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Abstract  

Fenugreek seeds (Trigonella foenum-graecum) are well-known for their high content of bioactive compounds, which are 
responsible for their antidiabetic, hypolipidemic, anti-obesity, and anticancer properties. However, these compounds can 
also have antinutritional effects. Germination offers a viable method to enhance the nutritional value, bioactivity, and 
sensory properties of fenugreek seeds while reducing antinutritional factors. This process leads to an increase in 
antioxidant activity, total phenolic content, and polyphenol levels, improving the digestibility of proteins and starch, and 
boosting essential nutrients like vitamins and amino acids. This study investigates the extraction of bioactive compounds 
from germinated and non-germinated fenugreek seeds using pressurized propane. The mathematical modeling of the 
desorption phase with supercritical fluids (SCFs) revealed that convection dominates the extraction process's initial 30 
minutes, leading to rapid extract acquisition. For prolonged extraction, diffusion becomes the key mechanism, requiring 
a detailed understanding of plant matrix properties for optimization. Despite the model's general effectiveness, observed 
discrepancies suggest that differences in the seeds' phenomenological states might affect the outcomes, indicating the 
need for parameter adjustments. This research underscores the potential of fenugreek seeds as a source of bioactive 
compounds and highlights the importance of refining extraction and modeling methods to enhance extract quality. These 
insights pave the way for industrial and pharmaceutical applications, aligning with the demand for sustainable natural 
products. 
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1. Introduction 

Fenugreek seeds (Trigonella foenum-graecum) 
are widely recognized for their richness in bioactive 
compounds, including phenols, flavonoids, 
alkaloids, and saponins[1], [2]. Pharmacological 
and clinical studies have demonstrated the 
medicinal applications of these seeds, highlighting 
their antidiabetic[3], hypolipidemic[4], anti-
obesity[5], and anticancer activities[6]. However, it 
is important to note that the saponins and alkaloids 
present in fenugreek seeds are also considered 
antinutritional factors. 

Therefore, germination or sprouting, a process 
that transforms the dry, dormant seed into a living, 
growing organism[7], emerges as a simple and 
economically viable approach to enhance the 

nutritional value, bioactivity, and sensory profiles 
of food products while attenuating antinutritional 
factors[8]. Edible sprouts exhibit high bioactivity, 
notably their antioxidant capacity and a significant 
increase in the total amount of phenols and 
polyphenols[9], which occurs due to the 
intensification of the plant's secondary mechanisms 
activated during germination. Research indicates 
that sprouts also improve the digestibility of 
proteins and starch present in the seed, in addition 
to increasing the nutritional value of essential 
nutrients such as vitamins and amino acids[10]. 

The extraction of bioactive compounds from 
sprouts and seeds using pressurized propane in its 
pure form results in an extract with high 
concentrations of secondary metabolites, such as β-
carotene, polyphenols, and vitamins, while being 
free of organic solvent residues[11], [12], [13]. 



 
 

The objective of this study is to model the 
desorption step of fenugreek seeds using the process 
proposed by Marques (1997)[14]. The finite volume 
method was employed to solve the system of 
equations describing the process. Global extraction 
curve data available in the literature (Marques, 
1997) were used to obtain the necessary information 
for solving the balance equations. 

 

2. Methodology 

Seed Treatment 

Fenugreek seeds were purchased from a local store 

and underwent aseptic treatment using a 1% sodium 

hypochlorite solution to eliminate microorganisms, 

especially those that could hinder the germination 

process. Subsequently, the seeds were soaked in 

distilled water for 24 hours to break dormancy and 

initiate the germination process. After the soaking 

step, the seeds were washed with deionized water. 

Controlled Environment Germination 

The treated seeds were placed in trays lined with 

paper towels moistened with deionized water, 

covered with aluminum foil, and kept in a dark 

environment for 96 hours at 25 °C. 

Drying 

After the germination period, the sprouted seeds 

were washed again with distilled water. 

Subsequently, both sprouted and unsprouted seeds 

were dried in an oven with air recirculation at 45ºC 

for 8 hours until they reached a moisture content of 

9%-12% (w/w). 

Pressurized Fluid Extraction (PFE) 

The equipment used for extraction consisted of a 

syringe pump (Thar Technologies), a stainless steel 

extractor with a capacity of 100 grams, and 

micrometric valves for depressurization. The 

extraction temperature was maintained at 60 °C 

using a thermostatic bath, while the pressure was set 

to 40 bar. The extraction flow rate was controlled by 

a flow regulator valve fixed at 3 mL/min. 

Experimental extractions were conducted at the 

State University of Maringá, following methods 

described in previous studies by our research group. 

The extractions were performed using fenugreek 

seeds (FS) and germinated fenugreek seeds (GFS) 

in different proportions. Table 1 presents the 

experimental design used in this study. 

Tabel 1. Experimental disgn extraction. 

samples ratio  (Bar/ºC) corridas 

GFS (FG1) 1:1 40/60 2 

GFS/FS (FG2) 1:2 40/60 2 

GFS/FS (FG3) 2:1 40/60 2 

 
Mathematical Modeling 
 
The mathematical formulation of desorption using 
supercritical fluid (SCF) follows the same approach 
as any desorption problem. To study the 
deterpenation of the oleaginous phase mixture of 
fenugreek using SCF desorption, the diffusion 
model in homogeneous solids applied to fixed bed 
extractors was chosen. In this context, it is essential 
to determine the mass transfer and dispersion 
coefficients for the fluid phase, the effective 
diffusion coefficient for the solid phase, and the 
adsorption isotherm. The modeling was conducted 
using the Brunner model, with a Nelder-Mead 
subroutine employed to minimize the error function. 
 
The mass balance equations for the fluid phase for 
the bed element indicated in is: 
 
 
       (1) 
 
 

    (2) 
 
 
The Langmuir isotherm will be used to describe 
local equilibrium between fluid and solid phases as 
follows: 
      (3) 
 



 
 

 

3. Results and Discussion 

Based on the kinetic curves obtained from 
the modeled data and parameters related to the 
desorption of fenugreek seeds (FS) and germinated 
seeds (GFS) during the extraction with pressurized 
propane, it was observed that in all samples, as 
illustrated in Figure 1, the extraction process during 
the first 30 minutes is dominated by convection. 
This results in a steep curve slope and a higher 
amount of extract obtained. After this initial period, 
the desorption of oil in GFS and FS is determined 
by the diffusion phenomenon, where the solvent 
needs to penetrate deeper into the seed matrices to 
facilitate desorption. 
However, it was noted that the model exhibited 
inadequate fitting for some experimental data, 
evidenced by significant discrepancies between 
runs under similar conditions, as observed in FG5 
and FG6. The discrepancies in the quality of 
simulation may stem from the fact that the 
extractions are conducted from the same plant 
matrices but in different phenomenological states. 
This impacts not only the kinetic modeling but also 
the desorption phenomenon of the plant matrix 
under study. 
 
Figure 1. kinetic curves of Brunner's model for the 
plant matrix in different proportions and 
phenomenological states 
 
 
 
 
 
 
 
 
 
 
 

4. Conclusion  

Seed germination proved to be a promising strategy 
for enhancing nutritional value and bioactivity 
while mitigating antinutritional factors such as 
saponins and alkaloids present in fenugreek seeds. 
The mathematical modeling revealed that during the 
first 30 minutes of the extraction process, 

convection is the predominant mechanism, leading 
to rapid extract acquisition. However, for longer 
extractions, the diffusive phenomenon becomes the 
determining factor, necessitating a deeper 
understanding of the physical and chemical 
properties of plant matrices to optimize process 
efficiency. These findings indicate the need for 
model parameter adjustments to accommodate 
variations in the characteristics of germinated and 
non-germinated seeds. 
 

 References 

[1] A. Ahmad, S. S. Alghamdi, K. Mahmood, and M. 

Afzal, “Fenugreek a multipurpose crop: 

Potentialities and improvements,” Saudi J Biol 

Sci, vol. 23, no. 2, pp. 300–310, Mar. 2016, doi: 

10.1016/J.SJBS.2015.09.015. 

[2] P. Ruwali, N. Pandey, K. Jindal, and R. V. Singh, 

“Fenugreek (Trigonella foenum-graecum): 

Nutraceutical values, phytochemical, 

ethnomedicinal and pharmacological overview,” 

South African Journal of Botany, vol. 151, pp. 

423–431, 2022, doi: 

https://doi.org/10.1016/j.sajb.2022.04.014. 

[3] S. Singh, P. K. Chaurasia, and S. L. Bharati, 

“Hypoglycemic and hypocholesterolemic 

properties of Fenugreek: A comprehensive 

assessment,” Applied Food Research, vol. 3, no. 

2, p. 100311, Dec. 2023, doi: 

10.1016/J.AFRES.2023.100311. 

[4] P. Sowmya and P. Rajyalakshmi, 

“Hypocholesterolemic effect of germinated 

fenugreek seeds in human subjects,” 1999. 

[5] T. K. Murlidhar Meghwal Murlidhar 

Meghwaland Goswami, “A review on the 

functional properties, nutritional content, 

medicinal utilization and potential application of 

fenugreek.,” vol. 3, no. 9, p. 181, 2012. 

[6] S. Sura, C. Kodikara, S. Acharya, A. Sabra, and 

C. Wijekoon, “Comparative Analysis of 

Bioactive Phenolic Compounds and Fatty Acids 

in Seeds and Seedlings of Canadian Alfalfa, 

Sainfoin, and Fenugreek,” Applied Biosciences, 

vol. 2, no. 3, pp. 477–492, 2023, doi: 

10.3390/applbiosci2030030. 

[7] S. O. Aloo, F. K. Ofosu, S. M. Kilonzi, U. 

Shabbir, and D. H. Oh, “Edible Plant Sprouts: 

Health Benefits, Trends, and Opportunities for 

Novel Exploration,” Nutrients, vol. 13, no. 8, p. 

2882, Aug. 2021, doi: 10.3390/nu13082882. 

[8] R.-Y. Gan et al., “Bioactive compounds and 

bioactivities of germinated edible seeds and 



 
 

sprouts: An updated review,” Trends Food Sci 

Technol, vol. 59, pp. 1–14, 2017, doi: 

https://doi.org/10.1016/j.tifs.2016.11.010. 

[9] Z. Maqbool et al., “Cereal sprout‐based food 

products: Industrial application, novel extraction, 

consumer acceptance, antioxidant potential, 

sensory evaluation, and health perspective,” 

Food Sci Nutr, vol. 12, no. 2, pp. 707–721, Feb. 

2024, doi: 10.1002/fsn3.3830. 

[10] R. Gan, M. Wang, W. Lui, K. Wu, and H. Corke, 

“Dynamic changes in phytochemical 

composition and antioxidant capacity in green 

and black mung bean ( Vigna radiata ) sprouts,” 

Int J Food Sci Technol, vol. 51, no. 9, pp. 2090–

2098, Sep. 2016, doi: 10.1111/ijfs.13185. 

[11] A. Bogdanovic, V. Tadic, M. Ristic, S. Petrovic, 

and D. Skala, “Optimization of supercritical CO2 

extraction of fenugreek seed (Trigonella foenum-

graecum L.) and calculating of extracts 

solubility,” J Supercrit Fluids, vol. 117, pp. 297–

307, 2016, doi: 

https://doi.org/10.1016/j.supflu.2016.07.010. 

[12] M. Munshi, P. Arya, and P. Kumar, “Physico-

chemical analysis and fatty acid profiling of 

fenugreek (Trigonella foenum-graecum) seed oil 

using different solvents,” J Oleo Sci, vol. 69, no. 

11, pp. 1349–1358, 2020, doi: 

10.5650/jos.ess20137. 

[13] H. Lohvina, M. Sándor, and M. Wink, “Effect of 

Ethanol Solvents on Total Phenolic Content and 

Antioxidant Properties of Seed Extracts of 

Fenugreek (Trigonella foenum-graecum L.) 

Varieties and Determination of Phenolic 

Composition by HPLC-ESI-MS,” Diversity 

(Basel), vol. 14, no. 1, 2022, doi: 

10.3390/d14010007. 

[14] L. CARDOZO-FILHO, F. Q. FERRUA, and M. 

A. A. MEIRELES, “ESTUDO DO PROCESSO 

DA EXTRAÇÃOSUPERCRÍTICA DE ÓLEOS 

ESSENCIAIS DE PRODUTOS NATURAIS,” 

Ciência e Tecnologia de Alimentos, vol. 17, no. 

4, Dec. 1997, doi: 10.1590/S0101-

20611997000400021. 

 

 

 

 

 

 

 


