which reduce alimentation, breeding, and oviposition activities (Qasim et al., 2024). Although EOs are promising eco-friendly pesticidal agents, their broad use is restricted by their low water solubility and high volatility (Bezabih et al., 2022).

EOs from the leaves and inflorescences of Piper cf. asperiusculum and P. pertomentellum were tested for insecticidal activity against T. castaneum. The inflorescence oil of P. pertomentellum exhibited the highest fumigant toxicity (LC₅₀: 63.2 μL/L air), with all tested samples showed more than 90% repellency at 0.063 μL/cm² (Prieto Rodríguez et al., 2025). An experiment assessing the insecticidal effects of Elsholtzia densa EO and its major constituents, β-caryophyllene and limonene, on T. castaneum eggs and pupae demonstrated strong contact and fumigant activities with synergistic effects at a 7:1 ratio. Enzyme assays and molecular docking have confirmed their impact on key metabolic enzymes (Zhang et al., 2024). Thymus persicus EO, rich in carvacrol (44.69%) and thymol (11.05%), showed significant fumigant toxicity against T. castaneum with LC₅₀ values after 24 h was 236.9 μL/L (Saroukolai et al., 2010). Artemisia vulgaris EO showed strong repellent and fumigant potential against T. castaneum, causing 100% adult mortality at 8.0 μL/mL and significant repellency at concentrations ≥0.6 μL/mL. The oil also inhibited larval, pupal, and adult emergence at 60 μL/L air (Wang et al., 2006). 

[bookmark: _Hlk196064632]The EOs from Cananga odorata and Lippia alba demonstrated strong dose-dependent repellent activity against T. castaneum. Key constituents, such as benzyl benzoate, β-myrcene, and carvone, exhibited repellent effects comparable to or exceeding those of ethyl butylacetylaminopropionate (IR3535) (Caballero-Gallardo et al., 2011). GC-MS analysis of Origanum vulgare EO revealed carvacrol (67.2%) as the major component with potent fumigant and repellent activities against T. castaneum adults, especially under closed conditions (LD₅₀: 0.055 mg/cm³). Key constituents, such as caryophyllene oxide and thymol, contribute to their toxicity and repellency (Kim et al., 2010). EO from Nicotiana tabacum and Azadirachta indica, either alone or in combination with phosphine gas, exhibit strong synergistic toxicity against T. castaneum, with up to 80% mortality and significant suppression of progeny development (Khaliq et al., 2020). EOs from Tagetes terniflora, Cymbopogon citratus, and Eugenia muticus displayed fumigant, contact, and repellent properties against T. castaneum with C. citratus notably reducing growth and food conversion in T. castaneum larvae. While T. terniflora stimulated feeding in T. castaneum adults (Stefanazzi et al., 2011).

Laurus nobilis EO showed strong fumigant property against T. castaneum, with its efficacy dependent on exposure duration and the degree of semolina space occupancy, resulting in a reduced lethal time to 50% mortality (LT₅₀) at higher space occupation. Although the oil slightly altered the semolina composition, it did not affect the rheological properties of dough, supporting its potential as an eco-friendly fumigant for stored semolina without compromising quality (Haouel-Hamdi et al., 2020). Artemisia brachyloba EO, rich in α-terpineol and davanone, demonstrated potent fumigant, contact, and repellent property against T. castaneum, with α-terpineol being the primary contributor to its bioactivity. The oil also significantly decreased enzyme function in the beetle (Hu et al., 2019). EO from C. citratus and Eucalyptus citriodora, which are dominated by geranial/neral and citronellal/isopulegol, respectively, exhibit strong repellent property against T. castaneum. C. citratus oil demonstrated notable efficacy, with a repellent dose (0.021 mL/L) being significantly lower than that of the commercial repellent IR3535 (Olivero-Verbel et al., 2010). Baccharis salicifolia EO demonstrated noteworthy toxicity and repellency against T. castaneum adults, with β-pinene and pulegone being the most toxic compounds, and α-terpineol showing the highest repellent activity. Structure-activity relationship studies revealed that reduced monoterpene and sesquiterpene derivatives were more repellent than their carbonyl counterparts, and unsaturation of the germacrene skeleton enhanced the repellent effects (García et al., 2005).

Studies conducted in Northeastern Nigeria have utilized three local plant extracts, Azadirachta indica, Capsicum frutescens, and Allium sativum, which successfully repelled red flour beetles (Medugu, 2021). These extracts disrupted the sensory receptors of the beetles, causing them to avoid the treated grains. Neem extract also demonstrated insecticidal activity, suppressing adult populations and feeding behaviour (Mostafa et al., 2012). Other botanical extracts, such as Punica granatum and Murraya koenigii, have also shown promise as grain protectants. They reduce pest infestations by interfering with the olfactory senses of beetles. These extracts not only repel beetles but also inhibit egg hatching and larval development, offering protection throughout the life cycle of the pest (Gandhi et al., 2010). EOs from medicinal plants have been used for centuries to deter and manage insects (Ebadallahi et al., 2020). They often target the olfactory and gustatory receptors in insects. For instance, terpene-containing EOs can cause disorientation, cessation of feeding, and eventual central nervous system failure (Khani and Heydarian, 2014). Treated grains may also function as antifeedants, making them unpalatable to T. castaneum (Lee et al., 2020). Cymbopogon species and Eucalyptus citriodora are particularly effective against T. castaneum because of their high concentrations of terpenes and volatile organic compounds that act as neurotoxins (Bossou et al., 2015).

Similarly, EOs from Cuminum cyminum and Ocimum basilicum are effective natural substitutes for chemical insecticides (Omar et al., 2021). Neem and basil not only control beetle populations effectively but also preserve the quality of stored grains (Patil et al., 2015). Their selective toxicity, which is harmful to pests but safe for humans and other beneficial insects, supports their use in integrated pest management strategies. Oils from Lonicera sempervirens also exhibit significant repellent and insecticidal properties (Zapata and Smagghe, 2010). EOs from Trachyspermum ammi, Apium graveolens, and Nigella sativa exhibit both repellent and toxic effects on T. castaneum larvae and adults (Chaubey et al., 2007). Moreover, EOs from Lantana camara and Teucrium polium have been found to inhibit acetylcholinesterase, incapacitating the nervous system of the pest and resulting in high mortality (Khani and Heydarian, 2014; Rajashekar et al., 2014). Cardamom oil has demonstrated strong contact and fumigant activities against adult T. castaneum (Ali et al., 2014). Piper nigrum oil is particularly potent, with toxic, repellent, and development-inhibiting effects on T. castaneum larvae and pupae (Upadhyay and Jaiswal, 2007). Mentha pulegium powder and oil have demonstrated insecticidal properties against both Sitophilus oryzae and T. castaneum when applied via fumigation, contact, or ingestion (Lougraimzi et al., 2018). Thus, the swift action of phytochemicals makes them suitable candidates to replace synthetic chemicals. Table 1 presents various plants documented to exhibit repellent effects against T. castaneum.
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	Plant name
	Family
	Reference

	Abroma augustum (L.) L.f.
	Malvaceae
	Mondal et al., 2014

	Achillea wilhelmsii K.Koch
	Asteraceae
	Khani and Asghari, 2012

	Acorus calamus L.
	Acoraceae
	Umoetock, 2000

	Aegle marmelos (L.) Corrêa
	Rutaceae
	Mishra et al., 2016

	Ajania fruticulosa (Ledeb.) Poljakov (syn. Tanacetum tomentosum)
	Asteraceae
	Haider et al., 2017

	Allium sativum L.
	Amaryllidaceae
	Ho et al., 1995; Ali et al., 2014; Patil et al., 2015

	Alpinia officinarum Hance
	Zingiberaceae
	Lu et al., 2012

	Aloysia citrodora Paláu
(syn. Lippia citrodora)
	Verbenaceae
	Ebadollahi and Razmjou, 2019

	Annona squamosa L.

	Annonaceae
	Khalequzzaman et al., 2006

	Aphanamixis polystachya (Wall.) R.Parker
	Meliaceae
	Talukder and Howse, 1993

	Argemone mexicana L.

	Papaveraceae
	Majeed and Abidunnisa, 2011

	Artemisia vulgaris L.
	Asteraceae
	Wang et al., 2006

	Azadirachta indica A.Juss.

	Meliaceae
	Haq et al., 2005; Islam and Talukder, 2005; Rajashekar et al., 2014

	Bergera koenigii L. 
(syn. Murraya koenigii)
	Rutaceae
	Gandhi et al., 2010 

	Bougainvillea glabra Choisy
	Nyctaginaceae
	Haq et al., 2005

	Calotropis procera (Aiton) W.T.Aiton
	Apocynaceae
	Abbasi et al., 2012; Kalita and Bhola, 2013

	Ceratosanthes palmata (L.) Urb. (syn. Trichosanthes palmata)
	Cucurbitaceae
	Khanam et al., 2009

	Cinnamomum verum J.Presl
	Lauraceae
	Mondal and Khalequzzaman, 2009

	Clerodendrum infortunatum L.
(syn. Clerodendrum viscosum)
	Lamiaceae
	Husain and Rahman, 2007

	Conocarpus erectus L.
	Combretaceae
	Rajabpour et al., 2019

	Coriandrum sativum L.
	Apiaceae
	Islam et al., 2009 

	Cucumis sativus L.
	Cucurbitaceae
	Rajashekar et al., 2014

	Cuminum cyminum L.

	Apiaceae
	Mostafa et al., 2012; Mishra et al., 2016

	Curcuma longa L.

	Zingiberaceae
	Abida et al., 2010; Ali et al., 2014

	Cynodon dactylon (L.) Pers.
	Poaceae
	Islam and Talukder, 2005

	Cyperus articulatus L.
	Cyperaceae
	Abubakar et al., 2000

	Datura metel L. (syn. Datura alba)
	Solanaceae
	Abbasi et al., 2012

	Datura stramonium L.

	Solanaceae
	Haq et al., 2005; Abbasipour et al., 2011

	Drimys winteri var. chilensis (DC.) A.Gray
	Winteraceae
	Zapata and Smagghe, 2010

	Elettaria cardamomum (L.) Maton
	Zingiberaceae
	Huang et al., 2000; Mondal and Khalequzzaman, 2009

	Eucalyptus camaldulensis Dehnh.
	Myrtaceae
	Haq et al., 2005; Mondal and Khalequzzaman, 2009

	Eucalyptus sp.
	Myrtaceae
	Haq et al., 2005

	Hippolytia longifolia (Rech.f.) C.Shih (syn. Tanacetum dolichophyllum)
	Asteraceae
	Haider et al., 2017

	Illicium verum Hook.f.
	Schisandraceae
	Ho et al., 1995

	Juniperus polycarpos K.Koch
	Cupressaceae
	Khani et al., 2017

	Juniperus sabina L.
	Cupressaceae
	Khani et al., 2017

	Kaempferia galanga L.
	Zingiberaceae
	Gundurao, 1966

	Lantana camara L.
	Verbenaceae
	Kalita and Bhola, 2013; Rajashekar et al., 2014; Lee et al., 2020

	Laurelia sempervirens (Ruiz & Pav.) Tul.
	Atherospermataceae
	Zapata and Smagghe, 2010; Omar et al., 2021

	Laurus nobilis L.
	Lauraceae
	Saim and Meloan, 1986

	Litsea cubeba (Lour.) Pers.
	Lauraceae
	Ko et al., 2009

	Litsea salicifolia (Roxb. ex Nees) Hook.f.
	Lauraceae
	Ko et al., 2009

	Manilkara zapota (L.) P.Royen
	Sapotaceae
	Abbasipour et al., 2011

	Mentha longifolia (L.) L.
	Lamiaceae
	Memon et al., 2020

	Mentha × piperita L.
	Lamiaceae
	Lashgari et al., 2013

	Mentha pulegium L.
	Lamiaceae
	Lougraimzi et al., 2018; Heydarzade et al., 2019

	Mentha spicata L.
	Lamiaceae
	Heydarzade et al., 2019

	Moringa oleifera Lam.
	Moringaceae
	Haq et al., 2005

	Nigella sativa L.
	Ranunculaceae
	Chaubey et al., 2007

	Ocimum basilicum L.
	Lamiaceae
	Mostafa et al., 2012

	Origanum majorana L.
	Lamiaceae
	Demirel et al., 2009

	Origanum minutiflorum O.Schwarz & P.H.Davis
	Lamiaceae
	Demirel et al., 2009

	Origanum onites L.
	Lamiaceae
	Demirel et al., 2009

	Ostericum sieboldii (Miq.) Nakai
	Apiaceae
	Liu et al., 2011

	Peganum harmala L.

	Nitrariaceae
	Jbilou et al., 2008; Ali et al., 2015

	Pelargonium graveolens L'Hér.
	Geraniaceae
	Abouelatta et al., 2020

	Persicaria hydropiper (L.) Delarbre 
(syn. Polygonum hydropiper)
	Polygonaceae
	Kundu et al., 2007

	Pimpinella anisum L.
	Apiaceae
	Hashem et al., 2018

	Piper cubeba L.f.

	Piperaceae
	Osman et al., 2011

	Piper nigrum L.

	Piperaceae
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	Pistacia lentiscus L.
	Anacardiaceae
	Bachrouch et al., 2010

	Psidium guajava L.
	Myrtaceae
	Rajashekar et al., 2014

	Punica granatum L.
	Lythraceae
	Gandhi et al., 2010

	Ranunculus reptabundus Rupr. (syn. Ranunculus scleratoides)
	Ranunculaceae
	Bhattacharya et al., 1993

	Ricinus communis L.

	Euphorbiaceae
	Haq et al., 2005; Hamouda et al., 2014

	Ridolfia segetum (Guss.) Moris
(syn. Anethum graveolens)
	Apiaceae
	Chaubey et al., 2007; Al-Janabi, 2019

	Salvia abrotanoides (Kar.) Sytsma (syn. Perovskia abrotanoides)
	Lamiaceae
	Farshad et al., 2008

	Salvia rosmarinus Spenn. (syn. Rosmarinus officinalis)
	Lamiaceae
	Zaka et al., 2019

	Satureja hortensis L.
	Lamiaceae
	Maede et al., 2011

	Saraca indica L.
	Fabaceae
	Savita et al., 2018

	Senna alata (L.) Roxb. (syn. Cassia alata)
	Fabaceae
	Upadhyay et al., 2016

	Sphaeranthus indicus L.
	Asteraceae
	Tiwari and Saxena, 1993

	Swietenia mahagoni (L.) Jacq.
	Meliaceae
	Rajashekar et al., 2014

	Syzygium aromaticum (L.) Merr. & L.M.Perry
	Myrtaceae
	Ho et al., 1994; Zapata and Smagghe, 2010; Mishra et al., 2016

	Tagetes erecta L. (syn. Tagetes patula)
	Asteraceae
	Islam and Talukder, 2005; Zaka et al., 2019

	Tagetes terniflora Kunth
	Asteraceae
	Stefanazzi et al., 2006

	Tanacetum cinerariifolium (Trevir.) Sch.Bip.
	Asteraceae
	Lee et al., 2020

	Teucrium polium L.
	Lamiaceae
	Ebadallahi et al., 2020

	Thymus persicus (Ronniger ex Rech.f.) Jalas
	Lamiaceae
	Saroukolai et al., 2010

	Thymus syriacus Boiss. (syn. Origanum syriacum)
	Lamiaceae
	Demirel et al., 2009

	Thymus vulgaris L.
	Lamiaceae
	Al-Janabi, 2019

	Trachyspermum ammi (L.) Sprague (syn. Carum copticum)
	Apiaceae
	Habashi et al., 2011

	Trachyspermum ammi (L.) Sprague
	Apiaceae
	Chaubey, 2007

	Trigonella foenum-graecum L.
	Fabaceae
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	Vitex negundo L.
	Lamiaceae
	Chowdhury et al., 2009

	Zingiber officinale Roscoe

	Zingiberaceae
	Gundurao,1966; Chaubey, 2011



Use of Chemical Pesticides against Tribolium castaneum

Chemical pesticides have been proven to be effective in reducing T. castaneum populations during grain storage. Fumigants, like phosphine and methyl bromide, are commonly employed because of their deep penetration into grain masses and their ability to cause high mortality (Wang et al., 2006). Synthetic compounds, such as pyrethroids and organophosphates, are also frequently used because of their residual activity and prevention of reinfestation. However, the repeated use of chemicals, particularly fumigants such as phosphine, has led to resistance in T. castaneum populations (Mondal and Khalequzzama, 2009). This resistance challenges the current control measures and highlights the need for integrated pest management strategies. Khizar et al. (2025) identified emamectin benzoate as a potent chemical against T. castaneum. As a derivative of abamectin, it enhances chloride-ion permeability by activating GABA receptors (Lasota et al., 1991). Laboratory studies (2018–2019) at Kerala Agricultural University assessed malathion susceptibility in T. castaneum populations from five FCI godowns in Kerala—compared to a susceptible IARI strain. Residual film bioassays with malathion revealed highest resistance in the FCI population (LC₅₀: 6949.80 ppm; 13.34-fold), while IARI strain showed lowest LC₅₀ (520.76 ppm). The resistance ratios for other populations ranged from 10.95 to 11.82, indicating uniform resistance across populations (Anusree et al., 2019). Ghelani et al. (2009) reported its efficacy in protecting Pennisetum glaucum seeds. Organophosphates function by inhibiting acetylcholinesterase (Colovic et al., 2013). Triazophos and dimethoate showed uniform toxicity across populations, whereas others varied, as noted by Andric et al. (2010). Variations in toxicity can arise from the chemical structure, usage patterns, and insect development stage (Matsumura, 2012). Deltamethrin consistently affects all T. castaneum populations (Andric et al., 2015), although reduced susceptibility was observed for chlorpyrifos-methyl with deltamethrin combinations (Sehgal et al., 2014). Other pyrethroids have shown variable effects, as observed in pyrethrin-resistant Sitophilus granaries (Lloyd, 1973).

Neonicotinoids exhibit similar toxicity, except for clothianidin, against the T. castaneum population, with documented storage pest efficacy (Daglish and Nayak, 2012). Spinosyns showed different results; spinosad was more toxic than spinetoram. Ghelani et al. (2009) reported strong T. castaneum suppression by spinosad. Ketoenols showed varying toxicities; spirotetramat outperformed spiromesifen (Bretschneider et al., 2012; Saryazdi et al., 2013). Indoxacarb blocks sodium channels and affects various insects (Bird, 2015). Variations in toxicity within chemical classes indicate resistance risk (Khan et al., 2013), necessitating rotation strategies. The insect growth regulators lufenuron, pyriproxyfen, methoxyfenozide, and cyromazine were tested as larvicides, with lufenuron and pyriproxyfen proving to be the most effective. Insect growth regulators target immature stages and are suitable for integrated pest management owing to their specificity (Tunaz and Uygun, 2004; Tiwary, 2007). Lufenuron and pyriproxyfen are ideal for rotation, with pyriproxyfen exhibiting higher toxicity than diflubenzuron (Matsumura, 2010; Shah et al., 2015). Effective rotation requires an understanding of cross-resistance. However, concerns regarding environmental safety, climate change, and human health have prompted interest in alternative chemicals and improved application methods (Omar et al., 2021).

Comparison between Eco-Friendly Repellents and Chemical Pesticides

Eco-friendly repellents and chemical pesticides differ significantly in their origin, mode of action, environmental impacts, and health implications. Environmentally friendly repellents, sourced from natural sources such as plant extracts and EOs (e.g., carvacrol from Origanum vulgare and limonene from Elsholtzia densa), show effective fumigant and repellent activities against insects such as T. castaneum (Zhang et al., 2024; Eltalawy et al., 2025), although they may require more frequent applications. In contrast, chemical pesticides such as organophosphates, pyrethroids, and neonicotinoids are synthetic compounds designed to target specific metabolic or nervous system functions, offering prolonged and potent pest control. However, while chemical pesticides provide rapid outcomes, they pose serious concerns related to environmental persistence, water and soil pollution, their impact on other organisms, and the potential for pesticide resistance. Eco-friendly repellents, being biodegradable and less toxic, are a sustainable alternative for integrated pest management and organic farming, despite their potentially higher initial costs. Health-wise, eco-friendly options carry lower risks of carcinogenicity, endocrine disruption, and neurotoxicity, though allergic reactions can occur in sensitive individuals, whereas chemical pesticides have been associated with serious health problems in exposed populations, including cancer and developmental disorders (Ahmad et al., 2024). Moreover, resistance development is less frequent with eco-friendly repellents due to their multi-target modes of action, whereas chemical pesticide resistance, especially in pests like T. castaneum, necessitates escalating doses or novel compounds, further increasing long-term economic and ecological costs.

Nano-emulsions of Biopesticides in Tribolium castaneum Management

Nanotechnology offers a novel approach to improve the effectiveness, stability, and bioavailability of EOs in pest management. Nanoemulsions, owing to their fine droplet size and superior kinetic stability, serve as efficient delivery systems for plant-derived insecticidal agents (Youse et al., 2023). Nano-emulsion formulations of EOs enhance absorption and increase insecticidal efficacy against T. castaneum and other pests (Adak et al., 2020; Lima et al., 2021; Draz et al., 2022). EO, distilled from C. winterianus, is well known for its insect-repellent properties, which are attributed to its bioactive constituents, such as citronellal, geraniol, citronellol, and limonene (Gharsan et al., 2022). An advanced nano-formulation of citronella oil enhances its stability and efficacy as a botanical insecticide (Ali et al., 2017). A nano-emulsion of Syzygium aromaticum EO demonstrated toxicity against T. castaneum (LC₅₀: 112.93 ppm), with sub-lethal doses causing metabolic disruption in beetles and inhibiting wheat seedling growth (Iqbal et al., 2024).

A nano-emulsion of C. winterianus EO exhibited superior performance compared to its crude form, demonstrating increased toxicity (LC₅₀: 275.01 vs. 491 ppm in larvae; 26.01 vs. 68.92 ppm in adults), minimal impact on seed germination, and biochemical alterations in beetles. In silico docking studies have confirmed strong interactions between limonene/citronellal and alkaline phosphatase, supporting its application as a sustainable pest management solution (Riaz et al., 2025). Polyethylene glycol-coated nanoparticles loaded with garlic EO exhibited prolonged insecticidal activity, maintaining over 80% efficacy after five months through the sustained release mechanisms of active components. In contrast, free Allium sativum (garlic) oil demonstrated only 11% efficacy at the same concentration, highlighting the advantages of nano-encapsulation (Yang et al., 2009). A nano-emulsion based on Pimpinella anisum EO—rich in (E)-anethole (81.2%)—tested against T. castaneum adults and F₁ progeny, showed improved stability, increased toxicity (LC₅₀: 9.3% v/v), and reduced progeny development. Microscopic examination confirmed structural and tissue damage in the treated insects (Hashem et al., 2018).

Conclusions

This review examines eco-friendly repellents, particularly plant-based materials and EOs, as substitutes for chemical pesticides for managing T. castaneum infestation in stored grains. T. castaneum is a significant pest that causes substantial postharvest losses in developing countries, like India. Although chemical pesticides are effective, their overuse has caused ecological disruptions, resistance to pests, and increased health risks. Eco-friendly repellents offer a sustainable approach, with plant extracts and EOs exhibiting strong insecticidal, repellent, and growth-inhibiting properties against T. castaneum. These natural compounds target insect physiology including sensory receptors, nervous system functions, and metabolic processes. Nano-emulsions of EOs enhance their efficacy and stability. Compared with chemical pesticides, eco-friendly repellents are biodegradable, pose lower risks, and are less likely to induce resistance. However, they require more frequent application and careful management. Further research is needed on the extraction methods, persistence, and integration with pest management practices to optimize eco-friendly repellents for grain storage.
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