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Abstract 

Phytochemicals are bioactive chemical compounds found in plants considered to be beneficial to human health. The study 

aimed to optimize the extraction parameters for phytochemical compounds from fennel seeds using response surface 

methodology (RSM) based on Box-Behnken Design (BBD).  Ethanol concentrations (40%, 60%, and 80%), extraction times 

(90, 120 and 150 min), and temperatures (30, 50, and 70˚C) were selected and optimized to get higher extraction efficiency. 

The effects of major extraction variables on the levels of phenolic compounds, flavonoids, and antioxidant activity in the 

extracts were evaluated. Based on these findings, optimal operating conditions were identified to maximize the recovery 

of these bioactive compounds.  Analysis of variance (ANOVA) was applied, and the significant effects of the factors and 

their interactions were tested at a 95% confidence interval. The optimum conditions obtained using RSM were ethanol 

concentration of 78%, a temperature of 59.8˚C, and a time of 90 min. The phytochemicals were recovered using an 

optimized system to 48.117 mg GAE/g of total phenolic content (TPC), 17.732 mg QE/g of total flavonoid content (TFC) and 

74.14% of antioxidant activity (AA). Hence, solvent extraction is an effective and economically viable method for recovering 

phytochemicals from fennel seeds. 
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Introduction 

Medicinal plants have been vital in traditional medicine for 

centuries, offering bioactive compounds with therapeutic 

potential (Petrovska, 2012). Culinary spices enhance food flavor 

and color and are increasingly being used for food preservation 

and health benefits (Anwar et al., 2009).  They contain several 

valuable phytochemical components with bioactive effects and 

medicinal and functional properties such as antimicrobial, anti-

inflammatory, antioxidant, anti-allergic, and immune-

modulatory properties (Kaur et al., 2025). Non-volatile 

secondary metabolites such as amino acids, lectins, 

glycoproteins, flavonoids, tannins, quinones, coumarins, 

terpenoids, steroids and alkaloids as some of the most important 

bioactive compounds. These compounds are usually extracted 

from the plant by solvent extraction, depending on the nature of 

the targeted compound (Regnier et al., 2012).  

Fennel (Foeniculum vulgare) is among the oldest cultivated 

spices, thriving in arid and semi-arid regions. Its wide 

adaptability, combined with its considerable economic value, has 

made it an important crop in both traditional and modern 

agricultural systems (Kooti et al., 2015). Fennel seeds are the 

dried, aromatic fruits of the fennel plant, widely used as a spice 

in culinary and traditional medicinal practices. Fennel seeds hold 

a prominent position in the pharmaceutical and food industries 

due to their diverse medicinal properties, including digestive, 

antimicrobial, and anti-inflammatory effects (Zafar et al., 2023). 

Some of the main phenolic compounds identified in fennel seeds 

include estragole, anethole, fenchone, rutin, chlorogenic acid, 

eriocitrin, miquelianin, 1,3-O-dicaffeoylquinic acid, 1,5-O-

dicaffeoylquinic acid, 4-O-caffeoylquinic acid, 1,4-O-

dicaffeoylquinic acid, 3-O-caffeoylquinic acid, and rosmarinic 

acid (Noreen et al., 2023). As a result, it is regarded as one of the 

most versatile and significant medicinal herbs used around the 

world (Rodríguez-Solana et al., 2014). 

 Unlocking the therapeutic potential of fennel seeds largely 

depends on the effective extraction of their phytoconstituents 

(Kooti et al., 2015). The recovery of these bioactive compounds 

largely depends on the efficiency of the extraction process. Plant 

matrices often contain tightly bound phytochemicals, making 

extraction a critical step for maximizing the yield of functional 

compounds. Factors such as solvent type, solvent polarity, 

extraction temperature, and extraction time significantly 

influence the extraction efficiency of phenolic compounds 
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(Angelov & Boyadzhieva, 2016). The global fennel extract 

market was valued at approximately USD 32.2 million in 2024 

and is projected to expand at a CAGR of 3.8%, reaching USD 

41.5 million by 2032, reflecting sustained demand growth. The 

commercial relevance of fennel phytochemicals is particularly 

strong in the food and beverage, nutraceutical and traditional 

medicine, pharmaceutical and cosmeceutical industries (Rather 

et al., 2016). The lack of standardized methods for fennel extract 

production creates quality inconsistencies that challenge market 

development. Variations in growing conditions, extraction 

techniques, and post-harvest processing can significantly alter 

the bioactive compound profile of the final product (Noreen et 

al., 2023). Previous research on fennel seeds has primarily 

focused on extracting the essential oil or fennel seed extract 

using advanced extraction techniques (Malin et al., 2022). These 

approaches are highly effective for the extraction of lipid-rich 

oil. Still, they are energy-intensive and inherently poor at 

extracting the desirable polar compounds, such as phenolics and 

flavonoids. While high-tech options like modern methods can 

yield high-quality oil, they are costly (Sinha et al., 2022). The 

selection of a solvent extraction technique is particularly relevant 

due to its low cost, operational simplicity, and easy scalability 

(Azmir et al., 2013). Therefore, there remains a clear research 

gap in developing cost-effective, food-grade, and statistically 

optimized extraction strategies for maximizing phenolic content, 

flavonoid yield, and antioxidant activity from fennel seeds. As a 

result, the recovery of antioxidant-rich phytochemicals with 

potential food and nutraceutical value remains underexplored.  

Response Surface Methodology (RSM) is a powerful suite of 

mathematical and statistical tools designed to enhance and fine-

tune analytical methods (Khuri & Mukhopadhyay, 2010). This 

study aims to address the solvent extraction technique applied 

for the extraction of essential constituents from fennel seeds, and 

the three-level BBD method was used to optimize the number of 

test parameters evaluating the effects of ethanol concentration, 

extraction temperature, and extraction time on total phenolic 

content, total flavonoid content, and antioxidant activity using 

RSM. 

Materials and Methods 

Plant material 

Fennel seeds were collected from Dharan, Nepal. The seeds were 

dried in the cabinet drier at 45˚C for about 3-4 h (Lal et al., 2024). 

Moisture content of the seeds was determined by drying at 100 

± 2˚C to a constant mass and was 4%. The dried seeds were 

milled using a grinder (Baltra Zen-3, New Delhi, India) and 

sieved to get a particle size of 0.5 mm. This increases the surface 

area, which improves solvent penetration and extraction 

efficiency. 

Chemicals and instruments 

Folin–Ciocalteu reagent (sigma), DPPH (sigma), gallic acid 

(HiMedia), anhydrous Na₂CO₃ (HiMedia), Quercetin (HiMedia), 

AlCl₃ (HiMedia), and NaOH (HiMedia) were purchased by 

Himshikhar Scientific Trading Concern, Itahari, Nepal. All 

chemicals used were of analytical grade, and all solutions were 

prepared using distilled water. The determination of polyphenol 

content and antioxidant activity was carried out using UV-Vis 

spectrophotometer (Agilent Cary 60 UV-Vis, model number 

G6860A, Agilent technologies). Fennel extracts were extracted 

using a water bath shaker (Water bath incubator shaker, Optics 

Technology, Delhi, India).  

Methods 

Preparation of the extract 

Extraction of fennel seeds was carried out according to Angelov 

& Boyadzhieva (2016) with slight modifications. 10 g of the 

ground fennel seeds was mixed with ethanol-water at 

concentrations of 40%, 60%, and 80%, maintaining a solid and 

solvent ratio of 1:10. The resulting mixture was incubated in a 

water bath shaker at temperatures ranging from 30 to 70˚C for a 

duration of 90 to 150 min at a frequency of 200 rpm. Following 

this, it was filtered through Whatman filter paper No. 42 (125 

mm), collected in a conical flask and stored at 4˚C.  

Optimization of the parameters of fennel extract 

The RSM method was used to optimize the parameters for 

extracting fennel extract.  The BBD using Design Expert 

(Version 13.0, Stat-Ease Inc., USA) was employed with three 

coded levels: -1, 0, and +1, as shown in Table 1. To determine 

the maximum response variables (total phenolic content, total 

flavonoid, and antioxidant activity), ethanol concentrations 

(40%, 60%, and 80%), extraction time (90, 120, and 150 min), 

and temperature (30, 50, and 70˚C) were selected based on 

previous research conducted by (Angelov & Boyadzhieva, 2016; 

Ashkezari et al., 2021). These parameters were selected because 

solvent concentration influences solvent polarity and the 

solubility of phenolic and flavonoid compounds, while 

temperature enhances mass transfer and facilitates solvent 

penetration into the plant matrix. Additionally, extraction time 

determines the duration of contact between the solvent and the 

plant material, which affects the diffusion and release of 

bioactive compounds into the solvent (Sayem et al., 2024). These 

experimental conditions were selected considering that solubility 

and diffusion of phytochemicals increase with the increase in 

ethanol concentration, temperature and time, but overheating 

could be responsible for their decomposition. 

Table 1 

Response surface factor and level 

Factors -1 0 +1 

Time (min) 90 120 150 

Temperature (˚C) 30 50 70 

Ethanol concentration (%) 40 60 80 

The response variables obtained from the experimental runs 

were modelled as functions of the coded variables (Xi, i = 1, 2, 
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and 3) using the second-degree polynomial expressed in the 

following equation. 

Y = βo + β1X1 + β2X2+ β3X3+ β11X1
2 + β22X2

2 + β33X3
2 + β12 X1X2 

+ β13 X1X3 + β23 X2X3 + ε

The polynomial coefficient was depicted by β0 (constant), β1, β2 

and β3 (linear effects); β12, β13 and β23 (interaction effects); β11, 

β22 and β33 (quadratic effects); and ε (random error). Multiple 

regression analysis was used to model the data, and ANOVA was 

used to determine each term's statistical significance (Maitusong 

et al., 2021).  

Total phenolic content 

The total phenolic content (TPC) in fennel powder was assessed 

using the Folin-Ciocalteau reagent method with slight 

modifications according to the specified protocol given by 

Kupina et al. (2019). A calibration curve was created utilizing 

gallic acid solutions in the range of 40-400 mg/ml. An aliquot of 

1 ml of the fennel extract was combined with 1 ml of Folin-

Ciocalteau reagent and incubated at room temperature for 15 

min. After that, 3 ml of saturated Na2CO3 was added, and the 

mixture was incubated for an additional two hours at room 

temperature. The absorbance was then recorded at a wavelength 

of 765 nm. The total phenol content was determined using the 

equation from the standard curve and expressed as mg of gallic 

acid equivalent (mg GAE / g). 

Total flavonoid content 

The total flavonoid content (TFC) was determined according to 

Khan et al. (2018) with slight modifications. A standard curve 

was established using quercetin solutions with concentrations 

ranging from 0.25 to 2 µg/ml in ethanol. An aliquot of 1 ml of 

the extract was transferred into a test tube containing 5 ml of 

distilled water, mixed with 0.3 ml of 5% sodium nitrate 

(NaNO3), and allowed to sit for 5 min. Then, 0.3 ml of 10% 

aluminum chloride (AlCl3) was added to the mixture, stirred, and 

left to stand for an additional 5 min. This was followed by the 

addition of 2 ml of 1M sodium hydroxide (NaOH) to the test 

tube, and the total volume was adjusted to 10 ml. After 5 mins, 

the absorbance was measured at 510 nm using a reagent blank as 

a reference. The total flavonoid content was determined using 

the equation from the standard curve and reported as mg of 

quercetin equivalents (mg QE / g).  

Total antioxidant activity 

The antioxidant activity (AA) of the extract was determined 

using the colorimetric DPPH assay, as described by Abdesslem 

et al. (2021). To assess the radical scavenging capability of the 

fennel extract, a 0.1 mM DPPH solution in 80% ethanol was 

prepared. A volume of  1 ml of the extract was combined with 4 

ml of the DPPH solution. The resulting mixture was mixed 

thoroughly and allowed to sit at room temperature for 30 min. 

Subsequently, the absorbance was recorded at 517 nm using a 

spectrophotometer. The antioxidant activity was determined 

using the following formula: 

Radical scavenging activity(%) =
   Ao - A1

Ao

 x 100 

Where A0 = the absorbance of the control, A1 = the absorbance 

of the extract. 

Statistical analysis 

All the experiments were performed based on RSM’s BBD and 

repeated three times. Design expert software (version 13, Stat-

Ease, Inc., Minneapolis, USA) was used for experimental design, 

optimization, data analysis and prediction. The statistical 

analysis was assessed by Analysis of Variance (ANOVA), with 

p-value less than 0.05. The optimal extraction conditions were

analyzed by three-dimensional (3D) response surface plots.

Results and Discussion 

RSM analysis  

The experimental results presented in Table 2 indicate that the 

TPC, TFC and AA varied within the ranges of 33.4018 to 53.684 

mg GAE/g, 9 to 15.8 mg QE/g, and 62.2% to 83%, respectively. 

These observed values, obtained through the BBD were analyzed 

using a second-order polynomial model. The adequacy and 

statistical significance of the developed response models were 

evaluated through ANOVA. 

TPC = 36.54 + 2.95A + 2.28B – 0.1986C + 1.17AB – 1.24AC + 

0.6787 BC + 9.68A2 – 0.4717B2 + 0.8266C2 

TFC = 12.70 + 2.23 A + 1.55 B – 0.5305C – 0.0096AB + 

0.2674AC – 0.9196BC + 0.9029A2 –1.11B2 – 0.6209C2  

AA = 81.02 + 5.03A – 0.7775B – 0.5100C – 0.9950AB + 

0.9700AC – 1.26BC – 11.73A2 –1.34B2 – 0.2675C2     

Where A, B and C are coded values of solvent concentration, 

time and temperature respectively. A2, B2, C2, AB, AC and BC 

are model terms. 

In the analysis of the regression model (Table 3) for TPC, the 

concentration of ethanol (A) demonstrated a significant positive 

effect (p<0.05) on phenolic content, while temperature (B) 

exhibited a significant positive effect (p˂0.05), and time (C) 

showed a negative effect that was also not significant (p˃0.05). 

The interaction between A and B (AB) had a non-significant 

positive impact (p<0.05). Likewise, the interaction between A 

and C (AC) resulted in a negative effect that was not significant 

(p>0.05), whereas the interaction between B and C (BC) showed 

a positive effect that was not significant (p˃0.05). The quadratic 

term A² had a significant positive impact (p˂0.05) on total 

phenolic content, while the term B² resulted in a negative effect 

that was not significant, and C² exhibited a positive effect that 

was also not significant on total phenolic content.  

The regression model was fitted well, as indicated by the value 

less than 0.0001, and the lack of fit was not significant (p>0.05). 

With an adjusted R2 of 0.8569, the predicted R2 value of 0.9374 

was in reasonable agreement. Thus, the TPC was analyzed and 

predicted using this regression model.  
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Table 2 

Box Behnken design with experimental values 

Run A: 

Ethanol 

conc. (%) 

B: 

Temp. 

(°C) 

C: 

Time 

(min) 

TPC 

(mg 

GAE/g) 

TFC 

(mg 

QE/g) 

AA 

(%) 

1 80 70 120 53.6840 15.8233 71.50 

2 40 50 90 44.3344 11.6331 65.70 

3 60 30 150 33.4018 9.5039 80.24 

4 60 70 90 39.0399 14.2662 81.10 

5 60 50 120 35.4723 12.5814 83.00 

6 60 50 120 33.9540 12.0604 79.00 

7 60 30 90 35.7393 8.5087 79.50 

8 60 50 120 39.0429 13.2624 80.40 

9 80 50 90 49.5797 15.6110 72.60 

10 40 30 120 40.1656 9.1361 62.40 

11 60 70 150 39.4172 11.5831 76.80 

12 80 30 120 46.8558 13.5539 75.68 

13 80 50 150 47.2945 14.8676 74.28 

14 40 70 120 42.3006 11.4439 62.20 

15 40 50 150 46.9908 9.8202 63.50 

16 60 50 120 36.8773 12.8676 82.10 

17 60 50 120 37.3770 12.7238 80.60 

The concentration of ethanol (A) significantly positively 

(p<0.05) influenced the TFC (Table 4), followed by temperature 

(B), which also had a positive significant effect (p˂0.05), while 

time (C) demonstrated a significantly negative impact (p˂0.05). 

The interaction between A and B (AB) showed a non-significant 

negative effect (p˃0.05). Likewise, the interaction between A 

and C (AC) exhibited a positive non-significant impact (p˃0.05), 

whereas the interaction between B and C (BC) had a significantly 

negative effect (p˂0.05). The quadratic term A² produced a 

positive significant effect, B² resulted in a negative significant 

impact, and C² had a negative significant effect on the total 

phenolic content. The regression model demonstrated a good fit, 

as indicated by a value of less than 0.0001, and the lack of fit was 

not significant (p > 0.05). With an adjusted R² of 0.9316, the 

estimated R² value of 0.9701 was in reasonable alignment. 

Therefore, the total flavonoid content was assessed and 

forecasted using this regression model. 

In terms of total AA (Table 5), the concentration of ethanol (A) 

had a significant positive effect (p<0.05), while temperature (B) 

exhibited a non-significant negative effect (p>0.05), and time 

(C) also showed a non-significant negative impact. The

interaction between A and B (AB) resulted in a non-significant

negative effect (p>0.05). Likewise, the interaction of A and C

(AC) demonstrated a positive but non-significant impact

(p>0.05), and the interaction of B and C (BC) had a negative but

non-significant effect (p>0.05). The quadratic term for A² had a

statistically significant negative effect, while both B² and C²

exhibited negative but non-significant impacts (p>0.05) on total

antioxidant activity. The regression model fit well, as indicated

by a p-value of less than 0.0001, and the lack of fit was not

significant (p>0.05). With an adjusted R² of 0.9599, the

estimated R² value of 0.9825 aligned reasonably well.

Consequently, the antioxidant content was assessed and

predicted using this regression model.

Table 3 

ANOVA for response surface quadratic model of TPC 

Source Sum of 

squares 

df Mean 

square 

F-value p-value 

Model 527.30 9 58.59 11.65 0.0019 

A-Solvent

concentration 
69.75 1 69.75 13.87 0.0074 

B-Temperature 41.77 1 41.77 8.30 0.0236 

C-Time 0.3156 1 0.3156 0.0627 0.8094 

AB 5.51 1 5.51 1.09 0.3302 

AC 6.10 1 6.10 1.21 0.3070 

BC 1.84 1 1.84 0.3663 0.5641 

A² 394.42 1 394.42 78.41 < 0.0001 

B² 0.9370 1 0.9370 0.1863 0.6790 

C² 2.88 1 2.88 0.5720 0.4742 

Residual 35.21 7 5.03 

Lack of fit 20.30 3 6.77 1.82 0.2840 

Pure error 14.91 4 3.73 

Cor Total 562.51 16 

Figures 1, 2 and 3 represent 3D response graphs for total 

phenolic content, total flavonoid content and antioxidant 

activity. The response surface and main effects plot 

demonstrated the interaction between TPC, TFC, and the AA of 

fennel seed extract alongside ethanol concentration, temperature, 

and extraction time.  

The highest value of TPC and TFC 53.684 mg GAE/g and 

15.8233 mg QE/g was recorded for the combination of 80% 

ethanol water concentration at 70˚C with an extraction time of 

120 min. Similar results were observed by Angelov & 
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Boyadzhieva (2016) and Baiano et al. (2023), and reported that 

solvent composition, temperature and contact time increase may 

favour the diffusion and improve the solubilisation of the 

phenolic compounds, thus increasing the extraction yield of 

fennel seeds and fennel byproducts. 

Table 4 

ANOVA for response surface quadratic model of TFC 

Source Sum of 

squares 

df Mean 

square 

F-value p-value 

Model 73.38 9 8.15 25.22 0.0002 

A-Solvent

concentration 
38.45 1 38.45 118.92 < 0.0001 

B-Temperature 19.26 1 19.26 59.58 0.0001 

C-Time 2.56 1 2.56 7.93 0.0259 

AB 0.0004 1 0.0004 0.0011 0.9740 

AC 0.1541 1 0.1541 0.4765 0.5122 

BC 3.38 1 3.38 10.46 0.0144 

A² 3.17 1 3.17 9.80 0.0166 

B² 4.90 1 4.90 15.16 0.0059 

C² 1.81 1 1.81 5.61 0.0497 

Residual 2.26 7 0.3233 

Lack of fit 1.49 3 0.4982 2.59 0.1900 

Pure error 0.7686 4 0.1922 

Cor Total 75.64 16 

Table 5 

ANOVA for response surface quadratic model of AA 

Source Sum of 

squares 

df Mean 

square 

F-value p-value 

Model 823.59 9 91.51 43.60 < 0.0001 

A-Solvent

concentration 
202.61 1 202.61 96.54 < 0.0001 

B-Temperature 4.84 1 4.84 2.30 0.1728 

C-Time 2.08 1 2.08 0.9915 0.3525 

AB 3.96 1 3.9 1.89 0.2119 

AC 3.76 1 3.76 1.79 0.2224 

BC 6.35 1 6.35 3.03 0.1255 

A² 579.59 1 579.59 276.16 < 0.0001 

B² 7.59 1 7.59 3.62 0.0990 

C² 0.3013 1 0.3013 0.1436 0.7160 

Residual 14.69 7 2.10 

Lack of fit 4.96 3 1.65 0.6802 0.6086 

Pure error 9.73 4 2.43 

Cor Total 838.28 16 

Figure 1 

Response surface plot showing the effect of 

(a) temperature and solvent concentration,

(b) time and solvent concentration, and

(c) time and temperature on TPC.

a) 

b) 

c) 
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Figure 2 

Response surface plot showing the effect of 

(a) temperature and solvent concentration,

(b) time and solvent concentration, and

(c) time and temperature on TFC.

Phenolics and flavonoids exhibit a higher solubility in solvents 

with lower polarity, improving the solubility of phenolics, 

thereby enhancing the extraction efficiency (Lohvina et al., 

2022). Similarly, as the temperature for extraction increases up 

to 70˚C, the efficiency of bioactive compounds extraction 

increases. The diffusivity TPC and TFC increases, allowing the 

molecules to move more freely and rapidly from the plant matrix 

into the solvent. Additionally, elevated temperatures promote 

better penetration and wetting of the plant material by the 

solvent, improving mass transfer (Moradi et al., 2020). 

Extraction time also affected extraction efficiency. Increasing 

the extraction time generally leads to an increase in TPC up to a 

time of 120 min. Beyond that point, the phenolics inside and 

outside the fennel seeds had reached equilibrium and further 

increases in time i.e, 150 min, did not result in significant 

changes due to degradation of phenolic compounds (Akhtar et 

al., 2020).  

Figure 3 

Response surface plot showing the effect of 

(a) temperature and solvent concentration,

(b) time and solvent concentration, and

(c) time and temperature on AA.

a) 

b) 

c) 

a) 

b) 

c) 
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In contrast, the highest value of AA 83% was recorded for the 

combination of 60% ethanol water concentration at 50˚C with an 

extraction time of 120 min. Similar results were also reported by 

Baiano et al. (2023) that 70% ethanol water concentration, 60˚C 

and 90 min for fennel byproducts extraction.  The antioxidant 

activity increased with ethanol concentration up to 60%. 

However, further increasing the ethanol concentration to 80% 

caused a significant decrease in antioxidant activity. Hence, 80% 

ethanol was less efficient in extracting low molecular weight 

phenolic compounds with high antioxidant capacity from fennel 

as compared to 60% ethanol. While the yield of phenolic 

compounds increased as the extraction temperature increased, 

the antioxidant activity of fennel extract decreased with higher 

extraction temperatures and time, specifically 70˚C and 150 min. 

This is because of  the selective extraction of highly active 

radical-scavenging compounds at intermediate solvent polarity 

and the preservation of thermolabile antioxidant constituents at 

moderate temperature and time (Vern et al., 2025).  

Numerical optimization 

A numerical optimization method was utilized to determine the 

best combinations of ethanol concentration, temperature, and 

time for achieving the highest levels of total phenolics, total 

flavonoid content, and antioxidant activity as detailed in Table 

6. 

Table 6 

Parameters for extraction optimization 

Parameter Goal Lower limit Upper limit 

Solvent 

concentration 

In range 40 80 

Temperature  In range 30 70 

Time  In range 90 150 

TPC Maximize 33.4018 53.684 

TFC Maximize 8.5087 15.8233 

AA Maximize 62.2 83 

The independent variables ethanol concentration (40–80%), 

temperature (30–70°C), and extraction time (90–150 min) were 

kept within the experimental range, while all response variables 

were set to maximize. The optimization results predicted that an 

ethanol concentration of 78%, an extraction temperature of 

59.8°C, and extraction time of 90 min would provide the most 

desirable extraction condition, with a desirability value of 0.91. 

Under these optimized conditions, the predicted responses were 

49.973 mg GAE/g for total phenolic content, 15.992 mg QE/g 

for total flavonoid content, and 75.203% antioxidant activity. 

The optimization goals were selected based on the desirability 

methodology, which assigns a "value" to a set of responses and 

chooses factor settings that maximize that value (Hoffola et al., 

2026). The desirability function was utilized in the process of 

simultaneous optimization with a focus on three key objectives: 

maximizing phenolic compounds, enhancing flavonoid content, 

and increasing antioxidant activity (Rittisak et al., 2022).  

Model verification 

Three additional experimental runs were conducted to assess the 

adequacy of the regression equations for the model. Table 7 

presents a summary of the results obtained from the confirmatory 

tests.  

Table 7 

Parameters for extraction optimization 

Response 

Optimal conditions Mean value 

Ethanol 

conc. (%) 

Temp. 

(C) 

Time 

(min) 

Predicted Observed 

TPC 78 59.8 90 49.985 48.117±0.15 

TFC 78 59.8 90 15.995 17.732±0.2 

AA 78 59.8 90 75.194 74.14±0.18 

This regression model was accurate enough to predict the 

optimal values since the observed values were very near to the 

predicted values. So, the optimization results demonstrated that 

ethanol concentration of 78%, 59.8˚C extraction temperature and 

90 min extraction time was most suitable for increasing the 

efficiency of extraction.  

Conclusion 

The optimization of extraction methods is essential for fully 

utilizing the therapeutic properties of fennel seeds. The research 

focuses on identifying the ideal conditions for the batch solvent 

extraction of fennel seeds to achieve extracts that are rich in 

antioxidant compounds, polyphenols, and flavonoids. The 

phytochemicals were obtained using the solvent extraction 

technique applied with an ideal extraction protocol to 48.117 mg 

GAE/g, 17.732 mg QE/g, and 74.14% RSA. The best extraction 

conditions identified using RSM included an ethanol 

concentration of 78%, a temperature of 59.8˚C, and a time of 90 

min, facilitating the standardized application of fennel seed 

extract in various fields, ranging from food to pharmaceutical 

development.  
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