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Abstract

:

This work studied the effect of external conditions on the drying kinetics of a thin layer of corn during convective drying. The density and the specific volume of the corn grain were reported and the desorption isotherms of the corn were determined at three temperatures and for a water activity from 0.1 to 0.9 using the static gravimetric method. Initially, a thin layer of corn about 7 mm thick with an initial moisture content of 45% (d.b) was investigated, and the external conditions were tested. Afterwards, a comparison between the experimental convective drying of a packed bed and a thin layer was performed under the same conditions. Finally, the values of equilibrium moisture contents, water activities and temperatures obtained were fitted using seven sorption models. It was found that the experimental desorption data exhibited type II behavior, according to Brunauer’s classification. The GAB model was found as the most suitable semi-empirical model which was well suited to represent the desorption equilibrium moisture content of corn kernels in the suggested ranges of temperature and water activity. It can be concluded from the entropy–enthalpy compensation theory that the desorption process of the corn kernels is controlled by the enthalpy mechanism.






Keywords:


drying kinetics; thin layer; packed bed; desorption isotherms; corn kernel; moisture content; water activity












1. Introduction


For five years, corn has been the world’s most produced cereal, ahead of wheat and rice [1]. It is one of the most outstanding staple foods, accounting for around 48% of cereal production. It is by far the most important spring cereal in North Africa, especially in Tunisia, Algeria and Morocco. Generally, corn is used in several areas, such as construction, nutrition, and the extraction of sugar and alcohol production. Furthermore, an artificial fibre has been produced from corn protein, which has been called “Vieara” [2].



Before being used or stored like any other agricultural product, corn must be dried. Many drying processes have been used over the years depending on the nature of the product. Drying is a preservation method, in which cereals’ water content is decreased by a heated fluid to minimize biochemical, chemical and microbiological changes. These deteriorations are notably influenced by the storage and drying conditions, the moisture content of the product and the relative humidity of the air. Studies must therefore be carried out on fresh and processed corn kernels to define their optimal storage conditions and ensure a greater efficacy of the natural substances and their biological activities. Indeed, high temperatures, unseasonal rain and high relative humidity have been cited among the main causes of post-harvest losses in cereals [3]; they have led to 30–40% of grain loss [4]. Winds, heavy rains, and storms will cause damage to drying structures, reduced pesticide effectiveness due to high humidity and a higher likelihood of grain contamination with dust. Sometimes corn kernels are harvested with moisture contents of more than 18% (d.b). The drying of the freshly harvested grain becomes necessary before storage to reduce losses in quality and to ameliorate storage durability. This operation is of great interest to many sectors, such as industrial and agricultural sectors. To reduce the cost of drying operations and preserve quality, it is necessary to study the kinetics taking place during this process [5]. To obtain such knowledge, it is imperative to investigate the temperature and moisture distribution in the product, which are indispensable parameters for both equipment and process design in addition to the product’s quality control. Several studies have reported on the drying of thin-layer grain, such as long-grain rice [6] rough rice [7], corn [8,9,10], hazelnut [11,12] and wheat [13,14,15].



Kaorkida et al. [16] studied the effect of the parameters of drying on the progress of the drying process of some vegetables (red, green and yellow pepper, pumpkin, green pea, carrot, corn, tomato, mushroom, garlic, onion, spinach, leek and celery). Unasekaran [17] investigated the effect of the drying temperature of corn kernels, the water content, and the heating rate on the gelatinization characteristics of starch extracted from corn and waxy corn. The research of Sun Le-Xiu et al. [18] concerned the drying of biological seeds to evaluate the effects of seed texture and phenotypic traits with a thin-layer drying rate by using different maize cultivars. Abu Hamden [19] experimentally verified the bed drying of wheat by changing the conditions of the inlet air, using wheat of various initial moisture contents. Abasi [20] investigated the effect of drying temperature in a convective-type dryer on the mechanical properties of corn (variety KSC704). Several tests were conducted by Zare et al. in a laboratory-scale paddy dryer under different drying conditions with two independent drying variables, namely: the drying air temperature and air mass flow rate [21]. Zhe Liu et al. [22] examined the drying of deep-bed corn and described the phenomenon in which desorption and adsorption coexist in the drying process. Veras et al. [23] studied the convective drying of corn and determined the drying kinetics and the structural proprieties (true density, apparent density, porosity and shrinkage) in terms of the moisture content during drying.



Although extensive work has been conducted on the drying of corn, no literature is available on the drying kinetics of spherical corn of a Tunisian variety. Desorption isotherms are basic tools in dehydration processes for predicting shelf-life stability, as well as the packaging and drying of the desired product. The sorption isotherms of food products are important thermodynamic data for the design, modelling and optimization of many unit operations, such as drying [5,24] and storage [25,26,27]. The quality of most preserved foods strongly depends on their physical, chemical and microbiological stabilities. At a given temperature, this stability of the food material is generally a consequence of the relationship between the equilibrium moisture content and the water activity.



The sorption isotherms are matchless for the individual food materials and are used to avoid food processing problems, like the storage conditions and the energy requirements [28]. To establish a thermodynamic analysis of sorption mechanisms, it is necessary to study the desorption isotherms at different temperatures [29,30,31]. Water sorption isotherm data are required for the estimation of thermodynamic properties, such as desorption heat, differential enthalpy and differential entropy. Several mathematical models are available in the literature to describe the water sorption isotherms of food materials [32,33]. To the best of the authors’ knowledge, there have been no specific results for the whole range of water activities or all types of foods. Labuza et al. [34] have attributed this to the association of water to the food matrix by various mechanisms in different water activity regions.



There are many models in the literature describing the moisture sorption isotherm of many food products (Table 1), which can be divided into two categories: semi-empirical (Henderson, Halsey and Chung and Pfost) and empirical models (GAB, BET, Peleg and Oswin model).



The BET model was considered a pertinent one to provide a better rendition of mono-layer sorption isotherms, particularly types II and III according to Brunauer’s classification [35]. A large number of researchers modified the BET model and the resulting equation gave a great fit up to a water activity of 0.9 [36]. The GAB model is considered to be the most adaptable sorption model available to the majority of biological products [24]. Peleg et al. [37] proposed the four-parameter model and noted that it can be utilized simultaneously for sigmoidal and non-sigmoidal isotherms, and fitted evenly with the GAB model. Henderson et al. [38] proposed a semi-empirical model for the equilibrium moisture content of cereal grains. Chirife and Igleasis found that the Halsey and Oswin models are also adaptable [39]. The Chung and Pfost equation [40] fitted the grain equilibrium moisture content data for a range of relative humidities from 20 to 90%. The sorption isotherms are indispensable for the selection of the proper operating conditions of the dryer, and conditions for the storage of dry products. To the authors’ knowledge, no published works are available that investigate the moisture desorption isotherms and the thermodynamic properties of the corn kernel.
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Table 1. Recent findings on sorption isotherms applications (for food).
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	Product
	Best Fitted Model
	Temperature (°C)
	Publication





	Apple, Apricots
	Halsey
	30, 45, 60
	[41]



	Banana
	Modified Fraundlich
	10, 15, 20, 30, 40
	[42]



	Beef
	BET
	25, 40
	[43]



	Berries
	GAB
	4, 13, 27
	[44]



	Celery
	Peleg
	25, 40, 50
	[45]



	Cheese
	GAB
	4, 8, 12
	[46]



	Chicken meat
	BET
	25
	[47]



	Cocoa beans
	GAB
	25, 35, 45, 55
	[48]



	Crystalline lactose powder
	Timmerann-GAB, GAB
	12–40
	[49]



	Cured beef and pork
	GAB, Peleg
	10–50
	[50]



	Currants, Prunes, Figs
	GAB
	15, 30, 45, 60
	[51]



	Eggs
	GAB
	60–80
	[52]



	Gelatin gel
	Ferro-Fontan, Modified GAB
	3.5–20
	[24]



	Grapes, Potato
	GAB, Halsey
	30, 45, 60
	[53,54]



	Green pepper
	Halsey
	30, 45, 60
	[55]



	Hazelnuts
	Freundlich
	50, 60, 70, 80, 90
	[56]



	Lemon
	GAB
	20, 30, 40, 50
	[57]



	Macadamia nuts
	GAB
	25, 35, 45
	[58]



	Mango
	BET
	40, 50, 60
	[59]



	Milks
	GAB
	15, 25, 35, 45
	[60]



	Mushroom
	GAB, BET
	40, 50, 60
	[61]



	Onion
	Modified Halsey
	30, 40, 50
	[62]



	Pineapple
	BET
	40, 50, 60
	[63]



	Raisin
	GAB
	15, 30, 45, 60
	[64]



	Rice
	Chung Pfost
	10, 20, 30, 40, 50
	[65]



	Sorghum
	Modified Chung-Pfost
	40, 50
	[66]



	Starch (maize)
	GAB
	45
	[67]



	Starch, Potato
	GAB
	30–60
	[68]



	Tomato
	GAB
	25, 40, 50
	[69]








As seen above, the studies on the drying of corn are very scarce. Moreover, most of the above studies are concerned with the effect of the temperature of the drying air. The other part of this study deals with the drying kinetics of corn in a convective dryer, after an extensive discussion of the experimental protocols that are used. Additional experimental exploration is still required in order to adequately determine the characteristic curve of drying. For the next industrial step after drying, the curve of drying is necessary for the storage of corn to ensure the long-term stability of the porous medium.



Thus, with some simplifying hypotheses (the porous medium is homogeneous and isotropic, the internal temperature and moisture content are initially uniform into the material, and the porosity is constant with no heat transfer by radiation or conduction), the present work has the following aims:




	(i)

	
To provide information about the temperature distribution and moisture content drying of thin layers and a packed bed of corn under different drying conditions;




	(ii)

	
To investigate the variation in corn density and the specific volume of corn kernels during the drying operation;




	(iii)

	
To analyze the desorption isotherms of corn kernels in a wide range of relative humidities (10–90%) at three temperatures levels: 50, 60 and 70 °C;




	(iv)

	
To estimate the thermodynamic properties of corn kernels depending on the moisture content;




	(v)

	
To evaluate the pertinence of the enthalpy–entropy theory;




	(vi)

	
To identify the desorption mechanism if enthalpy or entropy is controlled.










2. Materials and Methods


2.1. Experimental Procedure


Before studying the experimental convective drying of thin layers of corn, the materials’ characteristic properties were determined. The apparent density and the specific volume of corn according to the moisture content determine the behaviour of the studied product.



2.1.1. Determination of the Apparent Density


The determination of the apparent density of the studied material is based on Archimedes’ principle. The experimental design is composed of a metal bridge (1), which is mounted on a 75 mm diameter beaker (2), a suspension structure (3) and a basket (4) for the samples. The device is mounted on an electronic scale (5).



Knowing the density of the liquid (toluene) which causes the hydrostatic pressure enables us to determine the density of a solid:


  ρ =  M a     ρ f  −  ρ a    0.99983 × (  M a  −  M f  )   +  ρ a   



(1)




where:



   ρ f    is the fluid density.



   ρ a    is the density of air under normal conditions (T = 20 °C and P = 1 atm) and is equal to 0.0012 g·cm−3.



Ma and Mf are, respectively, the mass of the sample measured in the air and the measured mass of the sample immersed in the same fluid.



To avoid filling the pores with toluene, the sample is protected by a plastic package (with negligible mass) when immersed in toluene (Figure 1).



First, the sample is placed on the top shelf of the suspension structure and weighed. The mass Ma is recorded. Then, the balance is tared with the sample on the upper plate of the suspension structure. The sample is then placed in the lower basket and the absolute value of the hydrostatic thrust (G = Ma − Mf) displayed with a minus sign is recorded. The density is determined for different moisture contents according to Equation (1).




2.1.2. Experimental Apparatus of Drying Kinetics


The closed-circuit wind tunnel is used as a drying unit, used for convective drying, in which the hot air is provided by forced convection (Figure 2a,b).



It can regulate the relative humidity, the temperature of the fluid and velocity. The flow of air is produced by a centrifugal fan of adjustable frequency, using a frequency converter velocity. To raise its temperature, the drying air passes through heating batteries, and then through a plenum chamber. The relative humidity is ensured by a steam generator. To homogenize the air, the flow of air passes through a honeycomb filter before arriving perpendicularly to the product’s surface to be dried in the test vein. Just above the test vein a condenser is placed which ensures the condensation of the water contained in the flow. The water returns to the fan through a seal, which ensures the heating energy gain. The temperature and the relative humidity are automatically verified using a control system (programmable automaton) coupled to a sensor controlled by a computer. The measurement of the mass of the “product-plate” assembly is performed continuously using a precision balance ‘Mettler Toledo’ (Columbus, OH, USA) which is placed above and outside the dryer. The balance is connected to a data acquisition system, allowing measurements to be recorded at regular intervals of time. The evolution of the temperature at the centre of the product is measurable using a thermocouple connected to an acquisition chain, which allows measurements to be recorded for regular time intervals.





2.2. Pre-Treatment of Corn


The pre-treatment is washing the corn in cold water to remove dust and contaminants and then rinsing them with distilled water for 24 h before being kept in the refrigerator at a temperature of 7 °C to preserve their initial conditions.




2.3. Kinetic Drying of Thin Layer of Corn


Experiments are carried on samples of corn kernels with an initial weight of approximately 32 g (about 150 grains) deposed in thin layer. The drying kinetics are determined for different drying conditions (Table 2). In the first case, the air-drying temperature varied from 50 °C, 60 °C and 70 °C while the air velocity was constant and equal to 1 m·s−1. In the second case, the air velocity was varied: 1 m·s−1, 1.5 m·s−1 and 2 m·s−1 while the air temperature was constant and equal to 60 °C. The effects of air relative humidity on kinetic drying while the air temperature and velocity were constant (temperature equal to 60 °C and velocity equal to 1 m·s−1) were studied. The determination of the moisture content is operated through the determination of the dry mass at a temperature of 103 °C in an oven for 24 h.




2.4. Uncertainty Analysis


An uncertainty analysis is necessary to prove the accuracy of the experiments. The calculation method for uncertainty analysis has been used in many studies [70,71,72,73,74]. In this work, air temperatures, velocities, weights and humidity were measured with appropriate instruments (LETTM, Faculty of Sciences of Tunis, Tunisia) (thermocouples type K, anemometer, electronic scale and hygrometer) (Table 3).



Using a similar calculation procedure explained in detail elsewhere [70,74], the maximum absolute uncertainty (Equation (2)) is not more than 4%.


   U R  =    [    ∑  i = 1  n      (    ∂ R   ∂  V i     )   2     ]     1 2     



(2)




where UR and UVi are, respectively, the total error and error of each parameter.




2.5. Reproducibility


The same experiment was performed several times and the results were interpreted statistically, to establish the repeatability of the experimental procedure. Here, repeatability is equated to the standard deviation of the mean, which is calculated by dividing the standard deviation by the square root of the number of samples in each set. Sufficient repeatability is guaranteed with a standard deviation of the mean equal to 0.165 and is close to the ideal value, i.e., zero. It was therefore verified that there are limited variations in the results obtained.



In Figure 3, the drying curves of the two drying tests of a granular bed of corn carried out under identical operating conditions and repeated after 24 h are shown. It has been noted that the difference between the different curves is relatively small, which testifies to the good precision and the reproducibility of the results.




2.6. Desorption Isotherm Method


The equilibrium moisture contents of corn grain (Tunisian variety) were determined based on the static gravimetric method. The sample was disposed of for dehydration in desiccators and its weight was verified periodically in triplicate. The saturated samples of 0.320 ± (0.001) g were placed in a standard static system of hermetic glass jars, thermally stabilized and filled with dilute sulfuric acid solutions. These diluted solutions provided different relative humidities, depending on the acid concentration, and varied from 10% to 90%. These allow the specific relative humidity inside the desiccators to be kept constant. For a given acid concentration, the relative humidity depends slightly on the controlled temperature (Table 4).



The equipped desiccators were placed in a drying oven (Figure 4) operating in the temperature range of 30–250 °C with a fluctuation of ± 1 °C. Isotherm experiments were realized at 50, 60 and 70 °C (±0.1) °C.



During the experiment, the samples were weighed every 3 days using a digital high-precision scale ‘METTLER TOLEDO—PB 153-S, Classic’ with a precision of 10−3 g.



Samples weights were constant or the difference after three consecutive measurements of the mass of the samples was less than 0.001 g every 24 h and the desorption hygroscopic equilibrium was considered to be have been attained. The corn dry masses (Md) were estimated after the desiccation of samples in a vacuum oven at 105 (±1) °C for 4 h [75]. The following expression was used to calculate the equilibrium moisture content (Weq):


   W  e q   =    M  e q   −  M d     M d    =    M   H 2  O      M d     



(3)




where Meq is the equilibrium mass.



2.6.1. Fitting of Various Models to Desorption Isotherm Curves


Several empirical models available in the literature were used to fit corn experimental desorption isotherms. The correlations corresponding to these models are presented in Table 5.



The model parameters were estimated by fitting through nonlinear regression, using a least-squares Levenberg–Maquardt algorithm in the CURVE EXPERT 1.3 software.



The goodness-of-fit desorption model for the data was selected based on two statistical criteria, namely: the correlation coefficient (R2) and the reduced chi-square χ2. The lowest values of standard error and highest values of correlation coefficient had generally an acceptable fitting. The mathematical expressions of these two statical parameters are defined in detail in Appendix A.




2.6.2. Determination of the Net Isosteric Heat of Desorption


The net isosteric heat of desorption, also called the enthalpy of wetting, is closely related to the water state in food products. This property allowed us to predict the energy consumption for the drying process. In hygroscopic materials, the total isosteric heat of desorption required to evaporate pure water is the sum of net isosteric heat Qst,n and vaporization latent heat. The net isosteric heat of desorption can be determined based on the Clausius–Clapeyron equation (Equation (4)) at fixed moisture content) [81,82]:


    ∂ ln (  a w  )   ∂  (   1 T   )    = −    Q  s t , n    R   



(4)










3. Results and Discussion


3.1. The Apparent Density


Figure 5a shows the evolution of the apparent density of corn grain as a function of the moisture content.



In this figure, it is observed that the decrease in the moisture content implies a decrease in the density of the material studied. The density adopts a mean evolution taking into account the two phenomena: water loss and volume shrinkage. This is because the porosity of corn is not negligible and increases as water is removed. Each porous material is characterized by its evolution curve. For corn, the weight reduction is followed by a small volume change so the density decreases under the influence of water loss during drying. Similar results were obtained by Martynenko [83], who stated that the drying process resulted in either a decrease or increase in bulk density, depending on the temperature and material shrinkage.




3.2. The Specific Volume


In the initial state, the medium is saturated with liquid; the initial moisture content and the initial density are respectively defined as follows:


   W 0  =      〈   ρ l   〉   l   ϕ 0       〈   ρ s   〉   s   (  1 −  ϕ 0   )     



(5)






   〈   ρ 0   〉  =    m  l 0   +  m s     v  l 0   +  v s    =    (  1 +  m 0   )       W 0       〈   ρ l   〉   l    +  1     〈   ρ s   〉   s       



(6)







The density of a substance is the ratio of its mass to its volume, defined as follows:


  ρ =   m s +  m l   v  =  ρ s   (  1 + W  )   



(7)




where    ρ s    is the apparent density of the dry solid.



The partial specific volume reduced to the unit mass of the pure product is expressed by the following relationship:


   V ¯  =  v   m s    =   1 + W  ρ   



(8)







Equation (8) allows us to deduce the curves of the specific volume of corn grain depending on the moisture content. The result obtained (Figure 5b) shows that the specific volume varies slightly with the moisture content of the material. Similar results were obtained for pears by Guiné, et al. [84] which suggested that this variation was caused by liquid displacement.




3.3. Drying Kinetic


3.3.1. Effect of the Air Temperature


To compare the different kinetics of drying, it is preferable to convert the moisture content (W) of a single non-dimensional form, which can be written by:


  W =    W t     W 0     



(9)




where Wt and W0 are, respectively, the moisture content at time t and the initial moisture content.



Figure 6 illustrates the effect of the air temperature on the evolution of moisture content and temperature of the thin layer of corn.



It is noted that by increasing the air temperature, the drying time decreases and the drying process becomes faster. For example, to achieve a reduced moisture content equal to 0.2 kg/kg (d.b), the drying time decreases from 280 min for an air-drying temperature equal to T = 50 °C to 200 min for an air temperature equal to T = 60 °C and to 150 min at T = 70 °C.



In all those cases, steady-state conditions are reached. An increase in the air-drying temperature can influence the evolution of the moisture content and the temperature of the product during the time that can cause a decrease in the total time of operation. This causes the moisture diffusion in corn kernels to become greater with a higher kernel temperature, which results from a higher rate of heat transfer between the corn kernels and the drying air [85]. Similar findings were reported by Doymaz [86] and by Pardeshi et al. [87] for the drying of corn and green pea kernels, respectively.




3.3.2. Effect of the Air Velocity


Figure 7 highlights the effect of the fluid velocity on the temporal evolution of the moisture content and the temperature of the thin layer of corn kernels for a temperature of dry air equal to 60 °C and three air velocities of 1 m·s−1, 1.5 m·s−1 and 2 m·s−1. It is observed, from these curves, that an increase in the air velocity causes a decrease in the drying time of the process. These tests show that the drying kinetic increases when the air velocity increases from 1 m·s−1 to 1.5 m·s−1 to 2 m·s−1; this is mainly due to an increase in the convection at the surface of the sample.



Through these results, the existence of the two phases of drying kinetics has also been confirmed. Thus, the most effective force governing the moisture movement in the corn is diffusion, the air velocity (2 m·s−1) is essential to reducing the air-drying resistance inside the product, and the resistance on the outside of the product is not very important [9]. Similar results were observed by several studies, such as Emel et al. [8] and Krokida et al. [88].




3.3.3. Effect of the Relative Humidity of the Air


Figure 8 shows the effect of air humidity on the evolution of the moisture content and the temperature of the corn. Two cases were studied: humid air (RH = 10%) and dry air (RH = 0%).



It was noted that a rise in relative humidity leads to a 10 min rise in the drying time. The initial moisture content of the corn was found to be 0.45 kg/kg (d.b) and was decreased with a decrease in the relative humidity of the drying air. A period with a constant drying rate was not found and drying was found only in the falling rate period. The absence of a period with a constant rate may be due to the absence of free surface water; therefore, no surface evaporation took place at a constant rate. Indeed, a decrease in the relative humidity increases the difference between the vapor pressure at the surface of the product, and the vapor pressure of the ambient medium improves the evaporation mass flow and accelerates the operation of the extraction of water. So, the drying time is decreased. The result was consistent with the previous works of Curcio et al. [89] and Barati [90] for the drying of carrots and mango, respectively.




3.3.4. Comparison between the Convective Drying of a Packed Bed and a Thin Layer


In this section, a comparison between the experimental convective drying of a packed bed and a thin layer was performed with the same conditions without varying the total mass of the product. The thin layers of corn were about 7 mm in thickness (a single layer of corn deposit in a square form) and the packed bed was a cylindrical bed with a radius of 4 cm and a height of 4 cm.



Figure 9 shows the difference between the evolution of the moisture content and the solid temperature of the thin layer and the packed bed of corn. Fixing the air velocity at 1 m·s−1 and the initial mass of grain (32 g), the temperature of the drying fluid is equal to 60 °C. The experimental results show that the drying became faster on the thin layer. This can be explained by the decrease in the depth which generates a large surface area for both heat and mass transfer. Therefore, the majority of the supplied energy is used for the evaporation of water from the products. Similar results for shallow beds are also reported in the literature [91,92].





3.4. Desorption Isotherm


3.4.1. Fitting of Various Models to Desorption Isotherm Curves


The experimental desorption isotherms curves of the corn grain at different temperatures (50 °C, 60 °C and 70 °C) are presented in Figure 10.



According to the BET classification [93], the desorption isotherm of corn kernels takes the sigmoid form of type II as reported by many, namely Shrikant Baslingappa Swami [38], Van Der Berg [94] and Al-Muhtaseb et al. [95] for black gram nuggets, starch and starches powders, respectively.



The results of the regression analysis were submitted by selecting seven mathematical models cited in the literature and comparing the fitting degree of each model using the CURVEEXPERT 1.3 software. The relationship between the studied variables was then determined by the coefficients generated by the used models. The parameters of the seven equations were fitted to desorption experimental curves obtained at different temperatures and summarized in Table 5.



According to the obtained results, the GAB model is the preferred model to fit the corn moisture desorption behaviour in this work, which gives a more suitable adjustment to the experimental data with an R-value above 99% and Χ value of nearly zero. This sorption model is thus suggested to estimate the equilibrium moisture content of corn kernels.



The monolayer moisture content Wm in the GAB model represents the material moisture content when the entire surface is covered with a unimolecular bound layer of moisture. It also represents the optimum moisture content for maximum shelf stability [94]. According to the results shown in Table 6, the monolayer moisture contents in the GAB model are greater than that in the BET model and decrease as the temperature increases; this is justified by modifying the physical and chemical characteristics of the material by the increase in temperature, so that mitigation occurs in a number of the active sites [96]. Similar results for starch powders, walnut kernels and whole yellow dent corn have been found, respectively, by Al-Muhtaseb et al. [97], Togrul et al. [98] and Samapundo et al. [99].




3.4.2. The Determination of the Net Isosteric Heat of Sorption


For a given equilibrium moisture content, the corresponding net isosteric heat of desorption can be obtained from Equation (9), which was obtained from the slope of −Ln (aw) vs. (1/T).



The slope of these linear curves determines, for specific values of the material moisture content, the corresponding isosteric heat of desorption.



This approach assumes that ΔHa is independent of temperature. Hence, the desorption isosters at different moisture levels were obtained as given in Figure 11.



The net isosteric heat of desorption for each equilibrium moisture content is shown in Figure 12.



We observed a progressive increase in the net isosteric heat with the decreasing equilibrium moisture content. At a higher equilibrium moisture content, the heat of desorption is reported to be approximately equal to the heat of water vaporization. Similar results were reported for rice [100], potatoes, [29], prickly pear seeds [30], quinoa grain [101], olive leaves [102], and Jack pine and palm wood [103].



The net isosteric heat of the desorption of corn kernels as a function of the equilibrium moisture content was fitted with a Tsami equation [104].


  Δ  h a  =  h 0   (  −    W  e q      W 0     )  = 13.028    exp   (  −    W  e q     0.198    )   



(10)








3.4.3. Sorption Entropy


For constant moisture content, the differential entropy (  Δ S  ) desorption of water can be determined by applying the following equation [105]:


  ln (  a w  ) =   Δ  h a    R T   =   Δ S  R   



(11)







Figure 13 shows the obtained results of the isosteric heat of desorption; the differential entropy increases sharply with the decreasing equilibrium moisture content.



It ranged from 18.486 to 27.830 J/mol·K with the moisture content varying from 0.12 to 0.01 (kg water/kg dry matter).



Sorption entropy is proportional to the number of available sites covered with water molecules sites at a specific energy level [106]. At a higher moisture content, fewer sites are available, which means that there is less mobility for the water molecules as these sites become more accessible, and this is clearly explained by the low values of sorption entropy [107]. Similar results were reported by Goneli et al. [108] for the desorption entropy of pearl millet grains, by Al-Muhtaseb et al. [109] for starch powder sand and by Vishwakarma et al. [110] for guar grain and guar gum splits.



So, the variation in the desorption differential entropy (  Δ S  ) in the function of the moisture content for corn grain was best fit via the following exponential function:


  Δ S = 28.749    exp   (  −    W  e q     0.198    )   



(12)








3.4.4. The Isokinetic Theory


The theory of enthalpy–entropy compensation (or the isokinetic theory) is a significant tool needed especially for the estimation of different mechanisms which predominate the desorption process [30].



In most biological products, among its characteristics, the linear relationship between enthalpy and entropy for a given value of the specified water desorption can be presented by Equation (13):


  Δ  h a  =  T β    Δ S + Δ  G β   



(13)




where    T β    is the isokinetic temperature [77], as it represents the temperature at which the rates of all reactions of a series of related reactions are equal [111] and   Δ  G β    is the free energy at the specific temperature (   T β   ).



Plotting the experimental net desorption isosteric heat versus the experimental differential desorption entropy for the corn grain gives a straight line as shown in Figure 14.



The intrinsic parameters of the enthalpy–entropy relationship for corn kernels are as follows (Figure 14):


  Δ  h a  = 0.4531   Δ S  + 8  ×   10    − 14     



(14)







Those terms were obtained by a linear regression from the experimental data from Equation (13) [80,112].



Equation (14) is used to check the compensation theory and compare the two temperatures mentioned above (   T β    and Th) (Equation (15)).


   T h  =  n    ∑   i = 1   n    1 T       



(15)




where n is the total number of isotherm experimental curves.



When the product reaches the hygroscopic equilibrium, if (   T β    > Th) the process is enthalpy-driven and if (   T β    < Th), the process is entropy-controlled. In our case, the isokinetic temperature value (   T β   ) is 453.1 K. The harmonic temperature (Th) for corn grain was found to be Th = 332.7997 K (can be determined by applying Equation (15)). It was found then that Th <    T β   , and this finding confirms the isokinetic theory.



According to our results, the desorption process of corn kernels is thus an enthalpy-driven mechanism. This means that the microstructure of corn is stable and does not undergo any changes during water desorption over the range of temperature 50–70 °C. Similar findings have been reported in the literature for enthalpy–entropy compensation by many researchers, such as Gabas et al. [113] for plum skin and pulp, Beristain et al. [107] for potatoes, macadamia nuts, apricots, figs, currants, prunes and raisins, and Telis et al. [110] for persimmon skin and pulp.






4. Conclusions


In this work, the removal behaviour of the material studied was determined by studying the evolution of its density and specific volume, which is a characteristic property of the tested material. The effect of drying parameters, such as air temperature, relative humidity and air velocity, on the progress of the drying process of a thin layer of corn was then studied, because the main factors that affect the quality of grains during storage are the temperature and the moisture content, which are related to product respiration and the presence of microorganisms. However, the higher temperature and water content of the stored grain mass led to a higher biological activity of the grain and consequently to faster deterioration. As an example of the real-world implications of this, smallholder farmers who are aware of the climate change phenomena and their maize postharvest management are affected by irregular rainfall and fluctuations in temperature attributed to the changing climatic conditions [113,114]. The use of silos after the drying process reduces postharvest losses. Further studies could also investigate how climate change affects maize postharvest storage facilities and management practices as well as the nutrient quality of stored maize grain, quantifying the physical losses. Therefore, it is necessary to control these parameters to reduce the chemical and physical damage to the grains during the simultaneous heat and mass transfer before studying the storage, which is the prospect of this work.



The first part of the experimental study was focused on the study of the temperature and the moisture content distribution during the drying of thin layers and a packed bed of corn under different drying conditions. A comparison of the drying kinetics of the thin layer and granular bed was conducted. It was observed that to achieve a moisture content equal to 0.2 kg/kg (d.b), there was a reduction in the drying time from 400 min in the case of the drying of the packed bed to 150 min using a thin layer; this time reduction consequently translated into an energy gain. From this perspective, the obtained experimental results are used to validate the developed mathematical model [5].



The thermodynamic properties of corn kernels are indispensable, particularly regarding corn drying and storage to guarantee product quality before their use in industrial transformation. In fact, the desorption isotherms of corn kernels were studied in the second step of this work and were obtained by using a static gravimetric method within the temperature range of 50–70 °C and for a range of water activity between 0.1 and 0.9. The GAB model was used to fit the experimental data and it was found that it is the best one to describe the isotherms curves of the kernel. Based on the experimental isotherms’ data, the net isosteric heat in the function of equilibrium moisture content was established. It was also verified that the desorption process of corn grain is an enthalpy-driven mechanism because the isokinetic temperature is greater than the harmonic mean temperature.
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Nomenclature









	A, B, C, c, D, k, Xm
	Models’ parameters
	-



	aw
	Water activity
	-



	d.b
	Dry base
	-



	df
	Number of degrees of freedom
	



	G
	Hydrostatic thrust
	kg



	H
	Height of the bed of corn
	M



	h0
	Net isosteric heat of sorption
	KJ/mol



	Meq
	Equilibrium mass
	kg



	Mf
	Mass of the sample immersed in the fluid
	kg



	MH2O
	Mass of water
	kg



	ml
	Solid mass
	kg



	ml0
	Initial liquid mass
	kg



	ms
	Solid mass
	kg



	N
	Number of experimental points
	-



	P
	Pressure
	Pa



	R
	Ideal gas constant
	KJ/mol·K



	RH
	Relative humidity of the air
	%



	R2
	Correlation coefficient
	-



	T
	Temperature
	K



	Tβ
	Isokinetic temperature
	K



	Th
	Harmonic mean temperature
	K



	V
	Volume
	m3



	V
	Fluid velocity
	m/s



	    V ¯    
	Partial specific volume
	m3



	Vl0
	Initial volume of liquid
	m3



	Vs
	Solid volume
	m3



	W
	Moisture content
	kg/kg (d.b)



	W0
	Initial moisture content
	kg/kg (d.b)



	Wt
	Moisture content at time t
	kg/kg (d.b)



	Wi,cal
	Calculated equilibrium moisture content
	kg/kg (d.b)



	Wi,eq
	Experimental equilibrium moisture content
	kg/kg (d.b)



	Greek symbols:
	
	



	  Ρ  
	Solid density
	kg/m3



	  ρ  a
	Air density
	kg/m3



	  ρ  f
	Solid density
	kg/m3



	    〈   ρ 0   〉    
	Average initial density
	kg/m3



	      〈   ρ l   〉   l    
	Average liquid density
	kg/m3



	    〈   ρ 0   〉    
	Average initial density
	kg/m3



	      〈   ρ s   〉   s    
	Average solid density
	kg/m3



	    ϕ 0    
	Initial porosity
	-



	   Δ S   
	Differential entropy
	J/mol·K



	  χ  
	Standard error
	-



	   Δ  G β    
	Free energy
	J/mol



	   Δ  H a    
	Total heat of sorption
	KJ/mol



	   Δ  h a    
	Net isosteric heat of sorption
	KJ/mol



	   Δ  H  v a p     
	Enthalpy of vaporization
	KJ/mol



	   Δ S   
	Differential entropy
	J/mol·K








Appendix A



   χ =         ∑  i = 1  n    (   W  i , exp   −  W  i , c a l    )     2     d f        



(A1)






   R =         ∑  i = 1  n    (   W  i , exp   −  W  i , c a l    )     2        ∑  i = 1  n    (   W  i , exp   −  W  exp    )     2        



(A2)






   where ;        W  exp   =  1 n    ∑  i = 1  n    W  i , exp           



(A3)





   W  i , exp     is the experimental values of the equilibrium moisture content.



   W  i , c a l     is the calculated values of the equilibrium moisture content.



n is the number of experimental points.



   d f    is the number of degrees of freedom.
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Figure 1. Schematic diagram of the equipment used for determining density. 
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Figure 2. (a) Convective drying (wind tunnel, Faculty of Sciences of Tunis). (b) Photographic image of the convective drying unit. 






Figure 2. (a) Convective drying (wind tunnel, Faculty of Sciences of Tunis). (b) Photographic image of the convective drying unit.



[image: Processes 11 00184 g002]







[image: Processes 11 00184 g003 550] 





Figure 3. Reproducibility of the curves of the mass of corn during drying, T = 70 °C, V = 1 m·s−1, RH = 5 %, and h = 5 cm. 
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Figure 4. Schematic diagram of the experimental device. 
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Figure 5. The evolution of the apparent density (a) and the specific volume (b) of corn grain as a function of the moisture content. 
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Figure 6. The effect of the air temperature on the evolution of moisture content and temperature of the thin layer of corn; V = 1 m·s−1, (dry air: RH = 0%). 
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Figure 7. The effect of the air velocity on the evolution of moisture content and temperature of the thin layer of corn; T = 60 °C (dry air RH = 0%). 
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Figure 8. The effect of the relative humidity on the evolution of moisture content and the temperature of the thin layer of corn; V = 1 m·s−1, T = 60 °C. 
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Figure 9. Comparison between the evolution of moisture content and the temperature of the thin layer and the packed bed as a function of time; T = 60 °C, V = 1 m·s−1 (dry air RH = 0%). 
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Figure 10. Experimental desorption isotherms for corn kernels at different temperatures and the results estimated with the GAB model. 
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Figure 11. Desorption isosters of corn kernel. 
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Figure 12. Isosteric heat of water desorption from corn kernels as a function of equilibrium moisture content Weq. 
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Figure 13. Differential entropy for water desorption from corn kernels as a function of equilibrium moisture content Weq. 
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Figure 14. Enthalpy–entropy relationship in the corn kernel. 
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Table 2. Properties of the corn particles used in the experiment.
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	Parameters
	Range Values





	V (m s−1)
	1–2



	T (°C)
	50–70



	H (mm)
	7–40



	RH (%)
	0–10



	Xi
	0.45–0.65



	Mi (g)
	32



	Ti (°C)
	30
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Table 3. Uncertainties in the measurement of parameters during drying of corn.
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	Instrument
	Range
	Estimated Uncertainty





	Electronic scale

‘Mettler Toledo’
	0.5–6000 g
	±0.01 g (based on manufacturer’s specification)



	Hygrometer
	Humidity: 0–100% RHTemperature: from −20 to +120 °C (polycarbonate probe)

from −40 to +180 °C (st. steel probe)
	±1.5% RH (from 3 to 98% RH and if 15 °C ˂ T ˂ 25 °C)

±0.3% of reading ±0.25 °C



	Thermocouples

(type K)
	Temp −270 to 1372 °C
	2.2% to 0.75% (based on manufacturer’s specification)



	Anemometer
	0.30 to 15 m/s
	±0.05 m/s or ±1%
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Table 4. Water activity of sulfuric acid solutions at specific concentrations and temperatures ranging from 50 to 70 °C for the corn kernels.
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H2SO4 Solution % (v/v)

	
Water Activity (aw)




	
50 °C

	
60 °C

	
70 °C






	
10

	
0.9268

	
0.9315

	
0.9382




	
20

	
0.8629

	
0.8652

	
0.8782




	
30

	
0.7396

	
0.7450

	
0.7531




	
40

	
0.5727

	
0.5810

	
0.5906




	
50

	
0.3724

	
0.3820

	
0.3929




	
60

	
0.1865

	
0.1953

	
0.2050




	
70

	
0.0558

	
0.0614

	
0.0675




	
80

	
0.0082

	
0.0098

	
0.0116




	
90

	
0.0064

	
0.0082

	
0.0103
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Table 5. Used models of the moisture desorption isotherm.
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	Model
	Mathematical Equation
	Parameters





	Henderson [76]
	    W  e q   =    (    − ln  (  1 −  a w   )   A   )     1 B      
	A, B



	Chung and Pfost [77]
	    W  e q   =     − ln  (  − A   ln  (   a w   )   )    R T    B    
	A, B



	BET [36]
	    W  e q   =    W m       c   a   w     (  1 −  a w   )   (  1 +  (  c − 1  )   a w   )      
	Wm, c



	GAB [78]
	    W  e q   =    W m       c   m       k   a   w     (  1 − k    a w   )   (  1 − k    a w  + c      k   a   w   )      
	Wm, cm, k



	Halsey [79]
	    W  e q   =    (  −  A  ln  (   a w   )     )     1 B      
	A, B



	Oswin [80]
	    W  e q   = A    (     a w    1 −  a w     )   B    
	A, B



	Peleg [41]
	    W  e q   = A    (   a w   )   B  + C    (   a w   )   D    
	A, B, C, D
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Table 6. Parameters of the models used for the prediction of experimental desorption data of corn grain.
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	Model
	Parameters
	50 °C
	60 °C
	70 °C





	Henderson
	A

B

Χ

R2
	7.81588

0.79598

0.01068

0.98954
	7.80923

0.73925

0.00946

0.99007
	13.23623

0.84434

0.01238

0.96174



	Chung and Pfost
	A

B

Χ

R2
	1521.53594

14.92854

0.02256

0.95247
	1719.32891

16.38211

0.01998

0.95490
	0.01377

24.80268

0.01549

0.93943



	BET
	Wm

C

Χ

R2
	0.02348

12.13207

0.02018

0.96213
	0.02954

5.25950

0.01646

0.96963
	0.01399

11.23162

0.01686

0.92777



	GAB
	Wm

C

K

Χ

R2
	0.12577

0.46201

0.77350

0.01070

0.99100
	0.14317

0.29733

0.77159

0.01029

0.98992
	0.05939

0.69460

0.78024

0.01346

0.96118



	Halsey
	A

B

Χ

R2
	0.01597

1.25518

0.01688

0.97366
	0.01586

1.16985

0.01525

0.97397
	0.00766

1.29008

0.01516

0.94202



	Oswin
	A

B

Χ

R2
	0.05000

0.67496

0.01423

0.98136
	0.03989

0.72519

0.01264

0.98218
	0.03101

0.65103

0.01382

0.95210



	Peleg
	A

B

C

D

Χ

R2
	0.28051

2.90319

0.00152

−1.13955

0.00738

0.99644
	0.20225

2.45031

1.83905

37.79465

0.00894

0.99367
	0.07696

2.33712

0.07696

2.52032

0.01440

0.96306
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
2S(JimoliK)
5 8 & 8

5

«

0.05 01
Weq(Kg/Kg d.b)

015






media/file8.jpg
Temperature-controlled

cabinet
Temperature adjusting
Ko
Corn Kernel
—
T [
ot e sulfrc acid
- solution
—
Air doar adjusting
knob

Shelf





media/file27.png
AS(JImol/K)
w 6 & 8 b

=

% Experimental data

— Fit curve

I 1 1

0.05 0.1 0.15
Weq(Kg/Kg d.b)






media/file13.png
Moisture content (kg kg™ d.b)

—a— 50°C

e A—A——A—A4
—e—60°C P
\ —A—70°C /A/A/A | :
A/A o— -
&"\ o 0——0.9—
s o

5000

70

3 3
Temperature (°C)

i
o

10000 15000 20000 25000

Time (s)





media/file12.jpg
Moisture content (kg kg™ d.b)

055

050

045

0.40

035

030

025

020

015

010

8

10000 15000
Time (s)

20000

30
25000

Temperature (°C)





media/file18.jpg
(a'p .63 Bj) Jua3u00 anysioN

65

=
7

—=— thin layer

—o—bed

ot

B 3 B3 g 8
(D,) @amesadway

Time (s)





media/file9.png
Temperature-controlled
cabinet

Temperature adjusting

knob \
I:l /Com Kernel
\ — |

\ T HIX

O oo . P
N Dilute sulfiric acid

?' solution

—1
N
Aiir door adjusting
knob

Shelf





media/file14.jpg
Moisture content (kg kg™ d.b)

025

°
8

015

010

65

T T
10000 15000
Time (s)

T
20000

Temperature (°C)





media/file20.jpg
0.25
0.2

. 0.15
0.1
0.05

——T=50°C(GAB)
- T=60°C(GAB)
—e—T=70°C(GAB)
X T=50°C
T=60°C
x T=70°C

05
Weq(kg water/kg dry matter)






media/file23.png
1.8

1.6

1.4

L2

0.016 0.018
1/T(1/K)

Weq=0.01
Weg=0.02

Weq=0.03

< Weq=0.04

Weg=0.05
Weq=0.06
Weg=0.08
Weqg=0.1

Weqg=0.12






media/file5.png
Steam injection
system
Heating batteries
Product
arforated grid
Fan R v Tharmocouple
e

= Acquiston systam

i il Microcomputer
b
-

:";:I‘:Ilctrnnc scala

(a) (b)






media/file15.png
Moisture content (kg kg™ d.b)

Time (s)

/A g—0—p .———-I; ’:ﬁ’
- . - 55
[ |
/'/[ '
° 50
0/ -
v
) .‘,/. 4 45
(]
e PR J
% Pout™ putest, o
%‘ ._ 40
-"'--'-—.-_q.,
.__l 35
T : | ; T ; 30
10000 15000 20000 25000

Temperature (°C)





media/file19.png
Temperature (°C)

65

60

55

45

40

35

30

—e— bed

—a— thin layer %I.

-~ 0.5

- 0.4

0.0

5000

| ' |
10000 15000

Time (s)

|
20000

25000

Moisture content (kg kg™ d.b)





media/file28.jpg
Aha(KJimol)

H

5 K

+ Experimental data
—Fiteurve

10 20 30
AS (J/mol/K)






media/file2.jpg





nav.xhtml


  processes-11-00184


  
    		
      processes-11-00184
    


  




  





media/file11.png
Density (kg/m®)

1280
1270;
1260;
1250;
1240;
1230;
1220;

1210

1200

g T T T T T T T T T T
005 010 0145 020 025 030 035 0.40

Moisture content (kg.kg" d.b)

(a)

1.10

1.05 1

1.00 -

0.95 -

0.90

specific Volume (m*/kg)

0.85 1

0.80

— T T T T T T T T T T T T
005 010 015 020 0.25 0.30 0.35 0.40
Moisture content (kg kg" d.b)

(b)





media/file6.jpg
product mass (g)

280

240

220

200

180

- Test1
< Test2after 24 houss

70000 15000 20000 25000 30000

Drying time (s)





media/file24.jpg
Aha(KJimol)

5 8 B

S

+ Experimental
—— tsami model fit

0 0.05 0.1 0.15
Weq( kglkg d.b)






media/file29.png
Aha(KJ/mol)

12

10

# Experimental data

Fit curve

10 20
AS (J/imol/K)






media/file10.jpg
B3

o o on o
Mt conen 3 a0

(a)

ok

v

o5 ai0 o3 ax o3 0% 03 0k
[re——

(b)





media/file7.png
product mass (g)

280

280

240

220

200

180

| | | || - || -t | L i
| s lestl |
. « TLestl after 24 hours
p— — = —
= =. -~
- - -
- t E
- = -
-
L = .
"
po— - —
§ 5 e
= = ' - 2 - -
e ] il 2 ] = || B | N 2 1
0 5000 10000 15000 20000 25000 30000





media/file16.jpg
moisture content (kg kg” d.b)

06

05

04

00

—=— Humid air (RH=10 %) ¢}

—e—dry air

8

T
5000

10000 15000
Time (s)

g

50 g
3

i

5 g

g

3
w2
35
30
25000





media/file3.png





media/file0.png





media/file22.jpg
-Infaw)

18
16

Weq=001
Weqz002
Weq=003
Weq=0.04
Weg=0.05
Weq=0.06
Weqz008
Weg=0.1

Weg=0.12






media/file17.png
moisture content (kg kg™ d.b)

0.6 — - 65
a<[J 4 60
0.5 - \ /. '/
L
‘ —&— Humid air (RH=10 %) .7. 155
0.4 _Y.\ —o— dry air u
[ | L
- 50
- 45
- ?————. \b.&_ 1
0.1 Mm
P 35
.f
0.0 . : : : : : 30
0 5000 10000 15000 20000 25000

Time (s)

Temperature (°C)





media/file4.jpg





media/file25.png
Aha(KJimol)

S

[y
r

[
o

co

4 Experimental

—— tsami model fit

0.05 0.1 0.15
Weq( kg/kg d.b)






media/file21.png
0.25 -

—@— T=50°C(GAB)
0.2 - e T=60°C(GAB)
—&— T=70°C(GAB)
3 0.15 - X T=50°C
< 0.1 - = T=60°C
X  T=70°C
0.05 -
0 -

0 0.5
Weq(kg water/kg dry matter)






