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13 Abstract
14 The aim of this study was to evaluate the replacement aspects of conventional methods (petroleum-based solvent and Folch
15 assay) by alternative methods (bio-based and biodegradable solvent 2-methyltetrahydrofuran (MeTHF) and supercritical CO2

16 (SC-CO2)) for seed oil extraction from anise (Pimpinella anisum L.) and fennel (Foeniculum vulgareMill.). Results showed that
17 the highest oil yield of aniseeds was obtained by using Folch (24.07%) andMeTHF (23.65%) extraction methods whereas fennel
18 seeds had 20.02% and 18.72%, respectively. Fatty acid composition of both seed oils obtained by the two green extraction
19 methods was similar to the conventional ones with the predominance of petroselinic acid (54.22–61.25% in fennel and 42.39–
20 48.97% in anise). Besides, SC-CO2 method allowed to obtain the maximum of sterol content in anise (3.85 mg/g of oil) and
21 fennel (4.64 mg/g of oil) seed oils. Furthermore, anise and fennel seed oils extracted with MeTHF method significantly showed
22 higher total phenolic content (2.43 and 1.32 mg GA/g oil, respectively), stronger antioxidant activity (9.23 and 5.04 μmol
23 TEAC/g oil, respectively), and oxidative stability (8.23 and 10.15 h, respectively) than the other methods (p < 0.05). In conclu-
24 sion, MeTHF appeared to be a good substitute to petroleum solvents for recovery of high oil quality from Pimpinella anisum and
25 Foeniculum vulgare seeds.

26 Keywords Pimpinella anisum L. . Foeniculum vulgare Mill. . Conventional methods . Green extraction .

27 2-methyltetrahydrofuran . Supercritical CO2

28

29 Introduction

30 Oil seeds are crucial for the nutritional security of the global
31 population (Abert Vian et al. 2013). They are a source of
32 nutritious human and animal food. Oil is recovered from plant
33 either by mechanical expression or by chemical extraction
34 processes (Akinoso and Adeyanju 2012). The first is often
35 associated with low yields, and the latter uses solvents. Such
36 solvents are dangerous to handle and are harmful to human

37health (Nyam et al. 2011). Frequently, hexane is widely used
38for oil extraction because of easy oil recovery, narrow boiling
39point (63–69 °C), and excellent solubilizing ability (Abert
40Vian et al. 2013). However, it is a noxious waste since it is
41released into the environment and reacts with pollutants to
42form ozone and photo. Moreover, several studies revealed that
43hexane is toxic both in short- and long-term expositions and
44affects the neural system when inhaled by humans (Misirli
45et al. 2008). In addition, the environmental contamination as-
46sociated with its use has placed new demands on the food,
47cosmetic, and pharmaceutical industries to invest in clean
48technologies that could provide high-quality products for the
49highly competitive global market (Nyam et al. 2011). Hence,
50greener technologies are viable alternatives for oil extraction
51and are aimed to develop an environment friendly process
52with the elimination of the use of toxic solvents, the improve-
53ment of process efficiency and enhancement of extraction
54yields in a shorter time with less thermal degradation, and high
55quality of the oil (Virot et al. 2008). Greener solvents like
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56 ethanol, limonene, and 2-methyltetrahydrofuran (MeTHF) are
57 mostly produced from agricultural sources and are greener
58 processing fluids for bioactive compounds extraction and oil
59 separation from oil seeds (Liu and Mamidipally 2005; Breil
60 et al. 2016). In addition, supercritical carbon dioxide extrac-
61 tion is an eco-friendly technique that has been demonstrated to
62 be useful in extracting edible oils from numerous sources
63 (Kulkarni et al. 2017). Recent developments in supercritical
64 carbon dioxide extraction technology have demonstrated that
65 it can be a promising alternative to conventional extraction
66 methods. Hence, supercritical CO2 has been shown to produce
67 extracts with a natural aroma free from chemical alterations
68 induced by heat and water, and without solvent residues and
69 undesirable compounds such as organic and inorganic salt,
70 sugars, amino acids, and tannins (Danh et al. 2013).
71 Fennel (Foeniculum vulgare Mill.) and anise (Pimpinella
72 anisum L.) are important members of the Apiaceae family.
73 Recently, much attention has been focused on these species
74 due to the nutritional and health protective value of their seeds.
75 They are a source of healthy promoting compounds as min-
76 erals, vitamins, phenolic compounds, and volatile oils
77 (Bettaieb Rebey et al. 2018; Miguel et al. 2010). Moreover,
78 they contain a noticeable yield of oils ranging from 11% in
79 anise (Kozłowska et al. 2016; Bettaieb Rebey et al. 2018) to
80 13% in fennel, which are rich on monounsaturated fatty acids
81 including oleic and petroselinic ones. Publications in the liter-
82 ature had reported oil extraction from anise and fennel seeds
83 by organic solvent n-hexane (Bettaieb Rebey et al. 2016,
84 2018) and by SC-CO2 (Simándi et al. 1999; MouraQ3 et al.
85 2005; Shokri et al. 2011). However, there are no data about
86 oil extraction from these two seeds using an agro-solvent as
87 MeTHF.
88 Thus, the aim of the study was to obtain anise and fennel oil
89 usingMeTHF and supercritical carbon dioxide technique. The
90 Soxhlet technique using n-hexane as the solvent and the Folch
91 method were applied to obtain oils that were used for compar-
92 ison purposes. In addition, the oil samples obtained were an-
93 alyzed for their oil yield, fatty acid composition, sterol com-
94 position, antioxidant activity, and oxidative stability.

95 Materials and Methods

96 Plant Material

97 Fennel (Foeniculum vulgare Mill) and anise (Pimpinella
98 anisum L.) seeds were harvested in June 2016, from Korba
99 region in the northeastern part of Tunisia; latitude 36340
100 38.22″ (N); longitude 10510 29.63″ (E) and the altitude is
101 637 m. The precipitation average was 400–500 mm/year and
102 the monthly average temperature was 17.7 ± 2 °C. Plants were
103 identified by the botanist of the Biotechnology Center of Borj-
104 Cedria (CBBC). A voucher specimen was deposited at the

105herbarium of the Laboratory of Bioactive Substances at
106CBBC under the “BC2011-2000” and “BC2011-2002” num-
107bers, respectively, for fennel and anise seeds. Both seeds were
108air-dried at room temperature until constant weight. After dry-
109ing, seeds were placed in dark glass bottles and stored in a
110refrigerator (Fisher Isotemp brand, USA) at 4 °C until use for
111further analysis.

112Seed Oil Extraction

113Soxhlet Extraction

114Harvested seeds were finely grounded with a type A10 blade-
115carbide grinding (Ika-Werk, Staufen, Germany) and 30 g of a
116powdered sample were weighted in a 30 mm× 100 mm cel-
117lulose thimble (Schleicher and Schuele) and were placed in
118the extraction chamber of a 125-mL Soxhlet apparatus (type
119Gerhardt) fitted with a condenser, which was placed on a
120500-mL distillation flask containing 250 mL of the solvent.
121Samples were extracted under reflux with n-hexane and
122MeTHF during 8 h at 85 °C. After extraction, solvents were
123evaporated under reduced pressure, using a rotary evaporator
124(Labobase/Laborota 4000 Heidolph WB/G4-intensive con-
125denser) at 45 °C. The dried residues were weighed and oils
126were aliquoted in vials and stored at 4 °C until analysis. Oil
127content was determined as a percentage of the mass of lipids
128(g) obtained after extraction relative to the weight of dry sam-
129ple (g) used for extraction.

130Folch Method

131Thirty grams of ground powdered plant seeds were extracted
132with 300 mL of a chloroform/methanol (2/1, (v/v)) solution at
133room temperature under shaking for 2 h (Folch et al. 1957).
134Then, the mixture was filtered through Whatman No. 1 paper
135filter into a separatory funnel and a 1 M KCl solution (70 mL)
136was added. After gentle manual shaking, the mixture was left
137overnight for separation into two phases. The lower phase was
138collected and solvents were evaporated under reduced pres-
139sure at 40 °C (Rotavapor R-215, Büchi Labortechnik,
140Switzerland). The extracted oil was weighed and flushed with
141nitrogen, and stored in a freezer (Thermo Fisher Scientific
142brand, USA) at − 20 °C until further analysis.

143SC-CO2

144Oil was extracted from fennel and anise seeds with pilot-scale
145equipment (Separex, France), using SC-CO2, as previously
146described by Koubaa et al. (2015) with slight modifications.
147The extracted oil was maintained at 200 bars pressure and
14840 °C temperature. The extraction time was fixed to
149180 min under a continuous flux of CO2 (14 mL/min), for
150all experiments. After finishing the extraction processes, total
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151 extraction yields (Y) were measured. Obtained extracts were
152 transferred into the glass bottles, sealed and stored in a freezer
153 (Thermo Fisher Scientific brand, USA) at − 20 °C to prevent
154 any possible degradation of extract components until analysis.

155 Fatty Acid Analysis

156 Fatty acid composition was analyzed by gas chromatog-
157 raphy (GC) after derivatization to fatty acid methyl es-
158 ters (FAMEs) with a 2 M methanolic solution of potas-
159 sium hydroxide (Cecchi et al. 1985). FAMEs were ana-
160 lyzed by gas chromatography using a Hewlett-Packard
161 6890 chromatograph (Agilent Technologies, Palo Alto,
162 CA, USA) equipped with a flame-ionization detector
163 (FID) and an electronic pressure control (EPC) injector.
164 They were separated on a RT-2560 capillary column
165 (100 m length, 0.25 mm i.d., 0.20 mm film thickness).
166 The oven temperature was kept at 170 °C for 2 min,
167 followed by a 3 °C min−1 ramp to 240 °C and finally
168 held there for an additional 15 min period. Nitrogen (U)
169 was used as a ca r r i e r gas a t a f low ra te of
170 1.2 mL min−1. The injector and detector temperatures
171 were maintained at 225 °C. Individual fatty acids were
172 identified by comparing their retention times with a cer-
173 tified fatty acid methyl esters (FAME) mix and
174 quantified as a percentage of the total fatty acids.

175 Sterol Analysis

176 The content and composition of the sterols were deter-
177 mined by GC following the procedure described by
178 AOCS (1997) Official Method. Each seed oil (50 mg)
179 was saponified with 1 M KOH in methanol for 18 h at
180 room temperature, then water was added and the
181 unsaponifiables were extracted six times with n-hex-
182 ane/methyl tert-butyl ether (1:1, v/v). The solvent was
183 evaporated at ambient temperature under a stream of
184 nitrogen. Dry residues were dissolved in 0.2 mL pyri-
185 dine and silylated with 0.8 mL of Sylon BTZ (Supelco,
186 Bellefonte, PA, USA). Sterol derivatives were separated
187 on a Trace GC Ultra equipped with DB-35MS capillary
188 column. A sample of 1.0 μL was injected in a splitless
189 mode with an injection time of 5 min. The column
190 temperature was held at 100 °C for 5 min, then in-
191 creased to 250 °C at a rate of 25 °C/min, held for
192 1 min, then further increased to 290 °C at a rate of
193 3 °C/min and held for 20 min. The detector temperature
194 was set at 300 °C. Hydrogen was used as a carrier gas
195 at a flow rate of 1.5 mL/min. Sterols were identified by
196 comparing their retention times with those of commer-
197 cially available standards and results were expressed as
198 milligram per gram (mg/g) of oil.

199Total Phenolic Content Determination

200Phenolic compounds of seeds were extracted by
201methanol-water solution and determined by Folin–
202Ciocalteu method described by Liu et al. (2012). In
2035 mL hexane, 2.5 g of oil was dissolved and extraction
204was carried out by methanol–water solution (80:20%
205v/v). The aqueous phase was collected by centrifugation
206(Heraeus Labofuge 200 Centrifuge) at 3500 rpm for
2075 min, followed by rotary vacuum drying (RE-2000
208Model, China) at least than 40 °C and reduced pressure
209to dryness. Dried sample was dehydrated in 5 mL of
210methanol solution and was mixed with 2.5 mL of Folin
211reagent and 10 mL of sodium carbonate solution in
21250 mL volumetric flask and was adjusted to volume
213with deionized water. The absorbance was evaluated at
214765 nm after 30 min (Ultrospec 7000 Spectrophotometer
215UV-Vis). Gallic acid was used for calibration and the
216results were expressed as milligram (mg) gallic acid
217equivalent per 100 g of oil samples. Six replicate tests
218were performed for each sample.

219Measurement of Antioxidant Activity (DPPH Assay)

220The antioxidant activity of the methanolic extracts of
221seed oils and seed oil samples was determined using
222DPPH radicals as described by Kiralan et al. (2009),
223with some modifications. Of each methanolic extract
224of seed oils, 0.5 mL was diluted with 3.25 mL of meth-
225anol, and then 0.25 mL of 1 mM methanolic solution of
226DPPH was added. The mixture was vigorously mixed
227for 10 s in a vortex apparatus and left in darkness for
22810 min. The absorbance was measured at 515 nm
229against pure methanol using a UV/Vis spectrophotome-
230ter. The radical scavenging activity was expressed as
231Trolox equivalent antioxidant capacity (TEAC) using a
232Trolox calibration curve (lmol TEAC/g of oil).

233Oxidative Stability

234Oxidative stability of anise and fennel seed oils was measured
235by Rancimat (Metrohm Rancimat; Metrohm, Riverview, FL,
236USA), based on the method of Tabee et al. (2008).

237Statistical Analysis

238All results were reported as means ± standard deviation (SD)
239of six replicates. Duncan’s test (p < 0.05) was performed to
240determine significant differences among means of six inde-
241pendent experiments.
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242 Results and Discussion

243 Seed Oil Extraction

244 The seed oil yield mainly depends on which method and sol-
245 vent were used to recover oil. As can be seen in Fig. 1, Soxhlet
246 with n-hexane and Folch methods have been substituted by
247 alternative solvent (MeTHF) and SC-CO2 method in order to
248 compare their oil recovery performances. Indeed, aniseeds
249 yielded the highest amount of oil using Folch (24.07%) and
250 MeTHF (23.65%) extraction methods whereas fennel seeds
251 had 20.02% and 18.72%, respectively. The result obtained
252 for aniseed oil yield extracted by n-hexane (16.87%) was
253 higher than that reported by Kozłowska et al. (2016) in the
254 case of Poland aniseeds (9.03%) and Bettaieb Rebey et al.
255 (2018) for Tunisian (11.60%) and Egyptian (9.82%) aniseeds.
256 These dissimilarities may be mainly attributed to the geo-
257 graphic origin and the genera of seeds (Kozłowska et al.
258 2016). On the other hand, our results were in line with those
259 obtained by Sayed Ahmad et al. (2018) who reported a vege-
260 table oil content of 19.80% in fennel seeds after cyclohexane
261 extraction.
262 Comparing the extraction methods, in our study, there were
263 significant differences regarding their extraction yields
264 (p < 0.05). Thus, conventional Folch and Soxhlet methods
265 using MeTHF as a solvent deliver significantly higher yields
266 than the other two methods (p < 0.05). Hence, Soxhlet method
267 usingMeTHF as solvent, proposed in this work as a preferable
268 method, besides of being an environmentally friendly alterna-
269 tive, allowed to obtain one of the better oil yields in anise and
270 fennel seeds. This was in good agreement with Breil et al.
271 (2016) who stated that bio-based solvents could be an alterna-
272 tive to petrochemical solvents.
273 What’s more, the oil yield of these two seeds found by n-
274 hexane was compared with that obtained by SC-CO2. Thus,
275 even though obtaining almost the same oil yield, SC-CO2

276 extraction has offered many privileges compared with

277conventional hexane extraction. As a matter of fact, with hex-
278ane, a mixture of oil–hexane was achieved. Hexane should
279then be evaporated which presented a risk of alteration of oil
280quality by oxidation (Mhemdi et al. 2011). In spite of, SC-CO2

281extraction permitted us to attain pure oil without residual or-
282ganic solvent traces, and thus any chemical changes due to the
283processing technique, which gave extract of outstanding qual-
284ity which is of large importance (Boutin and Badens 2009). In
285our study, the oil yield of anise and fennel seeds was procured
286when SC-CO2was carried out at 40 °C temperature, 200 bars+
287pressure, and 180min extraction time. According to our study,
288high pressures (200–300 bar) and low temperatures (30–
28940 °C) were used for oil extraction with SC-CO2 from anise
290(Shokri et al. 2011) and fennel (Simándi et al. 1999; Moura
291et al. 2005) seeds. Similar findings were also observed in the
292case of SC-CO2 oil extraction from borage (Molero Gómez
293andMartı́nez de la Ossa 2002) and rosehip (Salgın et al. 2016)
294seeds. So, high pressures were generally recommended to in-
295crease the solubility of oil in CO2. However, the increase of
296the temperature generally resulted in the decrease of the ex-
297traction yield, due to the decrease of the solvents density,
298whose effect seemed to have dominated over the increase of
299the solute vapor pressure (Sovilj 2010; Shokri et al. 2011).
300Under these pressure and temperature conditions, extraction
301time was predicted to be 180 min as reported by Shokri et al.
302(2011).

303Fatty Acid Composition

304Vegetable oils are a mixture of mono-, di-, and triglycerides
305(97%) and other minor compounds with functional impor-
306tance, such as vitamins, sterols, pigments, carotenoids, to-
307copherols, free fatty acids, hydrocarbons, and others (Pereira
308et al. 2010). The fatty acid composition of oil is its most useful
309chemical property. In this context, fatty acid composition of
310the seed oils obtained using conventional and alternative
311methods is summarized in Table 1. Anise and fennel seed oils
312were characterized by the highest contribution of unsaturated
313fatty acid, whereas the saturated fatty acid content was the
314lowest in the two studied oil samples.
315Regardless of the extraction method, petroselinic acid
316(C18:1Δ6) was the most prevalent fatty acid, 54.22–61.25%
317and 42.39–48.97%, respectively for fennel and anise seed oils.
318Hence, our results prove also that anise and fennel vegetable
319oils were mainly a source of petroselinic acid followed by
320oleic and linoleic acids, whereas the levels of other compo-
321nents were present with lower concentrations as reported by
322previous studies (Kozłowska et al. 2016; Bettaieb Rebey et al.
3232018; Sayed Ahmad et al. 2018). Typically Q4, the major fatty
324acid component in Apiaceae plant seed oils is petroselinic
325acid.
326Pimpinella anisum L. and Foeniculum vulgare Mill. seed
327oils, belonging to the Apiaceae family, are considered among
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Fig. 1 Oil yield of anise and fennel seeds obtained by different extraction
methods. Values are means of six replications (N = ± 6 SD). The data
marked with different superscript letters (a–c) indicate significance at
p < 0.05 (Duncan’s test)
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328 the highest natural source of petroselinic acid by several au-
329 thors (Bettaieb Rebey et al. 2018; Sayed Ahmad et al. 2018)
330 and has awakened a great interest as a natural source of this
331 fatty acid. Thus, one of the main goals of this study was to
332 evaluate if fennel and anise seed oils producedwith alternative
333 extraction methods have the same petroselinic acid composi-
334 tion than traditionally extracted oils. As can be observed from
335 Table 1, anise and fennel fatty acid profiles obtained from the
336 different extraction methods were similar, nevertheless the
337 statistical analysis showed few differences between them
338 (p < 0.05). Comparable trends were also observed in the fatty
339 acid composition of Corylus avellana (Bernardo-Gil et al.
340 2002) and Opuntia stricta (Koubaa et al. 2016) seed oils as
341 extracted by organic solvent (hexane) and SC-CO2. Similarity
342 in the fatty acid profile of SC-CO2 and Soxhlet-extracted oils
343 had been observed in Sargassum hemiphyllum, although the
344 fatty acid composition of SC-CO2-extracted oil had been re-
345 ported to vary slightly with temperature and pressure (Cheung
346 et al. 1998). However, Mariod et al. (2011) reported that the

347fatty acid profiles of Hibiscus cannabinus seed oil did not
348change with pressure and temperature of SC-CO2.
349In our study, the proportion of the different fatty acids as
350well as the proportion of SFA, PUFA, or MUFA had not been
351changed by the new methods used in our experiment; in other
352words, the use of SC-CO2 and MeTHF as solvents did not
353introduce extraneous effects in the composition of the extract-
354ed oils. As reported by Chemat et al. (2017), green extraction
355methods can be considered interesting alternative technolo-
356gies for conventional methods.
357In the main, fatty acid profiles obtained from anise and
358fennel seeds are considered ideal for edible oils, because of
359its high percentage of UFA and low percentage of SFA, indi-
360cating the possible use of these oils in food industry (Pereira
361et al. 2017). Besides, oils containing high amount of PUFA are
362generally used in cosmetics and pharmaceutical industries
363(Stupp et al. 2008). Moreover, a recent trend is the use of
364vegetable oils for biodiesel production, especially those de-
365rived from agro-industrial wastes (Malacrida and Jorge 2012).

t1:1 Table 1 Fatty acid composition
(%) of anise and fennel seed oils
obtained by different extraction
methods

t1:2 Fatty acids (%) n-hexane Folch SC-CO2 MeTHF

t1:3 C14:0 Fennel 0.09 ± 0.01a 0.19 ± 0.02a – –

t1:4 Anise 0.12 ± 0.01a 0.22 ± 0.02a – –

t1:5 C16:0 Fennel 4.96 ± 0.25a 5.29 ± 0.54a 5.12 ± 0.33a 5.06 ± 0.02a

t1:6 Anise 4.31 ± 0.33ab 4.78 ± 0.33a 4.81 ± 0.25a 4.12 ± 0.03b

t1:7 C16:1 Fennel 0.44 ± 0.09b 0.46 ± 0.02b 0.78 ± 0.03a 0.73 ± 0.02a

t1:8 Anise 0.51 ± 0.02ab 0.60 ± 0.03ab 0.86 ± 0.02a 0.73 ± 0.01a

t1:9 C18:0 Fennel 1.37 ± 0.06a 1.40 ± 0.52a 0.96 ± 0.05ab 0.87 ± 0.02ab

t1:10 Anise 0.95 ± 0.01a 1.11 ± 0.02a 0.80 ± 0.02ab 0.65 ± 0.03b

t1:11 C18:1Δ6 Fennel 54.22 ± 2.17b 58.12 ± 2.17ab 60.82 ± 1.57a 61.25 ± 2.68a

t1:12 Anise 46.75 ± 1.85a 42.39 ± 2.52ab 47.09 ± 2.63a 48.97 ± 1.25a

t1:13 C18:1Δ9 Fennel 19.15 ± 0.96a 11.22 ± 0.96b 20.36 ± 0.06a 19.54 ± 2.03a

t1:14 Anise 20.36 ± 2.14b 21.80 ± 0.54b 21.28 ± 0.85b 27.45 ± 1.20a

t1:15 C18:2 Fennel 11.31 ± 0.05a 11.21 ± 0.28a 12.10 ± 1.02a 11.10 ± 0.28a

t1:16 Anise 23.25 ± 2.87a 22.99 ± 0.82a 24.32 ± 1.33a 23.36 ± 2.36a

t1:17 C18:3 Fennel 0.51 ± 0.02ab 0.54 ± 0.02a 0.65 ± 0.03a 0.45 ± 0.09ab

t1:18 Anise 0.54 ± 0.01a 0.56 ± 0.14a 0.69 ± 0.04a 0.55 ± 0.02a

t1:19 C20:0 Fennel 0.37 ± 0.01a 0.31 ± 0.02a 0.26 ± 0.01ab 0.21 ± 0.01ab

t1:20 Anise 0.12 ± 0.00a 0.13 ± 0.02a 0.13 ± 0.00a 0.16 ± 0.01a

t1:21 MUFA Fennel 73.81 ± 0.52b 69.80 ± 0.05c 81.96 ± 0.05a 80.79 ± 0.08a

t1:22 Anise 67.62 ± 0.28b 64.79 ± 0.39c 69.23 ± 0.05b 77.15 ± 0.33a

t1:23 PUFA Fennel 11.82 ± 0.05a 11.75 ± 0.41a 12.75 ± 0.09a 11.55 ± 0.14ab

t1:24 Anise 23.79 ± 0.08b 23.55 ± 0.87b 25.01 ± 0.04a 23.91 ± 0.08b

t1:25 SFA Fennel 6.79 ± 0.01a 7.19 ± 0.02a 6.34 ± 0.22ab 6.14 ± 0.05ab

t1:26 Anise 5.50 ± 0.06a 6.24 ± 0.05a 5.74 ± 0.06a 4.93 ± 0.06b

t1:27 PUFA/SFA Fennel 1.74 ± 0.10a 1.48 ± 0.02ab 2.01 ± 0.01a 1.88 ± 0.02a

t1:28 Anise 4.32 ± 0.03ab 3.77 ± 0.05a 4.35 ± 0.45ab 4.84 ± 0.85a

Myristic acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0), petroselinic acid (C18:1Δ6), oleic acid (C18:1
Δ9), linoleic acid (C18:2), linolenic acid (C18:3). MUFA, monounsaturated fatty acid; PUFA, polyunsaturated
fatty acid; SFA, saturated fatty acid. Values are means of six replications (N = ± 6 SD). The data marked with
different superscript letters in a row indicate significance at p < 0.05 (Duncan’s test)
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366 Sterol Content

367 Phytosterol content of anise and fennel oils was investigated
368 due to their roles in the reduction of blood LDL cholesterol
369 content and hence, their potential to decrease the risk of car-
370 diovascular diseases (Dong et al. 2016). Moreover, they can
371 be considered valuable tools for oil ranking and primary in-
372 dexes for identification of fraud in edible oils (Ribas et al.
373 2017). As can be seen in Fig. 2, significant differences be-
374 tween the total sterol content in fennel and anise oils extracted
375 from seeds with conventional and alternative methods
376 (p < 0.05). Indeed, the contribution of total sterols reached,
377 interestingly, the highest amount in both fennel (4.64 mg/g
378 of oil) and anise oil (3.85 mg/g of oil) extracted with SC-
379 CO2method (Fig. 2). Besides, in fennel and anise oil extracted
380 with the MeTHF, the total sterols content was about 1.5 times
381 higher as compared with the Folch method. Eventually, sterol
382 contents, of both seeds, obtained by MeTHF procedure were
383 quite similar to those obtained by conventional extraction
384 method using n-hexane as reference. Similarly, Sicaire et al.
385 (2015) reported that rapeseed oil extracted with MeTHF was
386 comparable with oil extracted with n-hexane in total sterol
387 content. Mariod et al. (2011) showed that extraction of kenaf
388 seed oil using SC-CO2 at high temperature (80 °C) gave
389 higher sterol amount when compared with hexane extraction.
390 So, the content of sterol in oils could be affected by several
391 experimental factors, namely temperature, pressure, time, type
392 of solvent, and type of oil extraction method. In brief, SC-CO2

393 method, proposed in this work, besides being an environmen-
394 tal friendly alternative, allowed to obtain the maximum sterol
395 content in anise and fennel seed oils and there is a commer-
396 cialization potential using this method.
397 The tested oil samples of our study were characterized by
398 the presence of the following sterols: cholesterol, campesterol,
399 stigmasterol, D7-campesterol, β-sitosterol, sitostanol, D5-
400 avenasterol, and D7-avenasterol. The data is listed in
401 Table 2. Cholesterol, an untypical sterol of plant lipids, was
402 only detected in fennel oil at the level of 0.04–0.06 (mg/g oil).
403 What’s more, stigmasterol was present in the highest amount
404 in fennel, regardless of extraction method. Therefore, oil ex-
405 tracted from fennel seeds using SC-CO2 method contained
406 1.28 and 1.34 times higher amount of stigmasterol than that
407 extracted with n-hexane and Folch method, respectively.
408 Moreover, stigmasterol occurred in fennel seed oil obtained
409 with MeTHF was 1.21 and 1.27 folds higher than that obtain-
410 ed by the two conventional methods used in our study.
411 Besides, the content of β-sitosterol, the most prevalent sterol
412 in aniseed oil, ranged from 1.45 mg/g in oil extracted with
413 Folch method to 2.38 and 1.97 mg/g in aniseed oil obtained
414 by SC-CO2 and MeTHF methods, respectively. The compa-
415 rable amount of β-sitosterol in Polandian anise seeds was
416 reported by Kozłowska et al. (2016). They also found signif-
417 icant content of stigmasterol in these seeds, which is in

418harmony with our research. Moreover, the highest content of
419campesterol was found in aniseed oil. Thus, Soxhlet with
420MeTHF gave an oil with the highest proportion of
421campesterol (1.34 mg/g oil) followed by SC-CO2 method
422(1.19 mg/g oil). Ben khedir et al. (2017) reported that β-sitos-
423terol, campesterol, cholesterol, and stigmasterol have oxida-
424tive, anti-inflammatory, and antimutagenic activities.

425Total Phenolic Content

426Phenols constitute one of the major groups of compounds
427acting as antioxidants and having different therapeutic and
428protective effects on human health (Sayed Ahmad et al.
4292018). The phenolic fraction of anise and fennel seed oils
430was isolated with methanol/water (80:20 v/v) as the case of
431black cumin, cumin (Ramadan et al. 2012), and grape
432(Konuskan et al. 2019) seed oils. In fact, the use of
433methanol/water (80:20 v/v) was reported as an efficient ex-
434traction solvent and it has been used in the official method of
435phenol determination from olive oil (Montedoro et al. 1992;
436Tasioula-Margari and Tsabolatidou 2015). In this study, the
437effect of oil extraction method on total phenolic contents
438(TPC) of anise and fennel seed oils was determined by
439Folin–Ciocaltieu assay.
440As reported in Table 3, anise and fennel seed oils extracted
441using MeTHF showed significantly higher TPC (2.43 and
4421.32 mg GA/g oil, respectively) than those extracted with
443hexane (1.94 and 0.93 mg GA/g oil, respectively), Folch
444(1.11 and 0.67 mg GA/g oil, respectively), and SC-CO2

445(0.89 and 0.54 mg GA/g oil, respectively) methods
446(p < 0.05). Our results revealed thatMeTHF solvent had better
447selectivity and gave oil with higher TPC than hexane and
448chloroform methanol (Folch method). Different results were
449obtained by Kozłowska et al. (2016) concerning TPC of
450Polandian aniseed oil extracted by chloroform/methanol and
451hexane methods having 2.52 and 0.42 mg GA/g oil, respec-
452tively. Such differences could be explained by the effect of
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Fig. 2 Sterol content (mg/g oil) of anise and fennel seeds obtained by
different extractionmethods. Values are means of six replications (N = ± 6
SD). The data marked with different superscript letters (a–d) indicate
significance at p < 0.05 (Duncan’s test)
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453 origin, environmental conditions, and/or genetic factors on
454 TPC of seed oils. Additionally, TPC of seed oils can be also
455 affected by several experimental factors, namely temperature,
456 pressure, time, type of solvent, and type of oil extractionmeth-
457 od. To the best of our knowledge, this study is the first that
458 reports the comparison of TPC of oils seeds and especially
459 those of fennel and anise extracted using conventional and
460 alternative methods.

461 Antioxidant Activity

462 At present, most of the preservatives used by the food industry
463 are artificial additives such as nitrates, sulfur dioxide, and
464 benzoates. However, there is an increasing public concern
465 over the use of artificial food additives and a growing demand
466 for natural alternatives. Consequently, there is a constant de-
467 mand in the food industry for natural food preservatives and
468 antioxidant agents (Danh et al. 2013). In addition, consump-
469 tion of foods rich in natural antioxidants has been reported to
470 give protection against certain types of cancer and may also
471 reduce the risk of cardiovascular and cerebrovascular events
472 (Liu et al. 2009). Hence, the antioxidant ingredients and their
473 health-related functionality and mechanism in the oil deserve
474 further study. In this work, the fennel and anise seed oils

475extracted by conventional and alternative methods were inves-
476tigated for their antioxidant activity through reduction of the
477DPPH free radicals. From Table 3, anise and fennel seed oils
478extracted with MeTHF exhibited the highest DPPH activity
479(5.04 and 9.23 μmol TEAC/g oil, respectively) followed by
480hexane (5.32 and 14.02 μmol TEAC/g oil, respectively),
481Folch (8.82 and 18.56 μmol TEAC/g oil, respectively), and
482SC-CO2 (5.04 and 19.58 μmol TEAC/g oil, respectively).
483Such differential scavenging activities can be explained
484through the strongest ability of MeTHF solvent to extract
485the adequate bioactive compounds responsible of this potent
486antiradical activity. In fact, solvents may influence the antiox-
487idant activity of samples because they may affect the
488hydrogen-donating ability of antioxidants. Moreover, accord-
489ing to the “polar paradox” theory, polar antioxidants are more
490effective in the lipophilic media, while nonpolar antioxidants
491are more active in the polar media (Ramadan and Moersel
4922006). Additionally, our findings pointed out a linear and pos-
493itive correlation between phenol content and antioxidant ac-
494tivity of both seed oils, which supported the hypothesis that
495phenolics could be the major contributors to efficient DPPH
496radical scavenging capacity of both seed oils especially ex-
497tracted by MeTHF solvent. In fact, anise and fennel seed oils,
498extracted by the green solvent MeTHF, were found to

t2:1 Table 2 Sterol composition of the plant seed oils obtained by different extraction methods

t2:2 Sterols (mg/g oil) Hexane Folch SC-CO2 MeTHF

t2:3 Fennel Anise Fennel Anise Fennel Anise Fennel Anise

t2:4 Cholesterol 0.06 ± 0.00a – 0.04 ± 0.01a – 0.06 ± 0.01a – 0.04 ± 0.01a –

t2:5 Campesterol 0.32 ± 0.01b 1.08 ± 0.17bc 0.29 ± 0.03bc 1.22 ± 0.05b 0.49 ± 0.03ab 1.19 ± 0.03b 0.52 ± 0.02a 1.34 ± 0.54a

t2:6 Stigmasterol 1.74 ± 0.25b 0.78 ± 0.05b 1.66 ± 0.25b 0.92 ± 0.03a 2.23 ± 0.05a 1.18 ± 0.08a 2.12 ± 0.07a 1.05 ± 0.03a

t2:7 D7-Campesterol 0.12 ± 0.01a 0.06 ± 0.01a 0.09 ± 0.01a 0.05 ± 0.01a 0.09 ± 0.01a 0.05 ± 0.01a 0.10 ± 0.01a 0.04 ± 0.01a

t2:8 β Sitosterol 1.26 ± 0.03bc 1.74 ± 0.33b 1.15 ± 0.02bc 1.45 ± 0.12c 1.61 ± 0.22a 2.38 ± 0.22a 1.42 ± 0.06b 1.97 ± 0.84ab

t2:9 Sitostanol 0.05 ± 0.00a 0.10 ± 0.01a 0.03 ± 0.00a 0.06 ± 0.01a 0.02 ± 0.01a 0.08 ± 0.02a 0.02 ± 0.00a 0.06 ± 0.05a

t2:10 D5-Avenasterol 0.02 ± 0.00a 0.02 ± 0.00a – 0.02 ± 0.00a 0.06 ± 0.01a 0.03 ± 0.01a 0.06 ± 0.02a 0.03 ± 0.01a

t2:11 D7-Avenasterol 0.19 ± 0.01a 0.11 ± 0.00a 0.12 ± 0.00ab 0.01 ± 0.00b 0.18 ± 0.01a 0.09 ± 0.05a 0.16 ± 0.01a 0.06 ± .01ab

Values are means of six replications (N = ± 6 SD). The data marked with different superscript letters (a–d) in a row indicate significance at p < 0.05
(Duncan’s test)

t3:1 Table 3 Total phenolic contents
and antioxidant activity
determined by the DPPH method
in seed oil samples

t3:2 Total phenolic contents (mg
GA/g oil)

DPPH seed oil samples (μmol
TEAC/g oil)

Oxidative stability (h)

t3:3 Fennel Anise Fennel Anise Fennel Anise

t3:4 Hexane 0.93 ± 0.08b 1.74 ± 0.01b 14.02 ± 1.86a 5.32 ± 0.60a 6.02 ± 0.21b 7.45 ± 0.84b

t3:5 Folch 0.67 ± 0.02c 1.11 ± 0.08c 18.56 ± 0.73ab 8.82 ± 0.73b 4.77 ± 0.65c 5.20 ± 0.03c

t3:6 SC-CO2 0.54 ± 0.01c 0.89 ± 0.03cd 19.58 ± 1.98c 9.99 ± 0.67b 3.19 ± 0.08d 3.02 ± 0.02d

t3:7 MeTHF 1.32 ± 0.01a 2.43 ± 0.14a 9.23 ± 1.04ab 5.04 ± 0.69a 8.23 ± 0.74a 10.15 ± 1.11a

Values are means of six replications (N = ± 6 SD). The data marked with different superscript letters (a–d) in a row
indicate significance at p < 0.05 (Duncan’s test)
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499 represent eventually a strong electron donor and could react
500 with free radicals to convert them to more stable products and
501 terminate the radical chain reaction (Koubaa et al. 2017).

502 Oxidative Stability

503 Oxidative stability (OS) is a very important parameter
504 once it gives a good perception and estimation of the
505 susceptibility to oxidation process (Malheiro et al.
506 2013). In our study, OS of fennel and aniseed oils
507 was analyzed by Rancimat, where the ability of oil to
508 resist peroxidation was measured as the induction period
509 (Holser 2003). OS can be considered a valuable tool for
510 oil ranking and a primary index for identification of
511 fraud in edible oils. The values of induction period in
512 aniseed oils were 10.15, 7.45, 5.26, and 3.02 h, respec-
513 tively, for MeTHF, n-hexane, Folch, and SC-CO2 ex-
514 tracted oils. A similar trend was observed in fennel seed
515 oil that was extracted by these four extraction processes.
516 For both seed oils, the oxidative stability of MeTHF-
517 extracted oil was higher than three other samples and
518 indicated significant differences with them (p < 0.05).
519 The higher oil stability may be attributed to the higher
520 value of TPC and antioxidant activity of MeTHF-
521 extracted oil. Enhancement of oil oxidative stability
522 due to MeTHF extraction was reported for the first time
523 in Apiaceae seeds.

524 Conclusion

525 In the course of time, green solvents and technologies
526 are in great demand because of environmental, health,
527 and energy issues. It is inevitable to develop a novel
528 green technology for the oil extraction from various
529 seed oils. As each seed oil comprises of different archi-
530 tecture, the process needs to look for suitability of tech-
531 nology in economic and technical ways. In this study,
532 the production of anise and fennel seed oils was pro-
533 nounced by using Folch (24.07% and 20.02%, respec-
534 tively) and MeTHF (23.65% and 18.72%, respectively)
535 extraction techniques. Fatty acid profiles of both seed
536 oils obtained by the four extraction methods were com-
537 parable with the predominance of petroselinic acid
538 (42.39–61.25%). SC-CO2 method allowed to obtain the
539 maximum of sterol content in anise (3.85 mg/g of oil)
540 and fennel (4.64 mg/g of oil) seed oils. Concerning
541 MeTHF solvent, it recovered more bioactive compounds
542 as phenolics (2.43 mg GA/g oil in anise and 1.32 mg
543 GA/g oil in fennel) as well as enhanced the antioxidant
544 activity (9.23 μmol TEAC/g oil in anise and 5.04 μmol
545 TEAC/g oil in fennel) and the oxidative stability (8.23 h
546 in anise and 10.15 h in fennel). Additionally, this bio-

547based MeTHF solvent derived from a renewable source
548has lower toxicity allowing it to be selected as a poten-
549tial alternative of conventional solvents to practice in
550our further experimental studies and in pharmaceutical
551chemical processes.
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