
https://dx.doi.org/10.4314/dujopas.v12i1a.30 
ISSN (Print): 2476-8316  

ISSN (Online): 2635-3490  
Dutse Journal of Pure and Applied Sciences (DUJOPAS), Vol.12 No. 1a March 2026 

 

 

 
*Author for Correspondence    
Charles Bristone et al, DUJOPAS 12 (1a): 323-341, 2026                                                                           323 
 

Moisture Sorption Models Predicting Sorption 
Characteristics of Malted And/Or Fermented Faro 44 

Rice Plus Soybean-Based Complementary Foods 
 

 1,*Charles Bristone, 2Chukuma Charles Ariahu,  
3Julius Kwagh-hal Ikya, 4Mike Ojotu Eke. 

 

1, 2, 3, 4 Department of Food Science and Technology, 
 University of Agriculture Makurdi,  

Makurdi, 
P. M. B. 2373, 
 Benue State, 

 Nigeria.  
 

1Department of Food Science and Technology,  
Faculty of Engineering,  

University of Maiduguri, 
P. M. B.1069, 
Borno State,  

Nigeria. 
 

*Correspondence: University of Maiduguri,  
Faculty of Engineering,  

Department of Food Science and Technology,  
P. M. B.1069, Maiduguri, 

 Borno State, 
 Nigeria. 

 
Email: bristonecharles@yahoo.com 

 

Abstract 
The objectives of this study were to understand the responses of the formulated food products subjected 
to varying temperatures and relative humidity, to predict their storage stability, and to optimise and 
control their processing. Brunauer, Emmett and Teller (BET) and Guggenheim-Anderson-de Boer 
(GAB) models, as well as a double-logarithmic polynomial equation, were used to model foods' sorption 
characteristics. FARO 44 rice and soybean were obtained from the National Cereal Research Institute 
and the Agric Seed Storehouse, respectively. Rice was processed into flours and formulated with 
processed soybean flour to provide 16% protein in each mixture. The ratio of rice to soybean was 
calculated using a material balance equation, and the experiment used a 2 × 2 completely randomised 
design. In this study, the equilibrium moisture contents of the formulated foods were determined 
gravimetrically at 20, 30, 40, and 50 °C, and the sorption models were fitted to the resulting data. The 
results of the study showed that the equilibrium moisture contents, GAB and BET monomolecular 
moisture contents, enthalpies of mono and multilayers, total surface area of solids of the formulated 
products ranged from 0.20 to 30.60 g H2O/100 g solids, 2.24 to 7.68 (Mg) g H2O/100 g solids, 2.28 to 
4.61 (Mb) g H2O/100 g solids, 40.95 to 64.75 kJ/mol, 31.42 to 42.25 kJ/mol, 80.24 to 162.02 m2/g solids, 
respectively. Interestingly, the sorption study agreed with the BET and GAB models. Isotherms were 
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temperature-dependent and showed slight hysteresis. The monolayer moisture values varied, and the 
energy constants were temperature-dependent. The correlation coefficient and RMS values justified the 
sorption parameters. The non-fermented formulated rice-based products were more hygroscopic than 
the other samples. The malted-fermented rice-based product exhibited the highest thermostable and 
better-keeping qualities. Finally, the study has provided adequate information at every stage for 
stability, product-packaging optimisation and control. 
   
Keywords: Heat of sorption, Hysteresis, Adsorption, Desorption, Infant food. 
 
 
INTRODUCTION 
Moisture sorption isotherms (curves) describe the relationship between water activity and 
moisture content at a specified temperature (Kiranoudis et al., 1992; Vega-Ga'lvez et al., 2007; 
Sengev et al., 2017; Aqua lab, 2021) and are unique to every food. The desorption (drying) and 
adsorption (rehydration) properties of a particular food differ from those of the other (Aqua 
lab, 2021). Traditional complementary foods such as ogi (akamu), agidi, kunu (koko), kunun zaki, 
etc., and these new rice-based formulated food products have high moisture content. They 
can spoil easily if not dried after fermentation. Researchers (Ikya, et al., 2013; Bristone et al., 
2016; Eneka et al., 2018; Ujoh, et al., 2023) in many parts of Africa have attempted to dry and 
convert some of them into instant food powders that can be reconstituted with water, like 
other conventional infant foods. Previously, our research successfully produced 
instant ogi powders (Bristone et al., 2016; Bristone and Jibrilla, 2017). Nonetheless, we 
discovered that drying alone is not enough for food intended for packaging, transportation, 
marketing, or sale in shops, as their sorption behaviours must be evaluated to determine their 
drying characteristics and storage stability at low or high temperatures and relative humidity. 
 
Water or moisture is recognised as being very important, if not critical, to the stability of most 
products. Controlling moisture within a product, by some method of drying or by 
chemically/structurally binding, such as salting or sugaring, has long been used by man for 
preservation. These not only control microbial spoilage but also chemical and physical 
stability (Nori et al., 1980 and Mafi et al., 2024). Moisture content determination is essential in 
meeting product nutritional labelling regulations, specifying recipes and monitoring 
processes (Aqua lab, 2021). However, moisture content alone is not a reliable predictor of 
engineering processes or of microbiological and chemical responses, such as oxidation, 
browning, or deterioration, that occur in food during processing or storage (Nori et al., 1980; 
Mafi et al., 2024). Hence, the search for the knowledge of moisture sorption study and the 
simplest model that could describe the process (Zaman and Salleh, 1995). Limitations of 
moisture content measurement as an indicator of safety and quality stem from differences in 
the extent to which water associates with other food components (Nori et al., 1980). The water 
content of a safe product varies from one product to another. But using moisture content 
alone, it will be impossible to determine the available moisture in a product that would 
support processes, reactions, or microbial growth, which may influence product quality and 
stability (Nori et al., 1980; Mafi et al., 2024).  
 
Moisture sorption isotherms and the equations that describe these relationships are essential 
for solving many food engineering problems (Togrul and Arslan, 2006). As reported earlier 
(Labuza et al., 1972; Rockland and Stewart, 1981; Rizvi, 1995), moisture sorption isotherms are 
useful thermodynamic tools for characterising water and food substances and for assessing 
food processing operations such as drying, mixing, packaging, and storage. Many researchers 
worldwide have reported applications of moisture sorption isotherms. Aqua Lab (2021), 
reported that a moisture sorption isotherm is a powerful tool for predicting the shelf life of 
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food. Moisture sorption isotherms can be used to determine critical water activity values at 
which changes such as caking, clumping, loss of texture, etc., occur. Similarly, it can monitor 
product responses to ingredient and formulation changes, estimate accurate shelf life, create 
mixing models, perform packaging calculations, and obtain the monolayer moisture value at 
which a product is most stable during storage. According to Akubor (2017), the moisture 
sorption isotherm is used to investigate structural features of food (surface area, pore volume, 
pore size distribution, crystallinity). Such data help select appropriate storage conditions and 
packaging systems that optimise or minimise the retention of food's sensory and nutritional 
qualities. Food sorption isotherms vary with temperature and processing method, providing 
insight into the food's moisture-binding energy. 
 
Knowledge of moisture sorption isotherms is very important for the analysis and design of 
several food transformation processes (e.g., drying). It is essential to understand the 
physicochemical changes involved in production processes, which can assist in calculating 
the driving force (potential) in many mass transfer operations and in predicting the behaviour 
of ingredients upon mixing. Also, the appropriate packaging material for food stability during 
processing or upon storage (Kiranoudis et al., 1992; Vega-Ga'lvez et al., 2007; Sengev et al., 
2017; Akubor, 2017; Aqua lab, 2021). The malting and fermentation processes are essential for 
reducing bulk and thereby increasing the nutrient density of infant gruel, also, for reducing 
the pH in food and increasing its storage stability by mitigating microbiological proliferation 
and biochemical processes which favour food spoilage. Earlier researchers have used a rice-
soybean combination to formulate diets that would alleviate nutritional challenges (Bristone 
et al., 2016; Chinelo et al., 2017). Nowadays, rice, among many other cereal grains, is receiving 
the most global attention for human consumption (Bristone et al., 2021). FARO 44 rice, among 
a series of rice varieties released in the African sub-region, has the most unique properties 
(Udemezue and Agwu, 2018; Ebenehi and Ahmed, 2019; Idu et al., 2021). These properties 
have satisfied both farmers' and consumers' preferences. High germination capacity, early 
maturity (110 - 120 days), optimum production capacity under low management, high yield 
(7 to 10 tonnes per hectare regularly), high resistance to blast, pests and diseases, etc., are 
farmers' desired traits of FARO 44 rice. Consumers' desired traits in FARO 44 rice include 
minimal breakage during milling, good cooking, and adequate nutritional quality (Udemezue 
and Agwu, 2018; Ebenehi and Ahmed, 2019; Idu et al., 2021). These sorption properties, 
together with the improved rice cultivar and the formulated food products, have not been 
investigated, especially as a single product is affected by malting and/or fermentation.  
 
MATERIALS AND METHODS 
 
Sources of Raw Materials and Preliminary Handling 
FARO 44 was obtained from the National Cereals Research Institute, Badeggi, Bida, Niger 
State. Soybean (Glycine max) was procured from the Agric Seed Store House, Gire market, Gire 
Local Government, Adamawa State. They were cleaned as described by Dhankhar (2014) and 
Bristone et al. (2021). 
 
Processing of Rice and Soybeans 
After cleaning, the paddy was divided into two equal lots. The first lot was malted, the second 
unmalted, and both were later milled. One portion from each lot was separately fermented 
using solid-state fermentation (Plate 1). All products were finally dried and milled separately 
into four (4) different classes of flours (Bristone et al., 2021; Bristone et al., 2024). Also, soybeans 
were heat-treated and processed into flour (Badau et al., 2016).   
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(a) 

  
(b) 

  
(c) 

Plate 1. (a) Malted rice,                                (b) Fermented rice food,                     (c) Drying of rice products  

 
Formulation 
The product formulation was designed to yield 16 g of protein per test product. The various 
amounts were obtained by materials balance (Bristone et al., 2024) based on the proximate 
compositions of the food materials determined as described by Association of Official 
Analytical Chemist (AOAC, 2006) and to comply with recommendations of the Protein 
Advisory Group (PAG) (WFP, 2021). Four test products comprising non-malted-non-
fermented rice (NMNFRS), malted-non-fermented rice (MNFRS), non-malted-fermented rice 
(NMFRS), malted-fermented rice (MFRS), and each was complemented with soybean. A 2 x 2 
completely randomised experimental design was used (Gomez and Gomez, 1983). 
 
Determination of Equilibrium Moisture Contents 
Equilibrium moisture contents were determined gravimetrically by placing the samples in an 
atmosphere of known relative humidity, controlled by saturated sulphuric acid solutions at 
10, 20, 30, 40, 50, 60, 70, and 80% in desiccators (Desiccators, Moncrieff, Parth, England). The 
prepared sulphuric acid solutions (20, 30, 40, and 50 °C) provided a basis for calculating water 
activity (Sahin and Sumnu, 2006). 
 
Gravimetrically, quadruplets samples of 0.5 g each were weighed with analytical balance 
(Mettler Toledo B144 College Precision Balance Max 151 G, Mettler Toledo, Model: B154. 
Switzerland) and were placed in a petri dish with a diameter of 3 cm in thermostatic 
incubators (Electrothermal Incubator, Searchtech Instrument, Model DNP-9032 and 
Gallenkamp Economy Incubator, Gallenkamp, Model 3A 4038, England) until equilibrium 
weight is established. For the desorption study, the dried sample was rewetted by sprinkling 
it with 0.5 ml of distilled water using a sterile hypodermic syringe (Ariahu et al., 2005). 
Samples were placed at constant temperature in an incubator and were weighed until a 
weight change of about < ± 0.001 g was recorded on two consecutive weighings, when the 
samples were assumed to be at equilibrium. The equilibrium moisture content of each sample 
was calculated and was used for modelling (Diosady et al., 1996; Sengev et al., 2017).   
 
Modelling of Sorption Isotherms 
The Brunauer-Emmett-Teller (BET) model, Guggenheim-Anderson and De Boer (GAB) model 
and double logarithmic polynomial (DLP) equations (equations 1, 2 and 7, respectively) were 
fitted into the equilibrium moisture data using regression analysis (Decagon Devices Inc. 
MAT 2.0.11.0) (Van den Berg, 1981; Rahman, 1995).  
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BET model sorption parameters of malted and/or fermented FARO 44 rice plus soybean-
based complementary foods were determined as described by Van den Berg (1981) and 
Rahman (1995) using: 

𝐵𝐸𝑇 𝐸𝑚𝑐 =
𝑀𝑏𝐶𝑏𝛼

(1 − 𝛼)[1 + (𝐶𝑏 − 1)]𝛼
                                 (1) 

Where: 
BET = Brunauer, Emmett and Teller; Emc = Equilibrium moisture content (g H2O/100 g solids); 
Mb = BET monomolecular moisture content (g H2O/100 g solids); Cb = Energy constant related 
to the net heat of sorption and aw = Water activity (dimensionless). 
The GAB model was used to determine sorption parameters of the rice-soybean based 
complementary foods (Van den Berg, 1981; Rahman, 1995; Quirijns et al., 2005) using: 

𝐺𝐴𝐵 𝐸𝑚𝑐 =
𝑀𝑔𝐶𝐾𝛼

(1 − 𝐾𝛼)(1 − 𝐾𝛼 + 𝐶𝐾𝛼)
                          (2) 

 
Where: GAB = Guggenheim-Anderson-de Boer; Emc = Equilibrium moisture content in g 
H2O/100 g solids; aw = Water activity (dimensionless); Mg = GAB monomolecular moisture 
content in g H2O/100 g solids; K = Constant in the range of less than 1 (i.e., < 1) and C = 
Constant in the range of 1 to 2000. Both (C and K) are sorption constants that are related to the 
energies of interaction between the first and subsequent sorb molecules at the individual 
sorption sites. The temperature dependence is included in the constants (C and K), such that: 

𝐶 =
𝑞1

𝑞𝑚
= 𝐶𝑜exp (

∆𝐻𝑐

𝑅𝑇
) =  𝐶𝑜𝑒𝑥𝑝 (

𝐻𝑛 − 𝐻𝑚

𝑅𝑇
)        (3) 

 

𝐾 =
𝑞𝐿

𝑞𝑚
= 𝐾𝑜exp (

∆𝐻𝑘

𝑅𝑇
) =  𝐾𝑜𝑒𝑥𝑝 (

𝐻𝐿 − 𝐻𝑛

𝑅𝑇
)         (4) 

 
∆𝐻𝑐 = 𝐻𝑛 − 𝐻𝑚                                                                 (5) 
 
∆𝐻𝑘 = 𝐻𝐿 − 𝐻𝑛                                                                 (6) 
 
Where: ∆Hc = Difference in enthalpy between monomolecular and multi-layer (kJ/mol); 
∆Hk = Difference in enthalpy between bulk liquid and multi-molecular layer (kJ/mol); Hm = 
Molar sorption enthalpy of the monomolecular layer (kJ/mol); Hn = Molar sorption enthalpy 
of the multi-molecular layer on top of the monomolecular layer (kJ/mol); HL = Molar sorption 
enthalpy of the bulk liquid (kJ/mol); T = Absolute temperature (K); R = Molar gas constant 
(0.008314 kJ/mol K); q1 = Partition function of molecule in monomolecular layer; qL = 
Partition function of molecule in bulk liquid; qm = Partition function of molecule in multi-
molecular layer; and Co and Ko = Entropic accommodation factors. 
A polynomial equation was also used to calculate sorption parameters of malted and/or 
fermented FARO 44 rice plus soybean-based complementary foods (Bonner and Kenny, 2012; 
Igbabul et al., 2013) using: 

𝐷𝐿𝑃 𝐸𝑀𝐶 = 𝑏3. 𝐼𝑛(−𝐼𝑛(𝜒))3 + 𝑏2. 𝐼𝑛(−𝐼𝑛(𝜒))2 + 𝑏1. 𝐼𝑛(−In(χ)) + 𝑏𝑜        (7) 

Where: 
DLP = Double log polynomial equation; Emc = Moisture content in g H2O/100 g solids; 
b3, b2, b1, bo = Isotherms model parameters (empirical constants); and χ = ln(-ln(aw)) or water 
activity. 
The monolayer values obtained were used to calculate the total surface area of the sorbent 
(Rahman 1995; Ariahu et al., 2005) using: 
𝑆𝑜 = (1/𝑀𝑠)𝑁𝑜𝐴𝑀𝑜                             (8) 
Where:  
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So = Apparent surface area of the sorbent (m2/g solids); Ms = Relative molecular mass of water 
(18 g/g mol); No = Avogadro’s number (6.023 x 1023 molecules/mol); A = Apparent surface 
area of one water molecule (1.05 x 10-19 m2); and Mo = Monomolecular moisture content (g 
H2O/g solids). 
 
RESULTS AND DISCUSSION 
Moisture Sorption Isotherms of the Formulated Food Products 
The moisture sorption isotherms of malted and/or fermented FARO 44 rice, plus soybean-
based complementary foods, at 20, 30, 40, and 50 °C are shown in Figures 2a and 2b. 
Mathematically, every point along the x-axis (water activity) has a corresponding data point 
on the y-axis (equilibrium moisture content). As isotherms of these formulated products run 
from the zero origin toward high water activity data points, there were sudden phase changes 
(detected by a computer ruler) corresponding to a sharp increase in equilibrium moisture 
content from about 3.44 to 6.20 %wb (aw 0.40 to 0.53) in the adsorption isotherms. Also, 
suggesting that these products will be unstable in an environment with relative humidity 
above 53% and will store well at < 40% relative humidity within the prescribed temperature 
range, even without packaging. However, packaging will enhance their storage stability. 
 
Similarly, the formation of hysteresis in the low moisture regions is a deleterious hidden 
change. However, it is expressed in this form by the food materials, and it may be hazardous 
during storage due to accompanying adsorption. These changes may affect the physical, 
functional, chemical or nutritional properties of these foods as well as encourage the growth 
of spoilage microorganisms, especially during adsorption. Even though the hysteresis 
observed in this study is not large enough to indicate a potentially significant effect on the 
food products, it suggests that limited space is to be left in the package for possible future 
expansion of the food. Large hysteresis could indicate a product's sensitivity to absorbing a 
large amount of water during storage. 
 
In contrast, low hysteresis could mean less sensitivity of the product to moisture, a state that 
indicates good storage stability of food. Even though at every point on the sorption isotherm, 
these foods varied in their moisture-temperature responses, this information and these 
conditions are useful for improving or optimising storage solutions, enhancing product 
stability, and improving consumer satisfaction. Also, desorption isotherms have phase 
changes as observed, slightly more than the adsorption isotherms, which are also a sign of 
changes in the products. However, it is unlikely to affect the product's hardiness, brittleness, 
or the development of off-flavours (characteristics of excessive drying) because it occurred at 
slightly high equilibrium moisture content and relative humidity. And from those points 
down to the zero origin of the isotherms, no other phase changes were observed or detected 
by our computer ruler, which would have served as a point for study. 
 
Moreover, hysteresis for these products at higher moisture levels is not essential, since they 
are dehydrated and intended to be stored at low moisture levels. Also, most of these heterisis 
appeared similar and are distinct at the midpoint than at the origin or peak of the isotherms 
(curves). The 16% protein must have influenced the similarities in the sorption isotherms 
across the formulations, equalising the proportions of other chemical components and 
accounting for the similarities. However, it does not justify that their sorption behaviours are 
the same. Based on these assumptions and observations, there is a likelihood that the sample 
NMNFRS will be more sensitive to moisture-temperature deterioration than the others, as it 
showed higher isotherm peaks (equilibrium moisture). In comparison, the other samples 
varied in their moisture intake behaviour. 
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Additionally, these isotherms are similar to those observed in many sorption studies on 
agricultural products (Andrade et al., 2011; Igbabu et al., 2013; Sengev et al., 2017). The shapes 
of the isotherms are in agreement with the earlier classification and description (Brunauer et 
al., 1940) and, as reported by Andrande et al. (2011) as sigmoidal (type 2 isotherm). Also, 
comparable to cereal-based products (Sengev et al., 2017), whole yellow dent corn 
(Samapundo et al., 2007), energy sorghum (Bonner and Kenney, 2013) and many other 
agricultural products (Rahman, 1995).  
 
The desorption isotherms are slightly higher than the adsorption isotherms. Earlier reports 
(Rahman, 1995; Sahin and Sumnu, 2006) revealed that it is a normal phenomenon of the 
sorption process, consistent with hygroscopic products (e.g., agricultural products). As 
elucidated by Mathlouthi (2001), the filling and emptying of moisture in the capillaries of food 
do not follow the same kinetics, and changes in the structure of some food constituents under 
various water activities are the main cause. Theories of hysteresis in the literature have sought 
to explain how such a phenomenon occurs but have concluded that it is impossible to provide 
a single explanation (Rao et al., 2005; Rahman and Al-Belushi, 2006). However, vapour 
pressure, capillary and other optimal conditions are likely the major contributing factors to 
hysteresis in this study. Also, different loop shapes of hysteresis have been reported to depend 
on the composition of the product, temperature, storage time, and the number of successive 
adsorption and desorption cycles (Rahman, 1995; Sahin and Sumnu, 2006; Andrande et al., 
2011). 
 
Some of these observations also correspond with these findings. Though there were many 
differences between the adsorption and desorption isotherms, no clear difference was 
observed, especially in the hydration monolayer region. A previous report supported the 
argument that hysteresis in high-sugar or high-pectin foods mainly occurs in the 
monomolecular region (Rahman, 1995). In this study, the effect of fermentation, malting, or 
both, as well as the composition of the mixtures, might have influenced hysteresis in other 
regions of the isotherms. It was observed that sorption isotherms at water activities of 0.8 to 
0.9 showed a decrease in hysteresis as temperature increased, except for sample 
NMFRS.  Also, changes in water binding, dissociation or dissolution of sugar at higher 
temperatures might have influenced the slight shift in hysteresis at higher water activity. 
Hysteresis may affect the sorption regions. From this study, hysterical effects at low water 
activity levels are remarkable, including potential browning reactions, oxidation, loss of 
nutritional and sensory qualities, and the growth of Osmophilic yeasts if these foods are not 
properly packaged. Hysteresis often complicates thermodynamic data derived from sorption 
isotherms (Quirijns et al., 2005).  
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Figure 2a. Moisture sorption isotherms of non-malted-non-fermented rice + soybean (NMNFRS) and malted-
non-fermented rice + soybean (MNFRS) 
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Figure 2b. Moisture sorption isotherms of non-malted-fermented rice + soybean (NMFRS) and malted-
fermented rice + soybean (MFRS) 

 
BET, GAB and DLP Model Parameters of the Formulated Food Products 
The BET, GAB and DLP model equations were fitted to the experimental sorption data by 
regression analysis, and the results are shown in Tables 1a and 1b. The GAB and BET 
monomolecular moisture contents (Mg and Mb) decreased with increasing temperature, and 
regardless of temperature change, they varied from 2.24 to 7.68 g H2O/100 g solids and 2.28 
to 4.61 g H2O/100 g solids, respectively. In addition, the GAB energy constant (C), which 
measures the strength of water binding to the primary binding sites of the monolayer relative 
to the multilayer, ranged from 1.97 to 49.43. The K values, which measure the entropic 
configuration and mobility of water molecules sorbed in the multilayer with respect to the 
bulk liquid, ranged from 0.68 to 0.99. The BET constant (Cb) also ranged from 3.25 to 141.92. 
The correlation coefficients (r) and RMS for the DLP of the food products ranged from 0.99 to 
1.00 and 0.04 to 0.30; GAB ranged from 1.00 throughout to 0.02 to 0.28; and BET ranged from 
0.94 to 1.00 and 0.01 to 0.20, respectively. The use of GAB and DLP equations for modelling 
these products was justified at 30 oC and BET at 50 oC, based on good correlations. In general, 
the use of the correlation coefficient and RMS as determinants for model validation in this 
study revealed that the BET model is better justified for the modelling of malted and/or 
fermented rice plus soybean-based complementary foods than the GAB model or the DPL 

MFRS 
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equation. However, a good fit between a model and experimental data does not describe the 
quality of the sorption process but only the mathematics of the model (Samapundo et al., 
2007), measuring the closeness of the data points to the line of best fit. 
 
 For these formulated food products to remain stable for a long time in storage, available 
moisture must be removed to the monolayer moisture level and prevented from further 
adsorption from the environment. This process would be enough to preserve their quality for 
a long time.  For this reason, the monolayer moisture contents of these samples were 
investigated, and the analysis revealed that NMFRS and MNFRS had the highest GAB and 
BET monolayer moisture, respectively, while MFRS had the lowest. The GAB monolayer 
moisture values of these formulations were generally higher than the BET monolayer 
moisture values, and both decreased as temperature increased. GAB and BET monolayer 
moisture desorption of foods were also observed to be mostly higher than adsorption. 
However, according to the BET and GAB model concepts, whether the monolayer moisture 
content is high or low is not essential; rather, it serves as a benchmark (threshold) for the 
storage stability of that food and is specific. Conversely, lower-moisture-content food may 
require more energy to dry to its monolayer moisture content, analogous to the energy needed 
to empty a deep reservoir of water. 
 
In contrast, higher monolayer moisture content food is analogous to a shallow reservoir of 
water. On the other hand, a large amount of water in dehydrated food is economically 
important, suggesting that consumers are buying more water than the value of the food 
material itself. Weight-related problems due to a large volume of water would be encountered 
during packing, conveying, or transportation. Similarly, the substantial cost of transporting 
goods would be proportionate to the large volume of water in the dried food, because 
transportation costs are always charged by weight.  
 
Additionally, many studies on sorption energy sorghum (Bonner and Kenney, 2013), whole 
yellow dent corn garlic (Samapundo et al., 2007), whole black peppercorns (Moraes et al., 
2008), tropical fresh water cray fish (Ariahu et al., 2005), raspberry (Syamaladevi et al., 2009) 
and composite foods filled with chocolate (Kim et al., 1999), correlate with levels of monolayer 
moisture values in this study, and decreasing of GAB and BET monolayer moisture with 
increasing temperature in this study agrees with many study (Rahman, 1995). Higher 
temperatures will cause water molecules to desorb from sorption sites, leading to a decrease 
in monolayer moisture (Samupundo et al., 2007). Some argued that monolayer moisture is not 
temperature-dependent (Van den Berg, 1981; Rahman, 1995). Other reports (Rahman, 1995) 
showed a decrease in monolayer moisture at lower temperatures, followed by an increase as 
the temperature increased. Much higher monolayer moisture values than in this study were 
also reported on canola meals (Diosady et al., 1996), vegetables (Kiranoudis et al., 1993), spray-
dried tomato pulp (Goula et al., 2007), vacuum-dried onion (Masud Alam and Nazrul Islam, 
2015), African arrowroot lily (Igbabul et al., 2013), apples (Moraes et al., 2008), and mango skin 
(Souza et al., 2015). Other studies reported both high and low levels (Samaniego-Esguerra et 
al., 1991; Rahman, 1995). It is likely, then, that the higher monolayer moisture in fruits and 
vegetables than in cereal-based foods is due to the many available sorption sites for binding 
water molecules. It can be seen that understanding the monolayer moisture contents of these 
foods is crucial for enhancing their desired quality and shelf-life, as well as for optimising and 
designing packaging materials for them. 
 
More importantly, at the desorption sites, samples MNFRS, MFRS, MFRS, and MNFRS at 20, 
30, 40, and 50 °C, respectively, had the highest binding energy for water molecules. While 
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samples NMFRS, MNFRS, MNFRS and NMFRS at the same corresponding temperatures had 
the lowest. From these findings, the adsorption phenomenon contributed to the weakening of 
the molecular binding energy of MNFRS and NMFRS. The energy capacity is higher for 
desorption than adsorption, except for NMFRS (1.97), which recorded the lowest, followed by 
MFRS (5.80) at 50 oC (Table 1b). On average, the GAB C values of MFRS ranged from 8.99 
(adsorption) to 20.44 (desorption), and MFRS had the strongest monolayer energy binding 
capacity, followed by NMNFRS (C: 5.31 to 19.29), MNFRS (C: 6.15 to 16.22) and NMNFRS (C: 
4.88 to 12.44). Both BET and GAB energy constants are in agreement with their respective 
model concepts. C and Cb values showed a stronger temperature dependency than the K 
values.  
 
In general, as the temperature increased to 30 and 40 oC, the GAB constant (C values) of most 
samples exhibited strong monolayer energy. But at 50 °C (Table 1b), energy capacity 
decreased, consistent with thermodynamic principles of sorption. The monolayer at the 
desorption sites exhibited a higher water-binding capacity than that at the adsorption sites. 
The enthalpy energy difference between the multilayer states during adsorption and 
desorption probably caused the difference in distributions of water molecules over the 
polymer matrix during its swelling and shrinking, since such an instance was reported for the 
entropy change (Van den Berg, 1981). Therefore, the greater the differences in the energy 
constants of a particular food across sorption or temperature conditions, the more likely its 
instability. The higher the energy constants, the more tightly water molecules are bound to 
the food materials, the more difficult it is to remove the water by drying, and the more energy 
the drying system consumes.   
 
Likewise, the K values of the samples were mostly structured, and the multilayer water 
molecules differed from those in the bulk liquid. It is also varied and shows slight temperature 
dependence. Most K values increased slightly with increasing temperature. This phenomenon 
may have occurred due to temperature effects, which caused water molecules to move to the 
sorption sites. Thus, as the temperature increased, the multilayer properties of water 
molecules became less structured, as observed in the bulk liquid. Sample MNFRS (at 20, 30 
and 40 oC) had a better structured multilayer at the sorption sites, followed by NMFRS (50 oC) 
at desorption sites and NMNFRS (30 oC) had the least structured multilayer at desorption 
sites, followed by MFRS at desorption (40 oC) and adsorption (50 oC) sites. At those points, the 
multilayer water molecules in the samples NMNFRS and MFRS are not well organised and 
exhibit multilayer properties that are only slightly comparable to those of bulk liquid 
molecules. Food with a K value equal to or greater than 1 is interpreted as already predisposed 
to the movement of free water molecules under the GAB model assumptions, based on the 
vast literature reporting K values for foods, including those compiled by Rahman (1995), 
which mostly fall within the range of 0.6 to nearly 1. It can be seen that the energy capacity of 
sorption sites is essential for maintaining the quality of dehydrated food products, as food 
without binding energy is prone to moisture migration. 
 
Table 1a. DLP, GAB and BET sorption isotherm regression parameters of the formulated 
food products 
Adsorption Desorption 
Products NMNFRS MNFRS NMFRS MFRS NMNFRS MNFRS NMFRS MFRS 

    20 oC     
DLP         
bo 4.40 5.42 5.12 5.06 5.00 6.36 5.70 6.26 
b1 -4.63 -4.56 -5.47 -5.14 -4.70 -4.45 -5.51 -5.23 
b2 1.08 0.78 1.32 1.22 1.01 0.53 1.21 0.95 
b3 0.19 0.07 0.37 0.26 0.18 -0.01 0.34 0.20 
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r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
RMS 0.10 0.15 0.16 0.20 0.11 0.21 0.15 0.25 
GAB         
Mg 4.58 4.47 7.68 5.49 4.60 4.67 6.69 5.46 
K 0.85 0.68 0.75 0.83 0.85 0.86 0.78 0.83 
C 4.66 10.43 2.44 4.45 7.51 18.93 4.17 10.91 
r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 
RMS 0.06 0.14 0.21 0.23 0.09 0.20 0.21 0.27 
BET         
Mb 3.82 4.12 2.32 2.88 3.99 4.61 2.83 4.08 
Cb 5.83 9.87 141.92 26.84 8.82 15.18 86.60 21.52 
r 1.00 0.97 0.94 0.95 0.99 0.95 0.96 0.97 
RMS 0.05 0.05 0.08 0.03 0.10 0.20 0.13 0.17 
    30 oC     
DLP         
bo 3.81 3.83 4.11 4.35 4.42 4.64 5.03 4.97 
b1 -3.83 -4.45 -4.04 -3.91 -3.83 -4.30 -3.77 -3.98 
b2 1.15 1.30 1.10 0.95 1.04 1.19 0.97 0.87 
b3 -0.04 0.13 -0.04 -0.03 -0.08 0.09 -0.10 -0.05 
r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
RMS 0.16 0.11 0.10 0.10 0.15 0.14 0.14 0.11 
GAB         
Mg 3.32 4.15 3.52 3.49 3.41 3.81 3.48 3.69 
K 0.92 0.89 0.92 0.91 0.92 0.90 0.92 0.90 
C 6.75 3.67 7.39 9.99 12.20 14.22 43.58 15.65 
r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
RMS 0.18 0.10 0.08 0.11 0.17 0.13 0.09 0.12 
BET         
Mb 3.59 3.02 3.27 3.15 3.62 2.84 3.11 3.48 
Cb 4.84 7.45 7.83 10.84 8.70 47.99 58.46 15.06 
r 0.99 0.99 0.99 0.98 0.99 1.00 0.99 0.98 
RMS 0.07 0.08 0.11 0.11 0.08 0.01 0.07 0.12 

NMNFRS: Non-malted-non-fermented rice, MNFRS: Malted-non-fermented rice, NMFRS: Non-malted-
fermented rice, MFRS: Malted-fermented rice, S: soybean, r: Correlation coefficient, Mg and Mb: g H2O/100 g 
solids 

 

Table 1b. DLP, GAB and BET sorption isotherm regression parameters of the formulated 
food products 
Adsorption Desorption 
Product NMNFS MNFRS NMFRS MFRS NMNFRS MNFRS NMFRS MFRS 

    40 oC     
DLP         
bo 3.06 3.12 3.07 3.09 3.94 4.44 4.19 3.89 
b1 3.56 -3.98 -3.37 -2.92 -3.74 -4.30 -3.46 -3.00 
b2 1.92 1.89 1.69 1.51 1.39 1.18 1.057 1.04 
b3 0.13 0.29 0.11 0.06 -0.03 0.15 -0.08 -0.13 
r 1.00 1.00 0.99 1.00 1.00 0.99 099 1.00 
RMS 0.29 0.27 0.30 0.22 0.29 0.29 0.30 0.19 
GAB         
Mg 3.38 4.01 3.12 2.71 3.24 3.83 3.12 2.77 
K 0.93 0.89 0.93 0.93 0.93 0.89 0.93 0.94 
C 4.48 2.90 6.17 13.89 19.83 12.00 27.43 49.43 
r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
RMS 0.27 0.25 0.27 0.19 0.25 0.25 0.25 0.15 
BET         
Mb 2.68 2.73 2.68 2.28 2.63 3.08 3.02 2.41 
Cb 12.36 9.58 11.72 27.96 57.95 25.72 30.88 81.60 
r 0.99 0.99 1.00 0.94 0.99 1.00 1.00 0.97 
RMS 0.05 0.07 0.04 0.11 0.05 0.03 0.05 0.09 
    50 oC     
DLP         
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bo 3.46 3.42 3.53 3.02 4.34 4.30 3.92 3.67 
b1 -4.20 -3.21 -3.70 -2.64 -3.95 -318 -5.02 -3.99 
b2 1.32 0.98 0.98 1.26 1.09 0.82 1.64 1.37 
b3 -0.01 -0.20 0.01 -0.55 -0.11 -0.26 0.31 0.04 
r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
RMS 0.07 0.05 0.04 0.14 0.07 0.07 0.30 0.23 
GAB         
Mg 3.60 2.76 3.26 2.44 3.45 2.91 5.69 3.51 
K 0.92 0.95 0.91 0.99 0.93 0.94 0.84 0.92 
C 3.67 7.60 5.30 7.61 10.23 19.73 1.97 5.80 
r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

RMS 0.03 0.09 0.08 0.11 0.02 0.12 0.28 0.20 
BET         
Mb 3.52 3.36 2.90 2.50 3.35 3.50 2.81 2.47 
Cb 3.25 3.53 5.13 6.03 9.58 8.13 17.58 20.90 
r 1.00 1.00 1.00 0.99 1.00 0.99 1.00 0.99 
RMS 0.02 0.02 0.020 0.07 0.01 0.09 0.04 0.060 
NMNFRS: Non-malted-non-fermented rice, MNFRS: Malted-non-fermented rice, NMFRS: Non-malted-
fermented rice, MFRS: Malted-fermented rice, S: soybean, r: Correlation coefficient, Mg and Mb: g H2O/100 g 
solids 

 
GAB Molar Sorption Enthalpies of the Formulated Food Products 
GAB monomolecular enthalpy (Hm) and multi-molecular enthalpy (Hn) of sorption of malted 
and/or fermented rice plus soybean-based complementary foods are shown in Table 2. 
Irrespective of temperature or sorption mode, enthalpy values of monolayer varied from 40.95 
to 64.75 kJ/mol, with NMFRS having the highest and MNFRS the lowest monolayer enthalpy 
of sorption at 20 and 50 oC, respectively. The monolayer heat of sorption showed a 
temperature dependence. GAB monolayer enthalpy of sorption primarily decreased as 
temperature increased, except for NMFRS during adsorption (20 oC). This means that high 
temperatures weaken monolayer molecules, thereby lowering the molar heat of sorption. This 
also matched remarkably with the effect of higher temperature on the BET and GAB energy 
constants. So, it is reasonable to say that the molar heat of sorption decreases with decreasing 
binding energy. This has a physical meaning and relates to the principles of thermodynamics. 
The differences in the magnitude of the monolayer enthalpies of NMNFRS in the adsorption 
and MFRS in the desorption mode (i.e., 20 to 30 oC, 30 to 40 oC, or 40 to 50 oC) followed the 
same trend in both modes. 
 
Many researchers have investigated the enthalpy of sorption. A study on sorghum-based 
complementary foods by Sengev et al. (2017) found monolayer enthalpy values (50.34 to 61.37 
kJ/mol at 10, 20, 30, and 40 °C) comparable to those obtained. But Diosady et al. (1996) found 
a higher monolayer enthalpy of 84.11 to 84.88 kJ/mol of canola meals (at 16 to 34 oC) than the 
enthalpy values obtained. The use of lower temperatures in their study than in this study is 
likely the contributing factor to the differences. This is because a study (Ariahu et al., 2005) 
conducted at 25 to 50 °C reported a monolayer enthalpy of sorption for crayfish of 53.40 to 
77.29 kJ/mol. All their findings also indicated temperature dependency. Other literature data 
on ΔHc and ΔHk of foods (Kiranoudis et al., 1993; Quirijns et al., 2005) did not correlate with 
this study. 
 
The multilayer heat of sorption also exhibited temperature dependence. It ranged from 31.42 
to 42.25 kJ/mol. At 20 oC, sample NMFRS showed the highest molar heat of desorption and 
the lowest molar heat at the adsorption sites. The differences in the magnitude of the 
multilayer enthalpies of NMNFRS in the adsorption and MFRS in the desorption mode 
followed a similar trend. It follows a similar trend to the monolayer heat case, except in 
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magnitude, where the multilayer enthalpy of sorption was lower. This could explain that as 
water molecules sorb to the multilayer, the binding energy capacity decreases, thereby 
reducing the multilayer enthalpy. Hence, a lower heat of sorption is expected in multilayers 
due to the higher binding energy of the monolayer. Studies (Diosady et al., 1996; Sengev et al., 
2017) on multilayer heat values of canola meals and complementary foods are slightly higher 
than those in this study, but the report on crayfish (Ariahu et al., 2005) showed more results 
disparity with this study. 
 
A particular report in the literature indicated that the molar heat of sorption of water 
molecules was close to zero (Fugura and Teixeira, 2007). So, a low molar heat of sorption 
indicates a high entropy, and may accompany low binding energy of water molecules. The 
low heat of sorption of these products, compared to those reported, is an added advantage for 
dehydration. However, infinitesimal energy would make it easier for the products to pick up 
moisture from the humid environment if not properly stored. A study by Quirijns et al. (2005) 
found a close correspondence between the GAB molar enthalpy and the net isosteric heat of 
sorption. Hence, GAB molar enthalpy can be used as a valuable tool to estimate the drying 
process and evaluate the operating cost of dehydration for FARO 44 products. 
 
Table 2. GAB isotherm molar enthalpies (kJ/mol) of the formulated food products  

Products 20 oC 30 oC 40 oC 50 oC 

Monolayer enthalpy of adsorption (Hm)  
NMNFRS 51.58 51.15 50.73 50.29 
MNFRS 51.68 51.25 50.83 50.79 
NMFRS 49.27 56.84 56.42 55.98 
MFRS 55.68 55.25 54.83 54.39 
Monolayer enthalpy of desorption (Hm)  
NMNFRS 53.71 53.28 52.86 52.42 
MNFRS 42.24 41.81 41.39 40.95 
NMFRS 64.75 64.32 63.90 63.46 
MFRS 47.26 46.84 46.42 45.98 
Multilayer enthalpy of adsorption (Hn)  
NMNFRS 42.21 41.78 41.36 40.92 
MNFRS 41.81 41.38 40.96 40.52 
NMFRS 31.42 38.99 38.57 38.13 
MFRS 39.54 39.11 38.69 38.25 
Multilayer enthalpy of desorption (Hn)  
NMNFRS 41.96 41.53 41.11 40.67 
MNFRS 41.85 41.42 41.00 40.56 
NMFRS 42.25 41.82 41.40 40.97 
MFRS 41.29 40.86 40.44 40.00 

NMNFRS: Non-malted-non-fermented rice, MNFRS: Malted-non-fermented rice, NMFRS: Non-malted-
fermented rice, MFRS: Malted-fermented rice, S: soybean 

 
Surface Area of Solids of the Formulated Food Products 
Table 3 shows the total surface area of solids of FARO 44 products, which varied from 80.24 
to 162.02 m2/g solids, with sample MNFRS recorded the highest total surface area and 
NMFRS the lowest at 20 oC (desorption) and 40 oC (adsorption), respectively. A large food 
surface area is an added advantage for energy-saving costs during drying, especially for 
sample MNFRS, but a disadvantage because it is large (area), which makes it easier for 
moisture and other gases from the surroundings to be absorbed, leading to off-odour 
development and accelerating deterioration, especially at 40 oC. However, for sample NMFRS, 
the rate of desorption would be minimal at 20 °C, and there is a greater likelihood of retaining 
its volatile compounds (flavours) than in the other products. The non-fermented products 
mostly exhibited a larger total surface area than the fermented products. Mostly, grinding 
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grains increases the total surface area, and further fermentation of the flour can break down 
structures and increase it even more. 
 
However, the plausible answer for the reduction of total surface area during solid-state 
fermentation of this flour is the continuous attachment of biomass to the solid as well as 
agglomeration of solids. On the other hand, smaller solids that would have increased the total 
surface area must have been converted into volatiles, e.g., organic acids, alcohols, nitrogen 
compounds, etc., and have escaped during drying, thereby reducing the total surface area of 
the solids in the fermented products. On average, a smaller total surface area of fermented 
products than of non-fermented products is an added advantage for moisture adsorption. 
And so, the better the stability of the fermented products under storage. The total surface area 
of solids decreased as temperature increased up to 40 °C, except for the sample NMFRS, which 
varied with temperature. This means that the total surface areas of these products are slightly 
temperature dependent. As temperatures increase, moisture, volatile compounds, and 
biomass reduction, etc., would decrease surface area and minimise the deterioration of these 
products due to moisture migration. However, this may indicate that at higher temperatures, 
the shelf-life of these products would still yield good results, but other physical qualities, such 
as sensory, would be affected. 
 
Additionally, much higher total surface area, contrary to this study, was reported (Ariahu et 
al., 2005; Igbabul et al., 2013; Yogendrarajah et al., 2015) on crayfish, African arrowroot lily 
(182.34 to 513.34 m2/g solids), apple fuji products and garlic (196 to 315 m2/g solids; 375 to 
588 m2/g solids), respectively. Most of their findings are in disparity to this study. Therefore, 
it is evident that the ability of these products, with a low surface area and even with a slightly 
increasing temperature, would still enhance the energy-binding effect and improve their 
keeping quality.    
 
Table 3. Total surface area of water binding (m2/g solid) for solids of the formulated food 
products 
 Food products 

NMNFRS MNFRS NMFRS MFRS 

Adsorption     
20 oC 134.20 144.77 81.64 101.28 
30 oC 125.94 106.23 114.95 110.55 
40 oC 94.29 95.73 94.22 80.24 
50 oC 123.52 117.86 101.70 87.97 
Mean ± SD 119.49 ± 17.41 116.15 ± 21.11 98.12 ± 13.94 95.01 ± 13.52 
Desorption     
20 oC 140.06 162.02 99.56 143.30 
30 oC 127.24 99.73 109.13 122.22 
40 oC 92.36 108.24 105.92 84.49 
50 oC 117.76 122.96 98.65 86.81 
Mean ± SD 119.36 ± 20.18 123.24 ± 27.58 103.32 ± 5.05 109.21 ± 28.54 

NMNFRS: Non-malted-non-fermented rice, MNFRS: Malted-non-fermented rice, NMFRS: Non-malted-
fermented rice, MFRS: Malted-fermented rice, S: soybean 

 
CONCLUSION 
This study investigated four different rice- and soybean-based formulated food products. 
BET, GAB and DLP equations were employed for their sorption study. Isotherms derived 
from their sorption process showed temperature dependency and exhibited sigmoid-shaped 
isotherms (type 2) with slight hysteresis. NMNFRS and MNFRS are slightly more hygroscopic 
than NMFRS and MFRS. GAB and BET monolayer moisture contents and energy constant 
values mostly varied, but were somewhat temperature dependent. It can be seen that molar 
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sorption enthalpies and the apparent surface area of solids were consistent with the principles 
of thermodynamics. Sample MFRS exhibited the highest thermostable characteristics. The 
adsorption and desorption phenomena of rice-based formulated food products at low water 
activity were predicted to be less sensitive to environmental temperature and relative 
humidity, and they have revealed adequate drying characteristics and hold potential for long-
keeping qualities. 
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