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ABSTRACT 

	Citrus essential oils represent an important socio-economic resource due to their wide range of applications. This study investigated the physicochemical properties and antifungal activity of orange (Citrus sinensis) and lime (Citrus aurantifolia) essential oils (EO). Essential oils were obtained by hydrodistillation of fruit peels, and physicochemical parameters including acid value, ester value, refractive index, and density were determined in accordance with ISO standards. Antifungal activity was evaluated against Aspergillus flavus and Aspergillus parasiticus using a broth microdilution assay to determine minimum inhibitory concentrations (MICs) and minimum fungicidal concentrations (MFCs). Each assay was performed in triplicate. Statistical analyses were performed using GraphPad Prism 5 software. Extraction yields were 0.90% for orange and 1.22% for lime. Citrus sinensis EO exhibited a low relative density (0.835), a refractive index of 1.467, a low acid value (2 mg KOH/g), and an ester value of 25 mg KOH/g. In contrast, Citrus aurantifolia EO was characterized by a slightly higher relative density (0.861), a lower refractive index (1.3949), a markedly higher acid value (11.11 mg KOH/g), and a higher ester value (30.05 mg KOH/g). The essential oil of C. aurantifolia demonstrated pronounced antifungal activity against A. flavus (MIC = 20 µL mL⁻¹; MFC = 25 µL mL⁻¹).
These findings indicate that citrus essential oils possess acceptable quality attributes and significant antifungal potential, highlighting their promising prospects for valorization across diverse industrial sectors. They could be valorized in food preservation due to their antifungal properties. They may also be incorporated into the development of cosmetic formulations.
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1. INTRODUCTION 
Citrus fruits are among the most widely cultivated fruits worldwide and play a major role in the agro-industrial sector (Satari & Karimi, 2018). Citrus production in Burkina Faso has experienced significant growth in recent years, reaching 43,009 tons in 2016, with projections of 50,741 tons by 2022, corresponding to an increase of approximately 15% within half a decade. This production is mainly dominated by orange (44,463 t), tangelo (4,758 t), and lemon (1,230 t) (PDCFL, 2017). Residues from citrus fruits (peels, pulp, and downgraded fruits), which represent 40 to 60% of the total fruit mass, are rarely valorized (Olmedo-Galarza et al., 2025). Their accumulation in the environment contributes to pollution and unsanitary conditions in production areas and local markets (Cinardi et al., 2025; Sharma et al., 2022). It is therefore essential to develop strategies to transform these by-products into high-value resources. The extraction of essential oils (EOs) from citrus peels and zest represents a promising and environmentally responsible solution. These essential oils are widely used as flavoring agents and fragrances and have been tested for their effectiveness as antimicrobial, biopesticidal, and anti-inflammatory agents (Kademi & Garba, 2017; Mercy et al., 2024). Viuda-Martos et al. (2008) evaluated the effects of citrus essential oils on fungi associated with food spoilage and concluded that orange oil was effective against Aspergillus niger, mandarin oil against Aspergillus flavus, while grapefruit oil was the best inhibitor of Penicillium chrysogenum and Penicillium verrucosum. Other authors have also recommended the use of C. sinensis peel oil as a natural food preservative or as an effective treatment against a variety of pathogenic organisms due to its antimicrobial potential (Manzur et al., 2023).
This study aims to contribute to the valorization of citrus waste in Burkina Faso by evaluating the physicochemical and biological properties of their essential oils.
2. material and methods 
2.1. Plant material  
The plant material used in this study consisted of peels from orange (Citrus sinensis) and lime (Citrus aurantifolia). Fruits were collected from citrus growers located on the outskirts of Ouagadougou (Burkina Faso) and were subsequently subjected to thorough cleaning. 
2.2. Fungal material  
Aspergillus flavus (OL907105) and Aspergillus parasiticus (OL907106), obtained from the culture collection of the University of Western Brittany (Brest, France), were used in the present study.
2.3.  Extraction of essential oils  
The fruit peels were obtained by manual peeling and immediately subjected to distillation. Essential oils were extracted by hydrodistillation using a laboratory still with a capacity of 20 liters. For each type of citrus fruit, 4.8 kg of peels were collected and introduced into the still. The plant material was then immersed in water and boiled for three hours. At the end of the distillation process, the essential oils were collected, dried over anhydrous sodium sulfate, and stored in amber vials at 4°C to preserve their properties. The essential oil yield was calculated according to the following equation: YEO = MEO/Mp×100, YEO:  essential oil yield (%), MEO: mass of essential oil (g), Mp: mass of peels (g)
2.4. Determination of physicochemical parameters
2.4.1 Acid Value 
The acid value was determined according to ISO 1242:1999 (F). A test portion of each essential oil was weighed and dissolved in 95% ethanol previously neutralized with potassium hydroxide (KOH). Three drops of phenolphthalein were added, and the solution was titrated with a volume (V) of 0.1 N KOH until the endpoint was reached. The acid value (AV) was calculated using the following equation: AV = (V × C × 56.11) / m, V = volume of KOH solution used for titration (mL), C= exact concentration of the KOH solution (mol/L), m= mass of the essential oil (g), and 56.11 g/mol = molecular weight of KOH.
2.4.2 Ester value 
The ester value was determined according to ISO 709:2001 (F). The final solutions obtained after the determination of the acid value were used for this analysis, with a blank test performed in parallel under identical conditions. A volume of 25 mL of 0.5 N KOH solution was added to each flask containing the essential oil samples and to the blank flask. The samples were boiled for 30 minutes on a hot plate, cooled, and then supplemented with 20 mL of water and five drops of phenolphthalein solution. The excess KOH was titrated with 0.5 N hydrochloric acid solution, and the disappearance of the pink coloration indicated the endpoint. The ester value (EV) was calculated using the following equation: EV = (28.05 × (V₀ − V)) / m, V= volume of HCl used for titration (mL), V₀ = volume of HCl used for the blank test (mL), m = mass of the test portion (g), and 28.05 = molar mass of KOH divided by 2 (acid–base equivalence).
2.4.3 Refractive index 
The refractive index was determined according to ISO 280:1998 (EN). Measurements were performed using a Metria RSD500 digital refractometer. Four to five drops of essential oil were deposited onto the prism with a pipette, ensuring uniform coverage. The refractive index was read directly from the digital display. Calibration was performed prior to each measurement series using distilled water (refractive index 1.3330 at 20 °C).
2.4.4 Relative density 
Relative density was determined in accordance with ISO 279:1998 (F). The pycnometer was cleaned, dried, and weighed to obtain its empty mass (M₀). It was then filled with distilled water at 20 °C, and the mass (M₁) was recorded. For each sample, the mass of the pycnometer filled with essential oil (M₂) was measured. Relative density (d) was calculated using the following equation: d=(M2-M0) /(M1-M0), M0= mass of the empty pycnometer (g), M1= mass of the pycnometer filled with water (g), M2= mass of the pycnometer filled with essential oil (g).


2.5 Evaluation of the antifungal activity of essential oils
Spore suspensions were prepared using the cell-counting technique with a Mallassez chamber. Each suspension was adjusted to 1×106 conidia/mL by diluting the initial suspensions (Dachoupakan et al., 2009). The percentage of inhibition was assessed using the direct contact method, with slight modifications (Elgat et al., 2020). Test tubes containing 20 mL of Difco™ Potato Dextrose Agar, sterilized by autoclaving (15 min at 121°C) and cooled to 45 °C, were aseptically supplemented with essential oil at concentrations of 12.5, 25, and 50 µL mL⁻¹. The mixture was homogenized and poured into Petri dishes. Subsequently, 5 µL of the previously prepared spore suspension was deposited at the center of each plate. Controls consisting of culture medium and fungal suspension without essential oil were prepared in parallel under identical conditions. After incubation at 25°C for 14 days, the mean diameter of fungal colonies was measured in two perpendicular directions. The percentage of inhibition (PI) was calculated using the following formula:  PI (%) =(D-Di) /D×100, D= diameter of mycelial growth in the control (without essential oil), Di= diameter of mycelial growth in the presence of essential oil. The Minimum Inhibitory Concentrations (MICs) of the essential oils were determined using the broth microdilution method described by CLSI (2008), with increasing concentrations (5 to 50 µL mL⁻¹). The MIC was recorded as the lowest concentration of the EO at which the microorganism tested did not demonstrate visible growth in the broth. 100 μL from the wells without visible fungus growth was subcultured on Potato Dextrose Agar in Petri dishes to determine EO's minimum fungicidal concentration (MFC). The lowest oil concentration at which no revival of fungal growth occurs was considered the MFC. Negative controls containing broth supplemented with 10% DMSO were prepared under the same conditions. Each assay was performed in triplicate.
2.6. Statistical analyses
Experimental data was processed using GraphPad Prism 5.0 Software (GraphPad Software, San Diego, CA, USA). Results are expressed as mean ± standard deviation (n = 3). 
[bookmark: _GoBack]3. results 
3.1 Yield of peel and essential oil
C. sinensis is characterized by a high average fruit mass (179.16 g), producing a substantial amount of peel (44.99 g). Nevertheless, its essential oil yield remains limited (0.90%). In contrast, C. aurantifolia, despite its small size (24.60 g) and low peel proportion (3.95 g), exhibits a higher essential oil yield (1.22%) (Table 1).

Table 1. Yield of peels and essential oils
	[bookmark: _Hlk217301600]Citrus species
	Average fruit mass (g)
	Average peel mass (g)
	Peel percentage (%)
	Essential oil yield (%)

	[bookmark: _Hlk217054602]C. sinensis
	179.16 ± 3.95
	44.99 ± 5.81
	25.11 ± 9.94
	0.90 ± 0.03

	C. aurantifolia
	24.60 ± 1.40
	3.95 ± 0.32
	16.05 ± 0.79
	1.22±0.07



3.2 Physicochemical parameters
The essential oil of C. sinensis exhibited a relative density (0.835) and a refractive index (1.467), both lower than the values recommended by ISO 3140:2019 (Table 2). In contrast, the essential oil of C. aurantifolia showed a relative density of 0.861, which falls within the range defined by ISO 3519/3809, and a refractive index of 1.3949, lower than the value required by the corresponding standard (Table 3). The standards do not specify reference values for the acid value or ester value in either case.

Table 2. Physicochemical parameters of C. sinensis essential oil

	Parameters
	Measured value
	ISO 3140: 2019 reference
	Interpretation

	Relative density (20 °C)
	0.835 ± 0.006
	0.842 ˗ 0.850
	Non-compliant

	Refractive index (20 °C)
	1.467 ± 0.002
	1.470 ˗1.476
	Non-compliant

	Acid value (mg KOH/g)
	2.0 ± 0.21
	Not specified
	–

	Ester value (mg KOH/g)
	25.0 ± 2.6
	Not specified
	–



Table 3. Physicochemical parameters of C. aurantifolia essential oil
	Parameters
	Measured value
	ISO 3519: 3809 reference
	Interpretation

	Relative density (20 °C)
	0.861± 0,018
	0.858 ˗ 0.866
	Compliant

	Refractive index (20 °C)
	1.395 ± 0.002
	1.474 ˗1.477
	Non-compliant

	Acid value (mg KOH/g)
	11.11 ± 0.90
	Not specified
	–

	Ester value (mg KOH/g)
	30.05 ± 3.91
	Not specified
	–


3.3 Antifungal activity of essential oils and their combination
The antifungal activity of the essential oils was evaluated based on the percentage inhibition of mold growth at three concentrations (Table 4), as well as by determining the minimum inhibitory concentrations (MICs) and minimum fungicidal concentrations (MFCs) (Table 5). 
Analysis of the results (Table 4) revealed that fungal growth inhibition was not only dose-dependent but also influenced by the type of essential oil tested. The essential oil of C. aurantifolia completely inhibited (PI = 100%) the growth of A. flavus at a concentration of 25 µL mL⁻¹. Against A. parasiticus, this oil induced inhibition rates of 81.94% and 97.33% at concentrations of 25 and 50 µL mL⁻¹, respectively. In contrast, the essential oil of C. sinensis was less active against both strains. At concentrations of 25 and 50 µL mL⁻¹, inhibition percentages were 72.69% and 94.10% for A. flavus, and 33.05% and 67.81% for A. parasiticus.
The combination of the two essential oils resulted in complete inhibition (PI = 100%) of A. flavus growth and 91.40% inhibition of A. parasiticus growth at 50 µL mL⁻¹. The MICs of the essential oils and their combination ranged between 20 and 45 µL mL⁻¹, with the lowest value (20 µL mL⁻¹) observed for C. aurantifolia against A. flavus. The MFCs were greater than 50 µL mL⁻¹ for all samples, except for C. aurantifolia against A. flavus (Table 5).






Table 4. Percentage inhibition of mold growth by essential oils
	Essential oils
	Concentration (µL mL⁻¹)
	PI (%) of Mycelial Growth Diameter (%)

	C. aurantifolia
	
	A. flavus
	A. parasiticus

	
	12.5
	32.22 ± 1.23
	16.44 ± 2.30

	
	25
	100
	81.94 ± 4.92

	
	50
	100
	97.33 ± 1.60

	C. sinensis
	12.5
	22.44 ± 0.36
	8.77 ± 0.16

	
	25
	72.69 ± 9.10
	33.05 ± 8.72

	
	50
	94.10 ± 0.18
	67.81 ± 0.24

	C. aurantifolia+ C. sinensis
	12.5
	44.28 ± 0.27
	22.61 ± 3.12

	
	25
	88.74 ± 2.40
	74.33 ± 12.97

	
	50
	100
	91.40 ± 2.00

	Negative control (10% DMSO)
	˗
	0.00
	0.00




Table 5. Minimum inhibitory and fungicidal Concentrations of essential oils (µL mL⁻¹)
	Essential oils
	         A. flavus
	     A. parasiticus

	
	MIC 
	MFC 
	MIC 
	MFC 

	C. aurantifolia 
	20
	25
	37.5
	> 50

	C. sinensis 
	45
	> 50
	> 50
	> 50

	C. aurantifolia + C. sinensis
	40
	> 50
	> 50
	> 50



4. DISCUSSION
The results indicate that yields depend on the citrus species. The essential oil yield of C. sinensis obtained in our study (0.9%) is higher than those reported by Muhoho et al. (2014), who obtained 0.06% and 0.05% in Uganda and Rwanda, respectively, but slightly lower than that reported by Yolidje et al. (2024) in Niger (1.14%). These findings highlight the variability of yields depending on the study area. The yield obtained from C. aurantifolia peels (1.22%) in our study is lower than those reported in Nigeria (1.8%) and China (2.3%) (Lin et al., 2019; Awolola et al., 2022). The differences in yield observed within the same species can be attributed to several factors, including the production area of the citrus fruits, climatic conditions, cultivation practices, maturity stage, harvest period, and peel granulometry (Vekiari et al., 2002; Jalgaonkar et al., 2013; Calo et al., 2015).
The determination of density, acid value, refractive index, and ester value constitutes an important means of verifying and controlling the quality of an essential oil.
For C. sinensis, the relative density (d = 0.835) and refractive index (RI = 1.467) were slightly lower than the ranges specified by ISO 3140:2019. These deviations may be attributed to differences in extraction methods (cold expression for the ISO standard and hydrodistillation in the present study) (Baser & Buchbauer, 2016). Ferhat et al. (2016) reported that refractive index and density values are generally lower in essential oils obtained by hydrodistillation compared to cold pressing. This difference could be explained by the predominance of light and volatile compounds extracted under the influence of steam and heat, whereas cold pressing allows the co-extraction of heavier, non-volatile compounds (Bozova et al., 2024). Acid and ester values are not specified by the ISO standard (Table 2). However, a low acid value (AV = 2) may suggest that the oil is only slightly oxidized (Ungo-Kore et al., 2021), while an ester value (EV = 25) indicates a rich aromatic composition suitable for applications in perfumery and aromatherapy (Sharmeen et al., 2021). The acid value of C. sinensis essential oil is highly sensitive to light and temperature and can increase rapidly if these parameters are not controlled (Mahanta et al., 2021). 
The essential oil of C. aurantifolia exhibited a high acid value (AV = 11.11) compared to the ISO 3519/3809 standard. This result may indicate advanced oxidation, reflecting the strong sensitivity of citrus essential oils to air and light (Jain et al., 2020). The ester value (EV = 30.05) is not specified by ISO standards; however, it appears consistent with the AFNOR standard, which ranges between 20 and 40 mg KOH/g. Such a value suggests preservation of the aromatic profile of the essential oil (Yadav, 2021). The low refractive index (RI = 1.3949) measured may signify a modification of the chemical composition of the oil, likely linked to the loss of volatile compounds (Meryem et al., 2023; Aprisza et al., 2025). In contrast, the relative density (d = 0.861) falls within the ISO range, confirming the absence of heavy contaminants or non-volatile solvents. Taken together, these results suggest that the essential oil has undergone moderate chemical degradation, probably related to extraction or storage conditions.
The density and refractive index of C. sinensis essential oil exhibit variations in the literature depending on the geographical regions studied. In Algeria, a density of 0.849 was reported (Ferhat et al., 2016), whereas in Turkey a value of 0.8315 was observed (Bozova et al., 2024). The corresponding refractive indices were 1.474 and 1.4725, respectively. For C. aurantifolia essential oil, Oussou et al. (2017), in a study conducted in Côte d’Ivoire, reported a density of 0.863 and a refractive index of 1.464. These findings highlight the variability of the physicochemical parameters of essential oils, which are strongly influenced by the geographical origin of the samples as well as the extraction conditions (Boughendjioua & Djeddi, 2017; Gölükc et al., 2024). In contrast, the acid and ester indices of these essential oils remain insufficiently documented in the literature.
The antifungal activity results show that the essential oil of C. aurantifolia is particularly effective against A. flavus, with complete inhibition observed at 25 µL mL⁻¹. Similar conclusions were reached by Mansour et al. (2021), who demonstrated that the oils of C. aurantifolia and C. reticulata exhibited strong antifungal activity against Aspergillus species. In contrast, the essential oil of C. sinensis inhibited the growth of A. flavus and A. niger, but with higher MIC values compared to C. aurantifolia (Elgat et al., 2020). These authors attributed the difference in efficacy to chemical composition, noting that C. sinensis oil contains fewer oxygenated compounds, which are often responsible for antifungal activity.
The combination of the two essential oils did not significantly enhance activity against either strain, which contrasts with the findings of Rashid (2024), who reported that mixtures of C. sinensis, C. reticulata, and C. lemon oils exhibited stronger antifungal activity than individual oils. Similarly, Yuan et al. (2024) observed that combinations of essential oils increased efficacy, suggesting additive or synergistic effects. The MIC and MFC values obtained in this study (20–45 µL mL⁻¹ for MICs and > 50 µL mL⁻¹ for MFCs) are comparable to those reported by Allizond et al. (2023) against resistant clinical strains of Aspergillus. These authors showed that MICs generally ranged between 15 and 50 µL mL⁻¹ depending on the oil and strain tested. The strong efficacy of C. aurantifolia against A. flavus (MIC = 20 µL mL⁻¹) confirms that certain citrus essential oils may represent promising natural alternatives to synthetic antifungal agents (Gharzouli et al., 2024).
The mechanism of action of citrus essential oils on molds is not yet well established. However, according to several studies, some major compounds of these oils, such as limonene and citral, may insert into the fungal cell membrane and cause alterations in membrane permeability (Elgat et al., 2020). This disruption leads to a disorganization of membrane lipids and proteins, thereby compromising cellular integrity and inhibiting fungal growth (Rashid, 2024).
5. Conclusion
The peels of C. sinensis and C. aurantifolia yield significant amounts of essential oils. Physicochemical analyses revealed characteristics that differ from established standards but remain broadly consistent with values reported in the literature. The essential oil of C. aurantifolia, as well as the combination of C. aurantifolia and C. sinensis, demonstrated strong antifungal activity against A. flavus and A. parasiticus. This activity was marked by growth inhibition at relatively low concentrations. These findings highlight the potential of the studied citrus species as sources of high-quality essential oils, suitable for valorization in diverse application sectors. Moreover, their exploitation could contribute to reducing the environmental impact associated with managing by-products from citrus processing.
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