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Abstract 

Essential oils are complex mixtures of volatile compounds obtained from plants where they serve aromatic purposes, and 

defensive roles. They have been used for centuries in medicine, industry, and agriculture due to their broad spectrum of biological 

activity. Exhibiting antiviral, anti-inflammatory, antioxidant antimicrobial, and smooth muscle relaxant properties. Essential oils 

have been important substances the most common component is D-Limonene or 4-isopropenyl-1-methylcyclohexene (C10H16) 

is a monocyclic monoterpene abundant in citrus plants like orange, and grape. It used for a flavor and fragrance additive in 

perfumes, soaps, foods, and beverages is consistently increased due to its high-quality fragrance property, other uses and 

important were treated in this study indicates that the compound is neither mutagenic nor carcinogenic in humans, maintaining 

a low toxicity limit even with protracted administration over several years. the effects of D-limonene such as antioxidant, 

anticancer, anti-inflammatory, gastroprotective and acid reflux due to its gastric acid-neutralizing properties, Botanical Pesticide 

and Vermin Control, Oil Spill Correction and The ability to dissolve expanded polystyrene (EPS). This paper provides an 

overview of the properties of essential oils. D-Limonene is a bioactive compound of high economic and medicinal value. its 

Environmental Benefit D-Limonene has high biodegradability and lower Volatile Organic Compound (VOC) emissions 

compared to traditional solvents The study opening opportunities for its use in food by proved the efficiency of its extraction 

from fruit waste, pharmaceutical, and environmentally friendly pesticide industries D-limonene does not endure in the soil or 

contaminate groundwater. 
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1. Introduction 

The essential oils and their components D-Limonene which 

is a major component in them it have many uses, both in phar-

macology and in food. In addition, they are provided with in-

teresting biological activities and have a therapeutic potential. 

For example, essential oils exhibit antiviral activities, antimi-

crobial activities, and may be useful as natural remedies and it 

seems that essential oils can be used as a proper therapy for 

many pathologies. In the cosmetic and in the food industry, 
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essential oils uses are an integral part, as they may play differ-

ent roles. Therefore, economic importance of essential oils is 

indisputable. 

Limonene or 4-isopropenyl-1-methylcyclohexene (C10H16) 

is a monocyclic monoterpene hydrocarbon naturally synthe-

sized in many plants through the cyclisation of geranyl pyro-

phosphate by a monoterpene synthase [1]. 

It constitutes one of the most abundant monocyclic mono-

terpenes in the plant kingdom [2]. In fact, it has been found in 

more than 300 essential oils and principally in Citrus spp. (30–

98%) [3]. It occurs as two optical isomers [4], named d- and 

l-limonene, as well as a racemic mixture [5-7]. The most com-

mon, d-limonene ((+)-limonene) is a colorless liquid with 

characteristic and pleasant lemon-like odor, normally ob-

tained from the cold pressing of Citrus peels and pulps where 

it can be found at concentrations over 90% [8]. Whereas, l-

limonene ((-)-limonene) is more present in other species such 

as Mentha spp. essential oils [9]. Both are common flavoring 

additives in cosmetics, food, industrial solvents and pharma-

ceuticals because of their fragrant and demonstrated harmless-

ness for humans [1, 6, 10]. 

Mechanical process or steam distillation techniques are typ-

ically the chosen methods to obtain limonene because they are 

green and non-organic solvents are involved [11]. However, 

other less conventional methods have also been tried in order 

to optimize d-limonene extraction. A high pressure-high tem-

perature extraction (150°C, 30 min) saved more energy, re-

duced extraction time and gave a higher yield of d-limonene 

from Citrus dried peels [12]. Additionally, limonene’s extrac-

tion by traditional hydro- distillation could be replaced by 

other eco-friendlier and time-saving alternative methods such 

as supercritical fluid extraction (15 MPa, 40°C). 

D-limonene (4-isopropenyl-1-methylcyclohexene) is an 

important compound in several citrus essential oils such as or-

ange, lemon, tangerine, lime, and grapefruit. It has been used 

as a flavoring agent and as a food preservative agent, with gen-

erally recognized as safe (GRAS) status. 

It belongs to the family of terpenes and is readily volatile at 

room temperature. It is widely present in various citrus peels 

and essential oils, especially lemon oil, caramel oil, orange oil, 

bergamot oil. 

Limonene molecule contains a chiral center and can be seen 

in three different structural forms: -limonene, D-limonene, 

and a racemic form. D-limonene has a pleasant lemony taste, 

making it widely used as a flavoring agent and food additive 

in common foods such as fruit juice, candy, chewing gum, 

beverages, and ice cream. D-limonene is one of the most fre-

quently used and cheapest fragrances in cosmetic formula-

tions and can be found in many beauty products such as soaps, 

fragrances, shampoos, conditioners and body washes, clean-

ing products, and eco-friendly pesticides [13]. In addition, D-

limonene is considered to be safe for food preservation [14] 

and can be used to extract natural green solvents [15]. After 

oral administration, D-limonene is rapidly absorbed, distrib-

uted, and metabolized by the gastrointestinal tract. D-limo-

nene is considered safe, with low toxicity to humans, while 

not causing human carcinogenic or nephrotoxic risk [16]. Fig-

ure 1 shows the chemical structure of D-Limonene component. 

The physical properties of D-Limonene are shown in Table 1. 

2. D-Limonene Production 

D-Limonene was first recovered as a commercial product 

from the steam evaporator condensate in the production of cit-

rus molasses. It is the main volatile constituent of citrus peel 

oil, and the collected volatile portion of oil is usually referred 

to as d-limonene in the trade. 

D-Limonene may be obtained by steam distillation of citrus 

peels and pulp resulting from the production of juice and cold-

pressed oils or from deterpenation of citrus oils. It is some-

times redistilled Citrus peel oil can contain up to 95% d-limo-

nene and stripper oil over that amount. Stripper oil is the oil 

recovered during concentration of the liquor which separates 

from the peel during pressing. The press liquor is concentrated 

to give citrus molasses, and the vapor which separates during 

concentration is condensed to yield stripper oil [17]. Figure 2 

shows the Clevenger apparatus that use in D-Limonene pro-

duction. 

 
Figure 1. D-Limonene chemical molecular structure [18]. 

Table 1. Physical Properties of D-Limonene [19, 20]. 

Property Value 

Description 
Colourless liquid with a pleasant, lemon-like 

odor 

Melting-point -74.3°C 

Boiling-point 175.5-176°C 

Density 0.8411 g/cm3 at 20°C/4°C 

Solubility 

insoluble in water; soluble in benzene, carbon 

tetrachloride, diethyl ether, ethanol and petro-

leum ether; slightly soluble in glycerine 
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Figure 2. Apparatus for the quantitation of essential oils in peels (Clevenger apparatus). 

In commercial practice, the essential peel oil is extracted by 

mechanical rupturing of oil sacs in the sub epidermal layer 

(flavedo) of the peel and expression of the oil as an aqueous 

emulsion, from which it is separated by D-Limonene is also 

present in various oils and essences obtained during citrus 

juice processing, including juice oil; deoiler oil, separated 

from juice by centrifugation or decantation; essence oil, ob-

tained from the recovery unit during juice concentration; and 

aroma oil, obtained by distillation of the aqueous discharge 

from the centrifuge used to separate pressed oil [21-23]. 

D-limonene, a cyclic monoterpene, is a globally significant 

compound primarily recognized for its orange-like aroma and 

extensive industrial applications as shown in Figure 3 and Ta-

ble 2 [24]. It is one of the most prevalent monocyclic mono-

terpenes found in the plant kingdom, identified in over 300 

essential oils, with its primary source being citrus peels where 

it can constitute more than 90% of the oil content [25]. Annu-

ally, over 100 million tonnes of citrus fruits are produced glob-

ally, with a significant portion utilized in the food processing 

industry, particularly for juice production, leaving approxi-

mately 50–60% of the fruit mass as waste [26]. This substan-

tial citrus waste stream, amounting to approximately 22 mil-

lion tons from oranges alone, represents a significant and sus-

tainable reservoir for D-limonene extraction [27]. The global 

market for D-limonene was valued at approximately USD 

473.72 million in 2021 and is projected to reach USD 694.59 

million by 2029, demonstrating a compound annual growth 

rate of 4.90% [28]. 

This robust growth underscores its increasing importance 

across various sectors, including flavor and fragrance, cosmet-

ics, pharmaceuticals, and as a green solvent [29]. 

 
Figure 3. D-Limonene Structure and importance. 
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Table 2. Key Effect of D-Limonene. 

Biological/ Industrial Effect Description 

Anti-Inflammatory Reduces inflammatory cytokines and protects tissues from oxidative stress [30]. 

Anticancer potential Inhibits tumor growth and induces apoptosis (cell death) in cancer cell [31]. 

Anti-ulcer Effectively treats gastroessophageal reflux (GERD) and protect the stomach lining [32]. 

Antimicrobial Disrupts the cell membranes of bacteria and fungi, acting as a natural preservative [33]. 

Anxiolytic (calming) Acts on the central nervous system to reduce anxiety through Inhalation (aromatherapy). 

 

Its widespread utility stems from its classification as a gen-

erally recognized as safe additive, coupled with its antioxidant 

and antimicrobial properties, which make it valuable in food 

preservation and various other industrial applications [34]. 

The escalating demand necessitates an exploration of efficient 

and sustainable extraction methods, as well as alternative pro-

duction pathways beyond traditional citrus-derived sources, to 

ensure a consistent and high-quality supply for its diverse ap-

plications [29]. Current global production of D-limonene is 

estimated at approximately 70,000 tonnes per year, predomi-

nantly as a byproduct of the citrus juice industry, though this 

supply is subject to fluctuations in availability and quality [29, 

35]. For instance, bacterial diseases affecting citrus crops have 

led to decreased yields and increased prices, highlighting the 

vulnerability of this supply chain [36]. 

3. D-Limonene Percentages in Citrus 

Essential Oils 

D-Limonene is the most common compound in many citrus 

essential oils, often comprising the majority of their composi-

tion according to recent studies. D-Limonene percentages in 

citrus essential oils vary by source, typically highest in orange 

peel (90-96%), followed by mandarin (>70%), sweet lemon 

(>72%), lime (46.03%), and lemon peel (45-62%). These fig-

ures derive from recent GC-MS studies up to 2025. Variations 

stem from extraction methods and origins. Table 3 shows pre-

vious studies for D-Limonene Percentages in several essential 

oils. 

Table 3. D-Limonene content by oil type. 

Essential Oil Source D-Limonene (%) Year Ref. 

Orange peel 90-95% 2025 [34] 

Sweet orange peel 9.75-96% 2023 [37] 

Lime 46.03% 2024 [38] 

Lemon peel 44.74-61.8% 2025 [39] 

Grapefruit peel 93.1% - 95.8% 2013 [40] 

Mandarin >70% 2024 [38] 

Sweet lemon >72% 2024 [38] 

 

4. Medical Applications of D-Limonene 

4.1. Elevating Pharmacological Capability 

Through Nanotechnology 

Extensive experimental data prove that D-limonene pos-

sesses significant clinical pharmacological and antimicrobial 

properties. However, its integrative therapy is often limited by 

limited solubility and chemical instability. To bypass these 

barriers, current research focuses on snanoencapsulation to 

optimize its delivery. For instance, a complementary 

nanodelivery system (including nanoemulsions and niosomes) 

combining D-limonene with the chemotherapeutic drug 

Doxycycline attained a loading efficiency of 75.8%. This sys-

tem not only improved constancy and antioxidant capacity but 

also enhanced anticancer activity against hepatic tumor cells 
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while simultaneously reducing cytotoxicity in healthy liver cells [41]. Figure 4 shows various applications of D-limonene. 

 
Figure 4. Various delivery and application systems incorporating D-limonene: (a) D-limonene formulated in a novel organogel-based 

nanoemulsion; (b) nanoemulsions encapsulating D-limonene; (c) edible films containing D-limonene; (d) D-limonene–thioctic acid–ionic liq-

uid polymer systems; (e) electrospun poly (vinyl alcohol)/ D-limonene fibrous mats; and (f) microcapsules encapsulating D-limonene [42]. 

4.2. Specific Anticancer Effect 

The efficacy of D-limonene against specific malignancies, 

such as melanoma (A-375) and breast cancer (MDA-MB-468), 

has been extensively reported. While its raw form shows mod-

erate IC50 values, chitosan nanoencapsulation significantly 

boosts its potency, reducing IC50 from 246.05 to 30.24 µg/mL 

for melanoma and from 2118.94 to 650.7 µg/mL for breast 

cancer [43, 44]. This advancement is probable due to en-

hanced lipophilicity and cell membrane penetration enhanced 

by facilitated by the nanocarrier. 

4.3. D-Limonene as a Skin-penetrating 

Diffusion Intensifier 

The permeation enhancer of D-limonene acts as a powerful 

by liquefying or disrupting the stratum skin parrier, which pro-

motes more efficient transdermal drug delivery. Bioavailabil-

ity of this method will increase and minimizes systemic side 

effects. Studies show that: Adding D-limonene to benzocaine-

loaded nanoparticles increased the permeation rate and pro-

longed anesthetic effects [45]. 

D-limonene nanovesicles outperformed other agents like 

cineole in delivering asenapine maleate, significantly boosting 

bioavailability from 3% (oral) to 54.5% (transdermal) [46]. 

This preeminence is ascribed to the structural advantages of 

hydrocarbon terpenes over ketone terpenes in carrying lipo-

philic molecules. 

4.4. Synergistic Antimicrobial Effects and 

Discharge Pump Suppression 

To flight microbial resistance, investigated of D-limonene 

has been as an Efflux Pump (EP) inhibitor [47]. Research in-

dicates it works synergistically with ciprofloxacin to fight 

drug-resistant Staphylococcus aureus, reducing the Minimum 

Inhibitory Concentration (MIC) from µg/mL to 3.17 µg/mL; 

a result superior to standard inhibitors [48]. Molecular attach-

ment suggests this occurs through competitive or non-compet-

itive inhibition. Furthermore, D-limonene exhibits varying de-

grees of synergy with other antimicrobials against Gram-pos-

itive and Gram-negative bacteria, likely due to differences in 

their respective cell wall architectures [49]. Figure 5 shows the 

antimicrobial mechanisms associated with D-limonene. 
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Figure 5. Schematic illustration of the antimicrobial mechanisms associated with D-limonene [42]. 

4.5. Future Directions and Obstacles 

While nanoencapsulation successfully refines the physico-

chemical attributes of D-limonene and broadens its potential 

use, in animal models, current indication remains largely con-

fined to in vitro. Extensive clinical reviews and clinical trials 

are essential before these applications can be standardized in 

medical practice. 

5. Toxicity of D-limonene 

Regarding its safety profile, low toxicity of D-limonene ex-

hibits relatively and has exhibited no evidence of significant 

risk in animal models [50]. Research indicates that the com-

pound is neither mutagenic nor carcinogenic in humans, main-

taining a low toxicity limit even with protracted administra-

tion over several years. According to Tao et al. [51], the oral 

LD50 values for male and female rats are 4.4 and 5.1 g/kg, 

respectively. 

However, the toxic effect may conduct by chronic exposure 

or high-dosage intake, particularly through cosmetic applica-

tions [52]. Furthermore, certain preclinical investigations have 

identified potential nephrotoxicity and hepatotoxicity associ-

ated with its use [53]. 

As a safety profile and unique chemical properties D-limo-

nene is a versatile monoterpene found abundantly in citrus 

peels, it is widely used across several major industries. 

6. Uses of D-Limonene 

D-Limonene has been clinically utilized to dissolve choles-

terol gallstones and alleviate heartburn due to its solvent prop-

erties and gastric acid neutralization. 

Table 4. Application and uses of D-Limonene. 

Category Primary uses 

Industrial cleaning Degreasing and solvent 

Food & beverage Flavouring agent, antioxidant 

Cosmetic & care Fragrance, penetration Enhancer 

Agriculture/ pests Natural Insecticide, Repellent 

Medicine/ health Therapeutic, pharmaceuticals 

Scientific Lab Histology clearing, green extraction 

Household products General cleaners, Hand Soaps 

Furthermore, it exhibits well-established chemo preventive 

and antitumor activities across various cancer types, demon-

strated in both animal models and human trials, where it has 

shown efficacy in inducing tumor regression and stabilizing 

disease progression. Table 4 summaries the uses of D-Limo-

nene. 

6.1. The Primary Uses of D-limonene 

6.1.1. Food and Liquid Refreshment Industry 

D-limonene is classified as GRAS (Generally Recognized 

as Safe) by the US FDA. 

Flavoring Agent: It is used as a flavor in fruit juices to pro-

vide a citrus (orange or lemon), soft drinks, candies, baked 

goods, and chewing gum. 

Masking Agent: in functional foods It helps mask the bitter 

taste of certain alkaloids [54]. 
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6.1.2. Pharmaceutical and Medical Applications 

Gallstone Solubilizer: D-limonene used clinically as a non-

surgical treatment to dissolve cholesterol gallstones, it has the 

chemical ability to dissolve cholesterol [13]. 

Gastroprotective Effects: It is used to relieve symptoms of 

GERD (Gastro esophageal Reflux Disease) and acid reflux 

due to its gastric acid-neutralizing properties. 

Anticancer Potential: Clinical trials have investigated its 

ability to slow lump growth in breast and colorectal cancers 

by inducing apoptosis (cell death) in cancer cells [10]. 

Anti-inflammatory & Antioxidant: Reduce inflammation in 

conditions like ulcerative colitis and liver scarring. 

6.1.3. Industrial and Household Uses 

Eco-friendly Solvent: bio-solvent for degreasing metals due 

to its ability to dissolve oils and fats, cleaning electronic com-

ponents, and removing adhesives or oil from machine parts. 

Fragrance Additive: Used in soaps lotions, detergents, 

shampoos, and perfumes to provide a fresh "clean" scent. 

Botanical Insecticide: It acts as a natural pest control agent 

and is an active ingredient in many eco-friendly pesticides and 

organic defoliants. 

due to its biodegradability and low toxicity compared to pe-

troleum based solvents D-limonene is used as a "green" chem-

ical has expanded significantly in recent years [13]. 

6.2. The Primary Environmental Uses of D-

limonene 

6.2.1. Sustainable Bio-Solvent and Degreaser 

D-limonene is widely used as a renewable alternative for 

hazardous chlorinated hydrocarbons and petroleum-based sol-

vents (like toluene or xylene). 

Application: It is used for cleaning electronic components, 

degreasing industrial machinery, and removing sludge from 

oil tanks. 

Environmental Benefit: It has high biodegradability and 

lower (VOC) emissions compared to customary solvents [55]. 

6.2.2. Polystyrene (Styrofoam) Up Cycling 

The ability to dissolve expanded polystyrene (EPS) is the 

most creative environmental applications of D-limonene. 

Application: D-limonene acts as a solvent that reduces the 

volume of large expanded polystyrene (EPS) by up to 95%, 

turning it into a liquid gel that can be easily transported to re-

cycling amenities. 

Environmental Benefit: for a plastic it provides a green so-

lution that is otherwise notorious for occupying vast spaces in 

landfills and being difficult to recycle. 

6.2.3. Botanical Pesticide and Vermin Control 

D-limonene serves as a potent natural pesticide used in or-

ganic farming and home Vermin control. 

Application: leading to dehydration it is used to control ants, 

termites, flies, and mites. It works by dissolving the waxy 

coating (cuticle) of the insect's respiratory system. 

Environmental Benefit: Unlike artificial pesticides (like or-

ganophosphates), D-limonene does not endure in the soil or 

contaminate groundwater [55]. 

6.2.4. Oil Spill Correction 

D-limonene is used in environmental cleanup operations to 

manage oil spills on shorelines. 

Application: It acts as a dispersing agent that analyzes 

heavy crude oil, making it easier to remove from rocks and 

sand. 

Environmental Benefit: Because it is a natural terpene, it is 

much less toxic to marine life and seaside birds than tradi-

tional chemical dispersants [56]. 

6.2.5. Eco-Friendly Herbicides 

D-limonene is the active ingredient in non-selective organic 

herbicides, in the agricultural sector (e.g., "Avenger Weed 

Killer"). 

Application: It is sprayed on weeds to strip away their pro-

tective wax, causing them to dry out and die within hours [57]. 

Environmental Benefit: It allows for "fire context" wild 

grass control without leaving chemical waste that harm bene-

ficial soil microbes or pollinators like bees. 

7. Conclusions 

D-limonene is considered to be a chemical with moderately 

low toxicity. Studies have determined d-limonene does not 

constitute a mutagenic, carcinogenic, or nephrotoxic risk to 

humans. D-limonene dissolve cholesterol-containing gall-

stones as a clinically used, improvement of peristalsis, and It 

has also been used for relief of heartburn/GERD, because of 

its gastric acid neutralizing effect. D-limonene has well-estab-

lished chemopreventive activity against many types of cancers. 

Evidence from a phase I clinical trial shows a partial response 

in a patient with breast cancer and stable disease for more than 

six months in three patients with colorectal cancer. 

Abbreviations 

EP Efflux Pump 

EPS Expanded Polystyrene 
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MIC Minimum Inhibitory Concentration 
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