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Abstract
The transformation of foods into powder form, for improved preservation, ensures their availability throughout the year despite their seasonal nature. Moisture adsorption isotherms therefore constitute an essential source of information for assessing food stability and defining optimal drying and storage conditions. The storage of Bambara groundnut (Vigna subterranea) powder requires prior hygroscopic characterization to ensure better preservation. The adsorption isotherm of Bambara groundnut powder was experimentally determined using the gravimetric method with different saturated salt solutions. The water activity range studied extended from 0.07 to 0.95 at an ambient temperature of 28 ± 2 °C. Desiccators were used to contain the prepared salt solutions at various relative humidities, above which the samples were placed. Hygroscopic equilibrium was reached after 27 to 31 days. The results revealed that the adsorption isotherm obtained was classified as type II, characterized by a sigmoid shape typical of carbohydrate-rich food products. Experimental data were fitted using the Guggenheim–Anderson–de Boer (GAB) mathematical model. The modeling showed excellent agreement with the experimental data (R² = 0.982), indicating that this model effectively predicts the hygroscopic behavior of the product. Furthermore, the moisture content of Bambara groundnut powder should be maintained below the monolayer moisture content (X₀), estimated at 0.0517 (5.17%), to ensure extended shelf life during storage.
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1. Introduction 
Legumes are promising sources of plant-based proteins. In tropical regions, cowpea (Vigna unguiculata L. Walp.) and groundnut (Arachis hypogaea L.) are widely consumed, unlike other species such as Bambara groundnut (Vigna subterranea L. Verdc.) (Yusuf et al., 2008). Bambara groundnut is the third most important legume in terms of production and consumption after groundnut and cowpea (Diallo et al., 2015). The crop is cultivated for its seeds, which are rich in proteins, carbohydrates, lipids, and micronutrients (Mahala and Mohammed, 2010; Bonny and Dje, 2011).
The storage and preservation of these legumes remain the primary means of ensuring their nearly continuous availability (Sibiri et al., 2024). Food shortages are not solely due to insufficient production; post-harvest losses also contribute significantly (Cissokho et al., 2015). In sub-Saharan Africa, post-harvest losses of agricultural commodities such as cereals and legumes have been estimated at approximately 5 to 18% (Waongo et al., 2013).
Therefore, preserving these food products during the post-harvest phase is a major concern for rural producers. Indeed, a large portion of the diet consists of agricultural products that are generally seasonal and highly perishable. To ensure year-round food availability, several traditional preservation methods have been developed to extend product shelf life (Gandaho et al., 2017).
However, these traditional preservation technologies are often inadequate and may expose stored products to infestation by toxigenic molds and other spoilage agents that compromise product quality (Kpatinvoh et al., 2017). It is estimated that 25 % of global harvests are contaminated by mycotoxins produced by toxigenic molds. Among traditionally used preservation techniques, open-air drying is widely practiced in developing countries (Yiannikouris and Jouany, 2002). In the agri-food industry, drying is recognized as one of the most delicate unit operations, as processing conditions strongly influence not only rheological properties (deformation, surface characteristics, etc.) but also the nutritional quality of dried foods (Kechaou et al., 1996).
A thorough understanding of the hygroscopic behavior of a food product is therefore essential for accurately controlling drying processes. Food is dried for subsequent applications that generally require a specific moisture content related to product stability. In the hygroscopic domain, where migrating water exists primarily as bound water or water vapor, a macroscopic relationship exists between the equilibrium moisture content of the food and the surrounding environment. The sorption isotherm relates the equilibrium moisture content at a given temperature to the relative humidity of the environment surrounding the product. It reflects the numerous interactions between the food matrix and water molecules occurring at the microscopic scale (Chen and Morey, 1989).	Comment by Matthew Oboyi: Too old. Remove 
Sorption isotherms are of major importance in the agri-food industry, particularly in solar drying, storage, and food preservation. Their determination provides information on the hygroscopic or moisture equilibrium of the food product. Indeed, identifying the stability range of a dried product is only possible through these curves, which also provide insight into the different types of water present in the food matrix (Mounir et al., 1999). The availability of analytical expressions of sorption isotherms applicable to various foods and temperatures would facilitate the prediction of the shelf life of dehydrated products (Furmaniak et al., 2009).	Comment by Matthew Oboyi: Too old. Remove 
Given the complexity of the phenomena involved in water adsorption, the Guggenheim-Anderson-de Boer (GAB) model, which is based on semi-physical assumptions, has been widely tested. The GAB equation is the most extensively used model in European food science research laboratories (Wolf et al., 1985). It is applicable over a water activity range of 0.05 to 0.95 (Ferradji et al., 2008). The use of this model for analyzing experimental data is a crucial step in the design and optimization of drying systems (Heyrovsky, 1970). The objective of this study is therefore to determine the hygroscopic characteristics of Bambara groundnut powder, experimentally establish its adsorption isotherm, and model it using a fitting approach based on the GAB model to improve storage stability.	Comment by Matthew Oboyi: Remove 	Comment by Matthew Oboyi: Rrmove 











2. Materials and Methods
2.1. Biological material	Comment by Matthew Oboyi: 2.1 Sample Collection and Preparation
The plant material used in this study consisted of Bambara groundnut (Vigna subterranea L.) seeds (Figure 1A) collected in northern Côte d’Ivoire from randomly selected vendors at the Katiola market. The samples were transported to Abidjan in jute bags and subsequently processed at the Biochemistry Laboratory of Nangui Abrogoua University. The seeds were sun-dried until a constant weight was reached, then crushed and ground using a grinder (Moulinex Blender) to obtain a fine powder (Figure 1B). The resulting powder was sieved through a 0.025 cm mesh sieve to remove seed coat debris. The flour obtained at the end of the process was stored in sealed glass jars for subsequent analyses. 
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Figure 1: Bambara groundnut (Vigna subterranea L. Verdc.), seeds (A) and powder (B)
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2.2.1. Determination of Adsorption Isotherms	Comment by Matthew Oboyi: 2.2	Comment by Matthew Oboyi: a	Comment by Matthew Oboyi: Note that initial of third tier is in lower case
The method used to determine the adsorption isotherms was the gravimetric method, also known as the static microclimate method. A recommended procedure defined within the framework of the European COST 90 project is based on the use of thermostatically controlled sealed jars containing oversaturated salt solutions at the bottom to maintain the desired relative humidity (Baucour and Daudin, 2000). Dried Bambara groundnut powder was placed in glass desiccators and maintained at ambient laboratory temperature (28 ± 2 °C) under constant relative humidity conditions, controlled by the type of saturated salt solution used. Seven types of saturated salts were employed to generate specific relative humidities at 28 °C: KOH, K₂CO₃, Ca (NO₃)₂, NaCl, KCl, BaCl₂, and K₂SO₄.
 
Table I: Water activity of different saline solutions
	Saline solutions
	Water activity of salts

	KOH 
	0,07 

	K2CO3 
	0,43 

	Ca (NO3)2 
	0,56 

	NaCl 
	0,75 

	KCl 
	0,85 

	BaCl2 
	0,90 

	K2SO4 
	0,95 


KOH : Potassium Hydroxide; K2CO3 : Potassium Carbonate ; Ca (NO3)2 : Calcium Nitrate ; NaCl : Sodium chloride; KCl : Potassium chloride ; BaCl2 : Barium chloride; K2SO4 : Potassium sulfate 

Adsorption isotherms were determined using the static gravimetric method with saturated salt solutions. In desiccators corresponding to water activity (aw) values higher than 0.7, thymol was added to prevent microbial growth. Individual samples of Bambara groundnut powder intended for isotherm determination during the first phase of the experiment were weighed to approximately 2.00 g ± 0.1 mg and placed in shallow dishes of approximately 35 mm diameter to ensure uniform layer distribution. The dishes were then introduced into a desiccator containing phosphorus pentoxide (P₂O₅), used as a strong desiccant, and maintained at ambient temperature for three weeks to reduce the initial moisture content to approximately 2%. At the end of this period, the initial masses of the dehydrated samples were accurately recorded. The samples were subsequently transferred into desiccators containing the appropriate saturated salt solutions corresponding to different water activity levels. The desiccators were kept at laboratory ambient temperature, and the samples were left until equilibrium was reached, indicated by the absence of significant mass variation. The equilibrium moisture content was calculated from the initial mass after P₂O₅ desiccation and the mass changes recorded during the adsorption process. Weighings were carried out at regular intervals until stabilization of the sample weight. Hygroscopic equilibrium was considered achieved when the difference between two successive mass measurements was less than the analytical balance precision (± 0.001 g). The total time required for removing, weighing, and returning the samples to the desiccators was approximately 30 seconds, thereby minimizing atmospheric moisture uptake during handling. To assess reproducibility and estimate experimental error, each moisture content measurement was performed in triplicate.

2.2.2. Determination of the amount of adsorbed moisture (X)	Comment by Matthew Oboyi: 2.3
The amount of moisture adsorbed at equilibrium (X), expressed as grams of water per gram of dry matter (or percentage of water on a dry basis), was determined from the mass difference of the samples measured before and after exposure to controlled relative humidity conditions (Nadia and Mohamed 2017).
[image: ]	Comment by Matthew Oboyi: Number every equation used. Continue from (ii)
								(i)


Mh = wet mass; Ms = dry mass; X = percentage of water content

[bookmark: _Toc89736]2.2.3. Modelling of experimental adsorption isotherms	Comment by Matthew Oboyi: 2.4
To model adsorption–desorption curves, numerous empirical models describing the relationship between equilibrium moisture content, relative humidity, and temperature have been reported in the literature. Among them, the Guggenheim–Anderson–de Boer (GAB) model is considered one of the most appropriate theoretical models for food materials (Ferradji et al., 2008). It is applicable over a water activity (aw) range of 0.07 to 0.95. The GAB model is described by the following equation: 
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aw is the water activity; X is the monolayer moisture content 
This equation, previously used by Lewicki (1997), makes it possible to construct the theoretical adsorption isotherm curve from experimental data. The correlation coefficients were determined by nonlinear regression analysis, by fitting experimental values of X as a function of aw. This curve has the equation:
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With a coefficient of determination R2, which is the coincidence between theoretical and experimental values. which reflects the degree of agreement and thus the adequacy of the GAB equation (Chuang and Toledo, 1976). After rearrangement of the GAB equation, theoretical moisture content values were calculated accordingly:
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2.2.4. Determination of the terms Xm, K, C of the GAB model	Comment by Matthew Oboyi: 2.5
The parameters Xm, C, and K of the GAB model were determined using a second-order polynomial relationship solved by nonlinear regression analysis in order to optimize the coefficient of determination R² (Abramovič and Klofutar, 2002). The values of these parameters were obtained through the corresponding regression equations: 
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X0: water content of the monolayer; C and K are constants related to the interaction energies between water molecules and the solid matrix.

2.2.5. Statistical Analysis	Comment by Matthew Oboyi: 2.6
Regression analysis was performed using SPSS version 17.0 and Microsoft Excel 2013. Nonlinear regression was employed to estimate model parameters using the Levenberg–Marquardt algorithm, which iteratively adjusts response values and recalculates a least-squares fit of a nonlinear model to optimize parameter estimation.

























3. Results and Discussion
3.1. Results
[bookmark: _Toc89739]3.1.1. Isotherm curve for the adsorption of Bambara groundnut powder
Table 2 presents the stabilization of the adsorption moisture content values of Bambara groundnut powder. Hygroscopic sorption equilibrium was reached after 31 days. The adsorption isotherm curve obtained at an ambient temperature of 28 ± 2 °C shows that at higher water activity values, the moisture content of the sample increases.	Comment by Matthew Oboyi: Do not start an explanation with table…. The stabilization of the adsorption moisture content values of Bambara groundnut powder was presented in Table 2.

Table 2: Experimental values of the water content (%) of Bambara groundnut powder as a function of water activity 
	Water activity (Aw) 
	X exp (%) 

	0,07 
	5,5 

	0,43 
	8,9 

	0,56 
	12,8 

	0,75 
	23,1 

	0,85 
	35,2 

	0,90 
	46,0 

	0,95 
	66,9 


X exp (%): experimental water content of Bambara groundnut powder
The experimental adsorption isotherm of Bambara groundnut powder (Figure 2) exhibits a sigmoid “S”-shaped profile characteristic of a Type II isotherm, with three distinct regions. The first region extends from aw = 0 to 0.34 and is characterized by a slight increase in moisture content. The second region ranges from aw = 0.34 to 0.75 and shows a progressive increase in moisture content. Beyond aw = 0.75, corresponding to water activity values between 0.75 and 0.95, a sharp increase in moisture content is observed, reflecting the exponential growth of the curve in this region
. 
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Figure 2: Experimental curve of the adsorption isotherm of Bambara groundnut powder 
[bookmark: _Toc89740]3.1.2. modelling of the adsorption isotherm curve of Bambara groundnut powder
Table 3 also presents the different Aw/X values as a function of aw for the sample, enabling the determination of the trend line equation. 
[image: ]



Table 3: Aw/X values as a function of Aw

	Aw 
	Aw/X 

	0,07 
	1,2 

	0,43 
	4,8 

	0,56 
	4,3 

	0,75 
	3,2 

	0,85 
	2,4 

	0,90 
	1,9 

	0,95 
	1,4 


Nonlinear regression analysis (Figure 3) was applied to determine the parameters (X₀, K, and C) of the GAB mathematical model. The model equation was used to fit the experimental moisture content data of Bambara groundnut powder. 
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	Figure 3: Nonlinear regression of Aw/X as a function of Aw 
 
 
This gives us the following equation: 
Y = -17,271x2 + 17,559x + 0,099 with a correlation coefficient : R² = 0,982  	Comment by Matthew Oboyi: unbold	Comment by Matthew Oboyi: unbold
By identification: y= Aw/Xtheo; x=Aw; α=-17,271; β=17,559 et γ=0,099, on subsequently obtained: Aw/Xtheo = -17,271 Aw2+17,559 Aw+0,099 	Comment by Matthew Oboyi: unbold	Comment by Matthew Oboyi: unbold
The theoretical values were calculated using the following equation.
Xtheo = Aw/ (-17,271. Aw2 + 17,559. Aw + 0,099) 	Comment by Matthew Oboyi: unbold
All these calculations enable us to arrive at the theoretical water content values shown in the table 4. 


Table 4: Theoretical water content values for Bambara groundnut powder

	Aw 
	X théo (%)  

	0,07 
	5,6 

	0,43 
	9,6 

	0,56 
	12,4 

	0,75 
	21,1 

	0,85 
	33,3 

	0,90 
	47,0 

	0,95 
	79,6 



X théo: Theoretical water content of Bambara groundnut powder
Regarding the GAB model parameters (X₀, C, K, and R) presented in Table 5, the monolayer moisture content (X₀) was determined. The monolayer moisture content represents the maximum amount of water below which moisture is not available for chemical and biochemical reactions. This parameter is essential for controlling product stability during storage. For Bambara groundnut powder, the value of X₀ was found to be 0.051 g/100 g dry matter. This monolayer moisture content corresponds to a water activity of 0.076. 

Table 5: Parameters of GAB 

	Model 	Parameters 	Values 
	 
GAB 
	X0 
K 
	0,051 
0,878 

	 
	C 
	39,78 

	
	R2
	0,982 


 
The values of water activity (aw) and both experimental and theoretical moisture contents were used to simultaneously plot the experimental and theoretical sorption isotherm curves of Bambara groundnut powder (Figure 4). The theoretical and experimental curves overlap closely up to aw = 0.56. Beyond this value, the difference becomes noticeable. For water activity values between 0.56 and 0.94, the theoretical curve lies slightly above the experimental curve. At water activity values higher than 0.94, the experimental curve falls below the theoretical curve.  
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Figure 4: Comparison of experimental and theoretical curves of the adsorption isotherm of Bambara groundnut powder
















[bookmark: _Toc89741]4. Discussion 
The sorption isotherm of the tested Bambara groundnut flour sample was classified as a Type II sorption isotherm. According to Limousin et al. (2007), the sigmoid sorption curve indicates that the observed phenomenon reflects the formation of polymolecular water layers on the surface of the studied flours. “S”-shaped isotherms, characterized by the presence of two inflection points, are used to describe a three-stage adsorption process involving at least two opposing mechanisms (Limousin et al., 2007). At high relative humidity values, the amount of absorbed water increases. This increase in moisture content mainly depends on the relative humidity of the surrounding air within the chamber and the temperature (Kouhila et al., 2002; Irzyniec and Klimczak, 2003; Varghese et al., 2014). Analysis of the curve revealed two inflection points, allowing it to be divided into three distinct regions. The first region extends from a water activity (aw) of 0.00 to 0.40; it is governed by the interaction of polar groups of hydrophilic components, characterized by high binding energy. These established bonds enable the formation of a monolayer (Kelly et al., 2016). The unavailability of this water slows biochemical reactions and prevents its use by microorganisms for growth (Moreira et al., 2015). The second region of the isotherm ranges from 0.40 to 0.77; in this region, aggregation of water molecules is observed. Absorption is slow and gradual, promoting the formation of a second layer in addition to the first, resulting in multilayer formation. This phenomenon may be explained by a slight increase in absorbable water within the chamber, leading to partial dissolution of macromolecules. The third region reflects the accumulation of water in intermolecular spaces. In this zone, water activity is higher (aw > 0.75); the steep rise of the curve indicates a rapid increase in water absorption until a maximum is reached. Water becomes sufficiently available to allow the powder to absorb moisture until pore saturation occurs. Excess water is present due to total hydrolysis of sugars and their transition from the crystalline to the amorphous state (Ferradji et al., 2008). Water becomes free in capillary form, retained in large capillaries and cell walls; it is weakly bound (Al-Muhtaseb et al., 2002; Yué and Tano, 2008). Consequently, free water promotes several chemical reactions (oxidation, browning) and biological developments (molds, yeasts) responsible for food deterioration. The use of the GAB mathematical model in this study to compare experimental and theoretical moisture contents was recommended because it covers a water activity range from 0 to 0.95 (Furmaniak et al., 2009; Yué Bi et al., 2018). Furthermore, the correlation coefficient (R² = 0.982), lying between 0.85 and close to 1, confirms the suitability of the GAB model. This agrees with the findings of Akanbi et al. (2006), who stated that the GAB model is applicable when R ≥ 85%. The obtained constants X₀, K, and C were 0.0517, 0.878, and 39.78, respectively, and were considered significant. The variable X₀ is the most important, as it represents the monolayer moisture content, which ensures product stability during storage (Benseddik et al., 2014). This value is similar to that reported for bulgur powder, considered a wheat-based functional food, and for seaweeds, with X₀ values of 5.01 and 5.5, respectively (Erbas et al., 2016; Moreira et al., 2015). However, oxidation and enzymatic reactions are not completely inhibited above this value; rather, it mainly prevents the development of biological spoilage agents, whose threshold water activity for growth is approximately 0.6 (Marc et al., 2004). The constants C and K are related to interaction energies. The constant C also indicates the isotherm characteristics. If C < 10, the isotherm is classified as Type III; if C > 10, it is classified as Type II according to Medeiros et al. (2006). In this study, the C value (39.78) is greater than 10, confirming the Type II classification. This theoretical result predicts the shape of the adsorption isotherm obtained experimentally (Medeiros et al., 2006).	Comment by Matthew Oboyi: too old	Comment by Matthew Oboyi: too old. Remove 

    5. Conclusion
Establishing the moisture sorption isotherm of Bambara groundnut powder is essential for providing useful information for its storage and drying. The equilibrium moisture content determined during the sorption process can help optimize drying conditions. The value of the GAB model constant indicates that the moisture absorption process of Bambara groundnut flour is classified as a Type II isotherm. The GAB model is therefore appropriate for describing the experimental sorption data of Bambara groundnut powder. However, further research on the effects of drying conditions, storage practices, and packaging materials on the final quality of Bambara groundnut powder could be conducted to extend its shelf life.
.
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