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Abstract

:

A comparison between the classical gas chromatography (GC) technique with supercritical fluid chromatography (SFC) technology was performed using an essential oil of Citrus limon (lemon) as a model, considering its wide use in the cosmetic world. For the qualitative part, the signal annotation was achieved by mass spectrometry using either an electron ionization (EI) or an atmospheric pressure photoionization (APPI) source. For the quantitative part, GC was hyphenated to a flame ionization detector (GC-FID) and SFC to an ultraviolet detector (SFC-UV). The assay of the major component of citrus oil, i.e., limonene, was carried out by SFC-UV. The similar results obtained between GC-FID and SFC-UV allows SFC-UV to be considered as an alternative to GC-FID for Citrus oil characterization. Then, analyses of an essential oil collection from Citrus fruits were achieved to confirm the potential use of SFC-UV for oil classification in the context of quality control of raw materials in cosmetics.
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1. Introduction


In a context where consumers are claiming natural and environmentally friendly products, the chemical industry must adapt and move towards greener technologies, whether in manufacturing or analysis. Gas chromatography (GC) coupled with mass spectrometry (MS) is currently the most popular and efficient technique for the analysis of the volatile part of essential oils (EOs), which are of major interest in perfumery [1]. In this study, we evaluated the analytical performance of the SFC-UV on essential oils in order to compare it to this reference method. Essential oils are mainly constituted of terpenoids, including monoterpenes (e.g., α-pinene, β-pinene, and limonene), oxygenated monoterpenes (e.g., neral and geranial), and sesquitepernes (e.g., bisabolene, caryophyllene). These compound classes are highly abundant in Citrus essential oils [2], whose market size was estimated to be USD 6.31 billion in 2018 [3].



EOs of the Citrus genus are contained in the epicarp of the plant, and their composition is of high importance for their olfactory quality. Citrus limon (lemon) is one of the most exploited fruits for EO, with a market valued at USD 1.14 billion in 2021. Lemon EO is known to be lipolytic, antiseptic and cleansing, and nerve calming. It also aids with digestion and regulates circulation. Citrus reticulata (mandarin) EO is known to show calming, relaxing, antispasmodic, circulatory, slightly antiseptic, and anti-fungal effects. Citrus sinensis L. (sweet orange) EO is expected to help calm nervousness, anxiety, and insomnia. Citrus paradisi (grapefruit) EO may balance mood, decrease blood pressure, and relieve stress, and exhibits antibacterial and antimicrobial properties. Finally Citrus bergamia (bergamot) EO may show calming and purifying properties. All these EOs are mainly composed of limonene, up to 90%, and modern analytical approaches are required to distinguish them for batch control, for example. The traditional way to extract Citrus EOs is by cold pressing using the fruit peels. It is one of the most widely used olfactory families in perfumery. Citrus fruits are at the origin of “Eaux de Cologne” [4], including first “Eau de Cologne”, made by Roger & Gallet, dating back to 1806. Of course, Citrus fragrances often include more than one Citrus fruit, as in Hermès’ “L’Eau des Merveilles”, or in Lancôme’s “Ô de Lancôme”, where the top notes combine lemon, petitgrain, bergamot, and mandarin [5,6]. Therefore, EOs of the Citrus genus seem to be suitable as representative models for developing and validating new analytical approaches.



A large number of analytical techniques to characterize the composition of Citrus essential oils were introduced in the literature, including GC-MS [2,7], high performance liquid chromatography coupled to UV detection or mass spectrometry (HPLC-UV and MS) [8], two-dimensional gas chromatography (GCxGC) [9], or spectroscopy such as infrared (IR) [10]. However, the reports of Citrus EO analysis by supercritical fluid chromatography (SFC) are still scarce [11,12], using UV or mass spectrometry detectors and mainly related to non-volatile polar compounds. The objective of this study is thus to compare the analytical performances of a gold-standard technology (used in NF ISO 855), i.e., gas chromatography (GC-FID), with that of packed-column SFC-UV. GC employs helium, a carrier gas derived from drilling, whose extraction has a significant risk of supply disruption [13]. Nitrogen and hydrogen could be used as carrier gases too [14]. Nitrogen is seen as a slow gas, and is often overlooked as an alternative to helium, even if its use would be perfectly valid in a number of GC analyses. However, if the chromatographic resolution is enough, it is possible to run samples at a higher average linear velocity. This means sacrificing theoretical plates number, which in practical terms means broadened peaks. On the other hand, hydrogen is more efficient than helium at higher linear velocities but is flammable, limiting its use in some applications. On the contrary, SFC uses CO2, i.e., a co-product of a gasifier and bio-ethanol production, as a supercritical or sub-critical fluid. This pseudo-state, which is intermediate between liquid and gas, provides interesting physical properties and does not require complex operating conditions (critical pressure at 74 bar and critical temperature at 32 °C). Moreover, CO2 is a co-product of industrial plants, odourless, colourless, inert, and exhibits a low toxicity [15]. SFC instruments first appeared in the 1960s [16] but have only been developed in academic laboratories for research. In the last 10 years, manufacturers have invested in the development of reliable and robust devices, suggesting that this technology will be rapidly adopted in the industrial field, offering alternatives to classical GC and LC instruments [17,18,19].



Although greener and less energy intensive, SFC will only be attractive if its analytical performance is equivalent to, or better than, conventional technologies [20]. Demonstrating this equivalence of results will be the main goal of this study, following our previous work on the analysis of volatile compounds of Jasminum grandiflorum by SFC-MS [21]. As far as we know, a comparison of conventional GC-FID with SFC-UV for essential oil characterization has never been performed and will open the way to the adoption of SFC-UV for routine analysis in the field of cosmetics and agro-industry, including quality control and product falsification.



In 2020, Fujito et al. have demonstrated the ability to separate volatile compounds such as α-pinene, limonene, and citral using a styrene-divinyl benzene (SDVB) polymer-based column in SFC mode [22]. The resolution observed on the chromatograms between pinene (k’ = 2.3), citral (k’ = 3.5), and limonene (k’ = 3.2) was quite low. The two stereoisomers of citral are well-separated but not identified. This last point is crucial when using a popular and low-cost detector with a low specificity such as a UV detector. In this work, improving the separation of these volatile compounds, and identifying the stereoisomers of citral (geranial is trans-isomer and neral is cis-isomer), will be an additional challenge. Qualitative and quantitative data will be introduced and illustrated by the analysis of real matrices from an EO collection.




2. Materials and Methods


2.1. Samples


The essential oils of different species of Citrus genus (Italian lemon essential oil, Italian yellow mandarin essential oil, Brazil orange essential oil, and Florida grapefruit essential oil) were gifts of Albert Vieille (Vallauris, France). Italian bergamot was purchased from Payan Bertrand (Paris, France). All these essential oils were obtained using a cold pressed process. For qualification, all samples were diluted at 1/10 (v/v) in ethanol prior to SFC analysis, and at 2/100 (v/v) in ethanol for GC-MS. Analyses were performed in triplicate. For identification and quantification, R-limonene (reference W263303 and batch MKCH4505) and S-limonene (reference W504505) were purchased from Sigma-Aldrich (Merck, Whitehouse Station, NJ, USA). For identification, α-pinene W290203, p-cymene C121452, sabinene W530597, and caryophyllene W225207 were bought from Sigma-Aldrich (Merck, Whitehouse Station, NJ, USA), and β-pinene, γ-terpinene were acquired from PRODASYNTH (Grasse, France). Natural citral SCITR0001 was obtained from MPE (Trappes, France). Bisabolene 2751503 was bought at Givaudan (Paris, France).




2.2. GC-MS Analysis


The chemical composition of Citrus limon essential oil was determined by GC-MS analysis. Liquid injection was performed with a CTC autosampler installed on a GC 6890 (Agilent Technologies, Santa Clara, CA, USA) coupled to a simple quadrupole mass spectrometer 5973N (Agilent Technologies, Santa Clara, CA, USA). The injection volume was set at 1 µL using a split ratio of 100:1. The following parameters were used for GC-MS analyses: injector temperature 230 °C, column SUPELCOWAX® 10 (30 m × 0.25 mm, 0.25 µm film thickness) from Supelco (Merck, Kenilworth, NJ, USA); temperature from 75 °C to 100 °C at 5°C/min then from 100 °C to 220 °C at 6 °C/min; helium as carrier gas at a flow rate of 1 mL/min. Electron ionization (EI) mass spectra were recorded at 70 eV in the positive ion mode. The transfer line and the ion source were set at 250 °C. Mass spectra were scanned in the range m/z 30–400. Compound identification was carried out by comparison of experimental EI mass spectra and libraries (HPCH2205 (Adams, 2007), own ISIPCA library, and NIST11 Mass spectral library (2011)). Validation criteria for molecule identification were a spectral match factor of at least 80%, and RI in ascending order according to the values of the literature.




2.3. GC-FID Analysis


Liquid injection was performed with an AOC-20i autosampler installed on a GC-2010 (Shimadzu, Kyoto, Japan). Detection was carried out using a flame ionization detector (FID). The injection volume was set at 0.1 µL using a split ratio of 100:1. The following parameters were used for analyses: injector temperature 230 °C; column SUPELCOWAX® 10 (30 m × 0.25 mm, 0.25 µm film thickness); temperature from 75 °C to 100 °C at 5 °C/min then from 100 °C to 220 °C at 6 °C/min; helium as carrier gas at a flow rate of 1 mL/min. FID temperature was set at 260 °C.




2.4. SFC-UV Analysis


SFC-UV experiments were performed on a 1260 Infinity Analytical System (Agilent Technologies, Santa Clara, CA, USA) consisting of a SFC binary pump, a degasser, a SFC autosampler with a 5 μL loop, an Aurora SFC Fusion™ A5 module, and a column oven compartment. Detection was performed using a diode array detector (DAD) at a fixed wavelength of 220 nm. Instrument control and data collection were carried out using Mass Hunter Workstation software (B.08.00, Agilent Technologies, Santa Clara, CA, USA).




2.5. SFC-QTOF Analysis


SFC-High Resolution MS experiments were performed by coupling the SFC instrument to a hybrid quadrupole time-of-flight (QTOF) mass spectrometer (Q-TOF 6540 series, Agilent Technologies, USA) hyphenated with an Atmospheric Pressure Photoionization (APPI) source. Acquisitions were done with a mass resolution better than 20,000 at m/z 922. The final operating source conditions for MS scan in APPI mode were as follows: the fragmentor voltage at 175 V, the capillary at 2000 V for positive mode, the skimmer at 65 V, nitrogen was used as the drying (300 °C, 8 L/min) and nebulizing gas (35 psi). Before analysis internal calibration was carried out using APPI tuning mix (Agilent Technologies, USA). The lock masses used for analysis were at m/z 121.0508 (purine) and m/z 922.0097 (Hexakis (1H, 1H, 3H-perfluoropropoxy) phosphazene). Instrument control and data collection were carried out using MassHunter Workstation software (B06.01, Agilent Technologies, USA).




2.6. Final SFC Chromatographic Conditions


Two columns in series were used for chromatography, i.e., a Hypercarb® (150 mm × 4.6 mm, 5 µm, Thermo Scientific, Waltham, MA, USA) and a Poly-(butylene terephthalate) DCpack PBT (150 mm × 4.6 mm,5 µm, DAICEL Corporation, Osaka, Japan). The mobile phase consisting of CO2 (A) and methanol (B) was introduced at a flow rate of 1.5 mL/min according to the following gradient: 0.0–3.0 min (0% B), 3.0–16.0 min (0–10% B), 16.0–17.0 min (10–0% B) and 17.0–19.0 min (0% B). The column temperature was kept at 60 °C and the back pressure was fixed at 90 bar.




2.7. Calibration Curves


The calibration curves, as well as the linear regression, were calculated with the ORIGIN 2015 software (Northampton, MA, USA).





3. Results and Discussion


3.1. Qualitative Analysis


3.1.1. Gas Chromatography


Given the variability in chemical composition of essential oils depending on the season, the origin and the extraction method, a lemon essential oil from Italy obtained by cold pressing was analyzed by GC as a reference method for separation of volatile compounds. A GC-MS analysis (Figure S1) was carried out in order to identify the major compounds followed by a GC-FID analysis for a semi-quantitative approach (Figure S2). GC-MS chromatogram of the peel oil extract of Citrus limon (L.) displayed 19 identified peaks (Table 1) according to their MS spectrum and the retention index. The results, including the orders of elution as well as the relative peak areas, are in accordance with the NF ISO 855 standard [23] where eleven compounds guarantee the quality of this essential oil, its origin and method of production. For example, relative concentrations of the major compounds limonene 67% (60–68%), γ-terpinene 9.5% (8–12%), and β-pinene 15.6% (10–16.5%) are all in the ranges related to the oil’s Italian origin [23].




3.1.2. Supercritical Fluid Chromatography


Concerning the development of the analytical method by SFC-MS, the HypercarbTM stationary phase was first selected according to its potential to separate up to 22 chemical compounds structurally closed to the ones present in the Citrus essential oils, including terpenes from Jasminum grandiflorum absolute [21]. Nevertheless, this method did not show good efficiency in separating positional isomers such as α- and β-pinenes present in lemon essential oil, associated with fresh camphor, sweet pine, earthy, woody, and dry woody resinous pine hay green odors, respectively. According to the fact that a first screening with 11 orthogonal stationary phases [25] was previously performed without reaching that goal [26], a stationary phase newly developed by Daicel and compatible with supercritical CO2 was tested. This particular material is based on polybutylene terephthalate (PBT) coated on 5 µm or 3 µm silica particles and has already shown good performance for the separation of structural or positional isomers including cannabinoids, polyaromatic hydrocarbons (PAHs), and terphenyl isomers [26]. According to the structure of this polymeric stationary phase, interactions between phtalate and the double bound of pinene is expected through dipole-dipole and Pi-double bound interactions. Therefore, depending on the chemical environment of the double bound and its steric hindrance, α- and β-pinenes are expected to be separated on PBT stationary phase. On-line coupling of Hypercarb® and PBT columns led to the separation of positional isomers of pinenes when using a generic CO2/methanol gradient (Figure 1).



The chromatographic profile of lemon essential oil previously analyzed by GC-MS and GC-FID exhibits twelve peaks using the newly developed SFC-UV method (Table 2). Qualitatively, the major compounds of lemon essential oil were all detected. Nevertheless, the relative areas are significantly different from the ones obtained by GC-FID because each chemical compound exhibits a different molar attenuation coefficient when performing UV detection at a specific wavelength. The retention factors obtained using our SFC-UV method demonstrate a better separation of α-pinene, limonene, and citral compared to the work of Fujito et al. [22]. In fact, a k’ value of 2.3 compared to 1.8 for the previous work was obtained for α-pinene, a k’ value of 3.2 against 3.0 for limonene, and a value of 3.5 against 4.1 for citral.



Standards such as limonene, α-pinene, β-pinene, sabinene, p-cymene, γ-terpinene, citral (neral/geranial) stereoisomers, bisabolene, and caryophyllene were injected to determine their respective retention times and to allow chromatogram annotation. In order to improve the annotation confidence, SFC was coupled to a high-resolution mass spectrometer for the determination of molecular formula. An atmospheric pressure photoionization source (APPI) was chosen as it is well suited for the ionization of apolar compounds [27,28,29,30]. By extracting an ion chromatogram (Figure 2) at theoretical m/z values for radical cation or protonated limonene, pinenes, and citral stereoisomers, it is possible to correlate ion and UV signals to validate the presence of the different chemical families. Signals at m/z 136.1599, corresponding to radical cation [M]• + of monoterpenes, allowed us to confirm the presence of α- and β-pinenes and limonene. Oxygenated monoterpenes were detected at m/z 153.1645 ([M + H]+), confirming the presence of two peaks for citral, i.e., neral and geranial. It must be noted that some minor oxygenated monoterpenes are co-eluted with limonene. These signals can be related to the natural aging of the essential oil, but also to the fast oxidation process of these fragile and reactive compounds in the heated ion source at atmospheric pressure. Finally, sesquiterpenes were detected at m/z 204.2306 ([M]•+) leading to the detection of three distinct peaks. Two of them were identified as bisabolene and caryophyllene after the standard injection but the three others were not identified yet.





3.2. Quantitative Analysis


Taking into account the peak areas in SFC-UV, the relative content of limonene (27.54 ± 3.75%) is significantly different from the one obtained by GC-FID (66.72 ± 0.13%). This major discrepancy is directly related to the response factors of the molecules towards the different detectors. Indeed, for FID measurements, a correction using predictive relative response factors for the rapid quantification of volatile compounds was applied [31] whereas extinction coefficients used in SFC-UV need to take into account the conversion of absorbance to concentration (Beer–Lambert law). For that purpose, the extinction coefficient of the major compound, i.e., limonene, was calculated from calibration curves. These results are given in Table 3.



Neither SFC nor GC allow us to separate the enantiomers of limonene under the conditions of the study. Moreover, the literature indicated that the enantiomeric excess of R-limonene is between 97.1 and 97.4%. [32] This is why we have chosen to perform the calibration curves with this isomer.



Calibration curves were calculated under optimized GC-FID (Figure S3) and SFC-UV (Figure S4) chromatographic conditions to quantify the limonene content. Limits of detection (LOD) were calculated based on the standard deviation of the response (Sa) of the calibration curve, intercept value (a) and the slope of the calibration curve (b) according to the formula: LOD = (a + 3 Sa)/b. The standard deviation of the response was determined based on the standard deviation of y-intercepts of regression lines. For the limits of quantification (LOQ), the formula used was: LOQ = (a + 10 Sa)/b (Table 3). Good linearity was obtained for both methods as confirmed by the determination coefficient R2, better than 0.994.



Determination of the limonene concentrations using the calibration curves was performed using both chromatographic methods. The final concentration obtained by SFC-UV was 68.19 ± 1.57 g/100 g, in good agreement with that obtained by GC-FID 64.40 ± 2.99 g/100 g. Coefficients of variation (CV) values were below 5%, demonstrating a good intraday repeatability of both methods.



To evaluate the newly developed method for exploring the chemical diversity of an essential oil collection, four other essential oils from the Citrus genus, i.e., yellow mandarin (Citrus reticulata), orange (Citrus sinensis (L.)), bergamot (Citrus bergamia) and grapefruit (Citrus × paradisi), were analyzed by SFC-UV. Chromatograms of the investigated samples (Figure 3) showed that profiles are significantly different, allowing a fast quality control to validate the composition, for example. After creation of a specific database, quality control of different batches could thus be performed in an efficient manner and with a limited quantity of material (few microliters of pure essential oils).





4. Conclusions


In this work we were able to compare the analytical performances of SFC-UV and GC-FID. The assay of the major component of lemon oil, limonene, was performed. The results obtained are close, indeed in SFC-UV one obtains 68.19 ± 1.57 g/100 g, which is completely consistent with what is obtained in GC-FID: 64.40 ± 2.99 g/100 g. The GC-FID presents nevertheless the advantage of being able to carry out a semi-quantification related to the use of the FID detector. The use of the UV detector in SFC would require the calculation of the molar absorption coefficients in the elution solvent. This has not been carried out at present but may be considered in the future.



In terms of the detection limit, the two methods are close. For the SFC-UV the value obtained is 0.020 g/100 g and for the GC-FID the value is 0.029 g/100 g. Concerning the limits of quantification, the SFC-UV is slightly better with a value of 0.055 g/100 g against 0.108 g/100 g for the GC-FID. This advantage of SFC-UV over GC-MS could be of interest when dealing with trace analysis in product adulterations.



Moreover, the capacity of SFC to separate citral isomers, i.e., geranial (strong lemon odor) and neral (sweet lemon odor), showing slightly different organoleptic properties compared to conventional GC is a major advantage for applications in cosmetics.



We demonstrated that SFC-UV can be an interesting alternative to GC-FID for the characterization of essential oils and their reliable classification. Even if the environmental impact of helium is not proven, it is a non-renewable resource, and its natural reserves are becoming increasingly scarce. This leads to the search for alternative carrier gases such as nitrogen or hydrogen. CO2 represents a complementary possibility to this search for a substitute. For all these reasons, the SFC-UV (-MS) can be recommended for quality control departments in the perfume and flavor industry and other industrial fields.
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Figure 1. Comparison of α-pinene and β-pinene separation using CO2 (A) and methanol (B) mobile phase, flow rate of 1.5 mL/min, gradient mode: 0.0–3.0 min (0% B), 3.0–16.0 min (0–10% B), 16.0–17.0 min (10–0% B) and 17.0–19.0 min (0% B): (a) Two columns in series a Hypercarb® (150 mm × 4.6 mm, 5 µm) and a Poly-(butylene terephthalate) DCpack PBT(150 mm × 4.6 mm, 5 µm), DAICEL Corporation (Osaka, Japan). (b,c) standards of α-pinene and β-pinene only using a Hypercarb® (150 mm × 4.6 mm, 5 µm). 
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Figure 2. Overlay of EIC chromatograms: (black line) m/z 136.1599 for monoterpenes, (red line) m/z 153.1645 for oxygenated monoterpenes, (blue line) m/z 204.2306 for sesquiterpenes. 
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Figure 3. Comparison of chromatographic profiles of bergamot, mandarin, orange, grapefruit and lemon essential oils obtained by SFC-UV. Chromatographic conditions: CO2 (A) and methanol (B) mobile phase, flow rate of 1.5 mL/min, gradient mode: 0.0–3.0 min (0% B), 3.0–16.0 min (0–10% B), 16.0–17.0 min (10–0% B) and 17.0–19.0 min (0% B): (grey line). Two columns in series: Hypercarb® (150 mm × 4.6 mm, 5 µm) and Poly-(butylene terephthalate) DCpack PBT(150 mm × 4.6 mm, 5 µm). Identified peaks (1) α-pinene, (2) β-pinene, (3) γ-terpinene, (4) limonene, (5, 6) citral. 
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Table 1. Chemical compositions (area %) of lemon essential oil using GC-FID data, relative measure of the dispersion of data around the mean (CV%) calculated using ratio of the standard deviation to the mean, predictive response factors for gas chromatography with flame ionization detection RRF (relative response factor), corrected FID area percentage using RRF [24].
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	Retention Time (min)
	Compound
	Retention Index
	FID Average Area%
	Standard Deviation
	CV%
	RRF
	FID Average Area% Corrected Using RRF





	3.82
	α-Pinene
	1032
	2.26
	0.039
	1.71
	0.765
	2.25



	4.19
	Camphene
	1075
	ND
	NA
	
	0.765
	0.00



	4.60
	β-Pinene
	1116
	15.59
	0.242
	1.55
	0.765
	15.51



	4.70
	Sabinene
	1123
	ND
	NA
	
	0.765
	0.00



	5.08
	Myrcene
	1145
	1.07
	0.045
	4.24
	0.765
	1.07



	/
	Unidentified
	Not applicable
	0.09
	0.024
	27.32
	1
	0.11



	5.69
	Limonene
	1178
	67.06
	0.137
	0.20
	0.765
	66.72



	5.84
	β-phellandrene
	1209
	0.05
	0.005
	10.16
	0.765
	0.05



	6.34
	γ-terpinene
	1238
	9.46
	0.026
	0.27
	0.765
	9.41



	6.77
	p-cymene
	1261
	0.31
	0.007
	2.35
	0.698
	0.28



	6.94
	Terpinolene
	1276
	0.36
	0.004
	1.07
	0.765
	0.36



	10.50
	Citronellal
	1488
	0.05
	0.001
	2.85
	0.869
	0.06



	/
	Unidentified
	Not applicable
	0.03
	0.027
	91.16
	1
	0.04



	11.63
	Linalol
	1537
	0.15
	0.020
	13.10
	0.887
	0.17



	12.44
	α-E-bergamotene
	1584
	0.32
	0.038
	12.04
	0.751
	0.31



	12.81
	E-caryophyllene
	1594
	0.20
	0.030
	14.93
	0.751
	0.200



	14.43
	Neral
	1667
	0.49
	0.006
	1.29
	0.887
	0.56



	14.59
	α-terpineol
	1688
	0.20
	0.001
	0.69
	0.869
	0.22



	/
	Unidentified
	Not applicable
	0.37
	0.033
	8.74
	1
	0.49



	15.05
	β-bisabolene
	1714
	0.52
	0.056
	10.82
	0.751
	0.51



	15.33
	Geranial
	1715
	1.06
	0.065
	6.09
	0.887
	1.23



	/
	Unidentified
	Not applicable
	0.06
	0.003
	5.84
	1
	0.08



	15.58
	Geranyl acetate
	1711
	0.30
	0.007
	2.48
	0.957
	0.38
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Table 2. Chemical compositions (area %) of lemon essential oil using SFC-UV data. Two columns in series were used for chromatography, i.e., a Hypercarb® (150 mm × 4.6 mm × 5 µm, Thermo Scientific, Waltham, Massachusetts, USA) and a Poly-(butylene terephthalate) DCpack PBT (150 mm × 4.6 mm × 5 µm, DAICEL Corporation, Osaka, Japan). UV Detection was performed at a fixed wavelength of 220 nm.
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	RT (min)
	Compound
	Absolute Area
	Retention Factor k’





	6.89
	α−pinene (C10H16)
	239.15
	1.8



	7.46
	β−pinene (C10H16)
	834.15
	2.0



	7.84
	sabinene (C10H16)
	500.30
	2.1



	10.49
	γ-terpinene (C10H16)
	1944.30
	2.8



	10.98
	Unidentified
	452.51
	/



	11.18
	limonene (C10H16)
	1884.73
	3.0



	11.41
	Unidentified
	79.89
	/



	14.66
	neral (C10H16O)
	609.48
	4.1



	15.48
	bisabolene (C15H24)
	24.02
	4.4



	15.87
	caryophyllene (C15H24)
	33.08
	4.5



	16.38
	geranial (C10H16O)
	1029.02
	4.7



	16.98
	C15H24
	32.20
	4.8
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Table 3. Regression line equation, correlation coefficients (R2), and limits of detection (LOD) and of quantification (LOQ) for limonene. Concentration range for was between 4.85 and 0.15 g/100 g for both GC-FID and SFC-UV.
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	Method
	Regression Line Equation
	R2
	LOD (%)
	LOQ (%)





	GC-FID
	y = 2276794x − 10504
	0.994
	0.029
	0.108



	SFC-UV
	y = 329.76x − 6.65
	0.998
	0.020
	0.055
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