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Abstract


Hemp cultivation faces challenges due to the adoption of dioecious cultivars, which suffer from biomass loss and fibre heterogeneity. In contrast, monoecious cultivars offer simultaneous fibre and seed production, albeit with lower fibre quality. Understanding the drying characteristics and storage requirements of hemp seeds is crucial for effective post-harvest management. This study explored the moisture sorption and desorption isotherms of two common Canadian hemp seed varieties, Altair (dioecious) and CanMa (monoecious), by using both saturated salt solution (SSS) and thin-layer drying methods. Their isotherms were also compared with the published isotherm of Finola—a common dioecious variety in Europe. The thin-layer drying method yielded higher EMC values than the SSS method due to incomplete equilibrium attainment. Larger EMC differences existed between different seed types (dioecious vs. monoecious), and this difference was small between the same seed types (dioecious vs. dioecious). The GAB equation provided the most accurate prediction of equilibrium moisture contents for both varieties.
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1. Introduction


Hemp, a dicotyledonous plant, exhibits both monoecious (possessing male and female flowers on the same plant) and dioecious (having separate male and female plants) characteristics [1,2,3]. The varieties based on these characteristics exhibit considerable differences in height, maturity, seed size, and hull thickness [4,5,6,7,8]. Traditional hemp cultivation encountered difficulties in seed production due to the adoption of dioecious cultivars. These cultivars consisted of a significant proportion of male plants that were preferred for their superior quality in textile applications. However, a drawback was observed as the male plants entered the senescence phase shortly after flowering, resulting in a loss of biomass and an increase in fibre heterogeneity. In response to these challenges, modern hemp cultivation has shifted its focus towards the development of monoecious cultivars. These cultivars possess the advantage of simultaneously producing fibre and seed, although with a lower quality fibre output [9,10,11]. The height of a crop plays a vital role in determining its ultimate use. Shorter varieties are characterized by lower fibre content and are more suitable for grain seed production. On the other hand, taller varieties are considered “dual purpose” as they yield both high-quality grains and a substantial volume of desirable best fibre for fibre production. The physical properties (such as dimensions, sphericity, average surface area, bulk and true density, porosity, weight of 1000 kernels, filling and emptying angles of repose, and coefficients of friction on surfaces) of the seeds produced for different purposes have significant differences [12]. These differences might influence their drying characteristics such as the isotherm (the relationship among temperature, equilibrium moisture content, and equilibrium relative humidity).



In March of 1998, Health Canada began to license industrial hemp under the controlled drugs and substances act 1997. This provided legislative authority to allow the production of hemp in Canada and thus an extensive breeding program started across the country [13,14,15,16]. The licensing involved the breeding of new varieties, research, and cultivation of certified seeds with THC (delta—9—Tetrahydrocannabinol) below the 0.3% maximum limit. This led to the development of different certified varieties across Canada. As per Industrial Hemp regulations (IHR), 84 certified varieties were approved for the 2023 growing season in Canada.



Varieties grown for the grain production purpose are different from those grown for the dual purpose based on their higher oil content and chemical composition. Altair (dioecious) and CanMa (monoecious) are two such varieties that are grown for dual and grain production purposes, respectively. Based on the 2021 Industrial Hemp licensing statistics released by the Canadian government, Altair predominantly thrived in Alberta, a western prairie province, with a nationwide cultivation area of 130 hectares. In contrast, CanMa was most commonly grown in Quebec, an eastern province, with a total cultivation area of approximately 848 hectares throughout Canada. Finola (Dioecious) was widely planted in Canada.



Hemp seeds are harvested when they reach the stage of shattering, typically when around 70% of the seeds are ripe, containing approximately 22–30% moisture (MC, wet basis). The recommended moisture content for safe storage of Finola® hemp seeds is 8% [17]. Therefore, safe storage of hemp seed requires prompt drying after harvest to prevent spoilage. Guidelines for the natural air-drying of hemp seeds during storage have been established. However, a gap in knowledge arises when considering the widespread utilization of newer varieties because of their difference in isotherms.



For most crop grains, such as cereal grains and pulses, moisture sorption and desorption isotherms have been developed. These isotherms serve as pivotal tools for predicting the moisture content of stored grain seeds under known air conditions, including specified relative humidity (RH) and temperature. They play an integral role in guiding farmers and grain storage managers in making informed decisions regarding various post-harvest operations, such as drying, aeration, and storage. Jian et al. (2018) developed the moisture sorption and desorption isotherms of Finola hemp seeds and discussed the effects of different percentages of dockage on their physical characteristics [12]. Finola (dioecious; origin: Finland) was the first variety of hemp seed that was brought to Canada after it became popular in Europe. However, Finola hemp seeds are dioecious and have a distinct origin, hailing from Finland. While its isotherm characteristics are important for consideration, they may not entirely represent the broader spectrum of hemp seed varieties that have been bred and cultivated in Canada and beyond. The kernel size of Altair is larger than CanMa. Kernel size also influences the isotherm of desorption and sorption [18]. There is no study reporting the isotherm characteristics of any single purpose variety or any other dual purpose dioecious variety that was either bred in Canada or other than Finola. It is not known whether the equilibrium moisture content between different types of seed (such as monoecious vs. dioecious) and different kernel sizes has a larger difference than that between the same type of seed. This study aimed to bridge this critical gap by establishing moisture sorption and desorption isotherms of two distinct Canadian-bred hemp seed varieties. These experiments encompass different levels of dockage, allowing for a comprehensive exploration of the impact of this variable on moisture equilibrium. Furthermore, we endeavor to compare the outcomes of our experiments with those from the Finola variety, providing insights into potential differences between monoecious and dioecious varieties.




2. Materials and Methods


2.1. Sample Preparation


The CanMa variety was directly harvested from a field situated in Southern Manitoba and transferred to the laboratory. The Altair variety was obtained from Uniseeds Inc., located in Cobden, ON, Canada. Upon arrival at the laboratory, the moisture content (MC) of CanMa and Altair was measured to be 7.7 ± 0.3% and 10.0 ± 0.1% (standard error was reported in this article), respectively. The determination of moisture content was conducted using the oven drying method at a temperature of 103 °C for 5 h, following the protocols established by the Canadian Grain Commission (2016) [19] and Jian et al. (2018) [20].



The samples underwent a cleaning process utilizing a three-dimensional shaker (Sweco® Vibro-Energy® Separators, Sweco, Florence, NC, USA) and four sieves with varying opening sizes (5.56, 2.03, 1.65, and 0.51 mm) to effectively separate the unwanted dockage from the hemp seeds. The dockage mainly included fines, chaff, and broken seeds. Following the separation of dockage from the samples, the cleaned CanMa seeds were collected on the sieve with a 1.65 mm opening, while the cleaned Altair seeds were gathered on the sieve with a 2.03 mm opening. Any remaining particles collected on the other sieves were categorized as dockage.



The cleaned seeds prepared from the above-mentioned cleaning process were divided into two equal portions to facilitate desorption and sorption isotherm investigations. For the desorption study, the moisture content of the cleaned seeds was adjusted to 20% by incorporating a predetermined quantity of water, following the methodology outlined by Jian et al. (2018) [20]. These samples were designated as the “wet samples”. To achieve wet samples containing varying proportions of dockage (0%, 5%, 10%, and 15% by weight), an appropriate amount of dockage, derived from both the cleaning process and an elevator, was blended with the wet sample. The dockage fraction exhibited a size distribution of 45.4% for sizes ≤ 2.00 mm, 48.4% for sizes ranging from 2.00 to 3.35 mm, and 6.2% for sizes ≥ 3.35 mm, consistent with the characterization performed by Jian et al. (2018) [20] to enable data comparison. The wet sample and dockage were homogeneously mixed for 5 min utilizing a grain mixer (Big Cat, Type B, Red Lion, Inc., Winnipeg, MB, Canada).



The remaining half of the cleaned seeds underwent drying until reaching a moisture content (MC) of approximately 5%. This was achieved by spreading the hemp seeds, approximately 5 mm thick, on a table under ambient conditions (temperature: 22 to 28 °C, relative humidity: 30 to 45%) for 2 wk. Subsequently, these dried seeds were combined with dockage in desired weight proportions to obtain samples with dockage levels of 0%, 5%, 10%, and 15%. These samples were denoted as “dry samples with 0%, 5%, 10%, and 15% dockage”. The dry samples, each containing a different percentage of dockage, were utilized for the sorption study. Prior to testing, all prepared samples were stored in double-layer plastic bags at a controlled temperature of 5 ± 1 °C for 2 wk to ensure uniform moisture distribution in each sample.




2.2. Sorption and Desorption Study


2.2.1. Saturated Salt Solution (SSS) Method


The recommended methodology outlined by the European Project COST 90’s, as described by Spiess and Wolf, 1983, was adopted for the study [21]. Saturated solutions of MgCl2, Mg(NO3)2, NaNO2, NaCl, and KNO3 were prepared at about 40 °C. Pails containing the saturated solutions, following the methods established by several researchers [22,23,24], were utilized to house both dry and wet samples of the two varieties, each with varying percentages of dockage. Desorption and sorption isotherms of the samples, with different dockage levels, were measured at temperatures of 10, 20, 30, and 35 °C. The reason for choosing these temperatures and relative humidities was that these temperatures and relative humidities cover the range of temperatures and relative humidities that the seed can encounter after harvest or during storage. The samples (each sample was about 250 g) were packed in mesh clothes and tied on the top to form a bag, which were kept inside the pails containing a particular salt solution at the bottom. The pails were sealed (except the sampling time) using a lid so that each pail can maintain the desired temperature and RH condition. This experimental setup facilitated the complete exposure of the entire sample to the specified testing conditions. To monitor the moisture content (MC) changes in the samples over time, weekly sampling (10 g from each replicate) was conducted for the samples maintained at temperatures above 20 °C, while sampling was conducted once every two weeks for samples at 20 °C and below. During the entire testing period, heavy mold multiplication on hemp seeds was not observed. The experiment was terminated once three consecutive readings displayed a difference of less than 0.1 percentage points of the moisture contents among them. The MC determined at that time was considered as the equilibrium moisture content (EMC). Each tested condition was performed in triplicate.




2.2.2. Thin-Layer Drying Method


The wet samples, prepared in triplicate, were subjected to drying using a thin-layer dryer, as developed by Tabatabaee et al. (2004) [25]. The drying process took place at 30, 35, and 40 °C, along with relative humidity (RH) of 30%, 50%, and 70% at each temperature condition. The tested temperatures and RH are the conditions used for natural air-drying. The principle of the dryer is based on psychometric chart, and the desired RH was achieved with less than 3% errors. A constant air velocity of 0.2 m/s was maintained throughout the drying process. To ensure system stability, the dryer was operated for a minimum of 24 h before initiating the tests.



Each drying test involved approximately 150 g of the wet sample, and its mass was recorded at 15 min intervals to track the changes in mass, following the methodology outlined by Jian et al. (2018) [20]. The moisture content of the samples was determined at the beginning and end of the drying tests. The MC measured at the end of the drying process was designated as the equilibrium moisture content (EMC) achieved through the thin-layer drying method. The drying rate was determined by the equation described by Jian et al. (2018) [20] as follows:


        d M C   d t       n   =       M   C   n − 1   − M   C   n       t   n   −   t   n − 1     +   M   C   n   − M   C   n + 1       t   n + 1   −   t   n         2    








in which (dMC/dt)n = drying rate (kg water per kg dry matter per hour) at time n; tn, tn−1, tn+1 are the drying time (h) at n, n − 1 and n + 1, respectively. MCn, MCn−1, and MCn+1 are the moisture contents at time n, n − 1, and n + 1, respectively.





2.3. Empirical Models of Isotherms


Jian and Jayas (2022) [18], present a comprehensive exposition of non-linear equations, including the Modified Henderson equation, Modified Chung–Pfost equation, Modified Halsey equation, Modified Oswin equation, and Guggenheim–Anderson–deBoer (GAB) equations, which are commonly employed for modelling sorption and desorption isotherms [18]. These equations were utilized in a regression analysis of the equilibrium moisture content (EMC) data obtained through the saturated salt solution method. The primary objective was to identify the equation that demonstrated the lowest mean squared error (MSE) between the predicted and measured EMC values, while also achieving the highest coefficient of determination (R2). This enabled the selection of the equation that provided the best fit to the data among the available options.



The experimental data obtained from the thin-layer drying experiments were analyzed using various empirical models, namely Lewis (Newton), Henderson and Pabis, Modified Henderson and Pabis, Page, Modified Page, Modified Page II, two-term exponential, two-term logarithmic, Verma, and Hii models [18]. These models were selected based on their relevance and detailed descriptions provided by Jian and Jayas (2022) [18], which justify their applicability in representing the drying behavior of the samples [18].




2.4. Data Analysis


There were three replicates for each tested condition. Tukey test was conducted to compare the MC of the hemp seeds at different percentages of dockage under the same temperature and RH. For both hemp seed varieties, the data with different percentages of dockage and at the same RH and temperature were pooled because there was no significant difference under this condition (Tukey test, all F > 0.14, p > 0.93, N = 20). Paired t-tests were conducted to determine any difference between the EMC measured and predicted at different RH conditions at constant temperature conditions. The predicted EMC was the calculated EMC by using the developed best empirical models of isotherms.



Jian et al. (2018) [20] conducted the isotherm study of Finola under the same conditions (10, 20, 30 °C temperatures at 34, 54, 64, 75, and 94% RH each) and same procedure as tested in our study (for both sorption and desorption) [20]. Both Altair and Finola are dioecious, while CanMa is monoecious. Therefore, their isotherms were also compared. Difference in the EMCs for each of the comparable group, i.e., Finola-CanMa (dioecious-monoecious), Finola-Altair (dioecious-dioecious), and CanMa-Altair (monoecious- dioecious) were calculated for each tested condition. Paired-t tests were conducted to compare between the groups.





3. Results


3.1. Isotherms under Saturated Salt Solution Condition


The lowest EMC value of the Altair variety under desorption conditions was 5.8 ± 0.0% at 35 °C and 34% RH (Figure 1). This condition represented the driest state tested. The highest EMC value under desorption conditions was 13.7 ± 0.0% at 10 °C and 94% RH. This condition represented the wettest state tested. The highest EMC value under sorption conditions was 14 ± 0.0% at 10 °C and 94% RH, while the lowest EMC under sorption conditions was 5.6 ± 0.0% at 35 °C and 34% RH. These differences of the highest and lowest EMC between sorption and desorption indicated the hysteresis of the Altair variety.



Similar trends were observed for the CanMa variety (Figure 2). The lowest EMC for desorption was 6.1 ± 0.0% at 35 °C and 34% RH, while the highest EMC value reached 14.0 ± 0.0% at 10 °C and 94% RH. The lowest and highest EMC values were 5.9 ± 0.0% and 14.1 ± 0.0%, respectively, under the corresponding sorption conditions. These results indicated that the CanMa variety also had hysteresis and consistently exhibited higher EMC values (about 0.3 to 0.5 percentage points) than Altair under both sorption and desorption conditions.




3.2. Desorption Isotherm under Thin-Layer Drying Condition


The EMC obtained for both varieties using the thin-layer method was higher than that determined by the SSS method at the same temperature and RH (Figure 1, Figure 2 and Figure 3). It varied by 0.5% on average. Both varieties had the same EMC at 40 °C and 30% RH (4.5 ± 0.0%). The EMC of Altair and CanMa was 8.2 ± 0.1% and 8.1 ± 0.1%, respectively, at 30 °C and 70% RH, which is not significantly different. Therefore, CanMa had a similar EMC as Altair (minimum 0.1% difference) under the same drying condition when the temperature was lower than 35 °C.



During drying, only the falling rate period was observed for both varieties (Figure 4). Both varieties showed the first and second falling rates of drying. For both varieties, the maximum drying rate was around 0.2 to 0.3 kg water per kg dry matter per hr at 40 °C at 30% RH, and the drying rate was lower than 0.1 kg kg−1 h−1 for the second falling rate when the seeds had a lower than 13% MC (Figure 4). When the temperature was lower than 35 °C, both varieties had a drying rate lower than 0.2 kg kg−1 h−1. The maximum drying time was over 10 h (Figure 4).




3.3. Empirical Models


For both varieties, all the tested empirical models exhibited higher than 0.9 R2 values (Table 1). Regarding the salt solution study, the GAB equation and Modified Henderson equation were the best equations for predicting both desorption and sorption EMC for both varieties because they had the lowest MSE. These two equations yielded similar predicted values for most conditions due to their comparable R2 and MSE values. There were no significant differences observed between the predicted and measured moisture contents under both desorption and sorption conditions (Paired t-test and the highest t and p values were 0.046 and 0.96, respectively, Figure 1 and Figure 2). The largest discrepancy between the measured and predicted EMC was observed at ≥30 °C when RH was above 90%. This finding aligned with previous studies [20,26]. These researchers also recommended the application range of the GAB model up to 90 to 95% RH. The parameter values of the developed models fell within the range described in the literature and were consistent with previous studies on different oilseeds [27,28,29,30,31,32]. Other regressed equations, such as the Modified Oswin equation, exhibited lower than 0.8 R2 values, indicating limited applicability in predicting EMC for oilseed samples.



Under thin-layer drying conditions, the GAB equation was identified as the best equation, as it displayed the lowest mean square error compared to the Modified Halsey equation, despite both equations having a similar R2 value of 0.93. The predicted values of these two equations were almost identical for most conditions.



For both varieties, the Page model and modified Page model exhibited the highest R2 values (~0.98) and lowest MSE across all conditions, indicating a better fit compared to other tested models (Table 2). Some models (such as Modified Henderson and Pabis, Modified Page II, two-term exponential, Verma, and Hii models) yielded k (regressed drying constant) values with a standard error more than 100 times the mean value, or even infinite values. These models were deemed unsuitable and were rejected. No negative k values were obtained in this study, in contrast to the findings reported by Jian et al. (2018) [20] for Finola.




3.4. Difference among Altair, CanMa, and Finola


For the Altair variety, the desorption EMC determined through the thin layer drying method differed by a minimum of 0.2 to a maximum of 0.9 percentage points compared to the SSS method. The difference ranges across different temperature and RH levels for CanMa from 0.1 to 0.6 percentage points, and 0.3 to 1 percentage points for Finola. Therefore, these three varieties had slightly different hysteresis.



Table 3 presents the difference in equilibrium moisture contents (EMCs) among the three varieties under the same tested condition. Finola exhibited higher sorption EMC values than CanMa and Altair, except at 94% relative humidity (RH). However, CanMa had higher desorption EMC than Finola and higher desorption and sorption than Altair at all tested conditions (Table 3). There were significant differences between Finola and CanMa (dioecious–monoecious) and between CanMa and Altair (monoecious vs. dioecious), while there was no significant difference between Finola and Altair (dioecious–dioecious) (Table 4). Therefore, a larger EMC difference might exist between different seed types, and this difference might be small between the same seed types.





4. Discussion


4.1. Differences Due to the Method of Isotherm Determination


The thin-layer drying method is a dynamic and time-efficient approach for determining sorption isotherms under any ventilation conditions (e.g., aeration, natural air-drying, and high-temperature drying). However, it does not represent the EMC exhibited by grain bulk during storage in grain bins. The EMC determined through thin-layer drying is generally higher than that obtained using the saturated salt solution method, which can take weeks to months to complete [33]. This discrepancy reflects the slow moisture changes or migration within the grain bulk during storage, unlike the rapid changes imposed in dynamic determinations [34]. Therefore, both dynamic and SSS methods should be used to determine the EMC, so the developed isotherms can be used for both drying and storage conditions.



Under both thin-layer drying and SSS conditions, moisture migration might be mainly caused by diffusion because the tested temperature was lower than 40 °C. Diffusion is a slow process under low temperature and it needs time [20]. Under thin-layer drying conditions, the water molecules inside grain kernels might not have sufficient time to migrate to the surface for evaporation, leading to an incomplete representation of the actual EMC [35,36,37]. Conversely, the SSS method allows for the gradual migration of moisture out of the grain kernel over an extended period under constant temperature and RH conditions, bringing the moisture content closer to the true EMC level. This study also confirms these findings.




4.2. Differences Due to Seeds Fit for Purpose and Their End Use


Breeding and genotype differences between hemp seed varieties arise from specific utilization and the requirements of the target population of female and male parts. The presence of both male and female parts within the same plant or in different plants of the same type results in variations in the end use. These differences are also evident in the seed’s physical and chemical properties of both types of plants. The composition and morphological characteristics of the seeds vary due to specific traits, leading to variations in moisture accumulation and migration under different conditions because differences in composition affect the affinity of water molecules to the seed, which is particularly evident in oilseeds with varying oil content. Higher oil content can be compensated by higher carbohydrate or other macronutrient levels, altering the internal bonding of water molecules, and influencing drying patterns. This explained the difference in EMC and hysteresis of different varieties under the same environmental conditions. The CanMa variety consistently demonstrated approximately 0.2% higher moisture content than Altair under the same temperature and RH conditions. This observation suggests inherent differences in the moisture accumulation and release characteristics between the two hemp seed varieties. Yang and Cenkowski (1993) also reported the difference in the EMC of the Canola variety Westar from the varieties of Gulle and Hecktor [38]. Similar differences in EMC had also been reported for different oilseeds [39,40,41]. Therefore, drying and storage of different varieties should use their corresponding isotherms because misusing might result in wet or over-dried grain during drying and/or storage, which is the main reasons of the grain spoilage [23].



The isotherm of seeds is influenced by the combination of its components, as the effects of individual components cannot be isolated. Matilla et al. (2018) and House et al. (2010) reported significant differences in lignin content, carbohydrate content in the hull, as well as the presence of acid and neutral detergent fibres in different hemp seed varieties [42,43,44]. Certain differences can be observed when varieties from different geographical areas are also compared. Gallaso et al. (2016) studied 20 genotypes prevalent in different parts of Europe (13 dioecious and 7 monoecious) and significant variability (p < 0.01) was observed among the analyzed genotypes for all biochemical traits [45]. This aligns with the results of Krese et al., (2004); Chen et al., (2010); and Vonapartis et al., (2015) [46,47,48]. Xu et al. (2021) reported the differences in physicochemical and other properties based on the differences in the genotypes of Hempseeds [49]. Those and our studies clearly indicated that not just the type of oilseed, but a difference in variety can also be a reason for the requirement of in-depth knowledge of varieties with different traits and purpose of use, especially for grain drying and storage.



The present study indicates that the two Canadian-bred varieties, irrespective of the type (dioecious and monoecious), had differences in EMC from Finola (dioecious), which is a known Finnish variety. The difference between the similar type of seeds, i.e., Finola and Altair (both dioecious), although bred from different geographical areas, was non-significant, whereas the difference was significant between the two monoecious–dioecious groups, i.e., Finola and CanMa, and CanMa and Altair. The difference in between the two Canadian bred varieties was higher than the difference found between Finola and CanMa. This depicts that the type of seeds has more impact on the moisture sorption characteristics of the seeds than the geographical traits for the same crop. These results can be important when selecting the location and conditions for the storage of the hemp seeds. This also places emphasis on the need for trait knowledge and information on the composition of the variety.



Jian et al. (2018) recommended that the safe storage moisture content of Finola was 8% [17]. Our study revealed that Finola had a higher EMC than CanMa and Altair under sorption conditions, while it had a lower EMC under desorption. Therefore, the safe storage EMC of CanMa and Altair should be close to 8% because the moisture content of seeds during storage might be between the sorption and desorption EMC. To reach this safe storage EMC, however, CanMa and Altair should be dried under higher temperatures or lower RH than Finola.




4.3. Effect of Dockage


In the present study, the results indicated that the dockage did not influence the EMC levels and drying characteristics of the hemp seeds at any of the tested conditions. The sample consisted of a chaff as well as fines mixed at different levels. But the influence on the isotherm was negligible. This aligns with the results indicated by Bian et al. (2015) where the influence of chaff was observed in the bulk properties of wheat. This can be because of the low moisture content of the dockage [50]. The dry state of the dockage particles had moisture content much lower than the wet hemp seed samples, conditioned to around 14% M.C. Jian et al. (2019) [17] studied the safe storage times for Finola with dockage. It was concluded that a higher level of dockage (15%) had a slight effect on the germination of stored hemp seeds, but the major influence was due to the storage temperature and relative humidity. The results from the present study also indicated that different levels of dockage might not have any effect on the desorption and sorption of the hemp seeds irrespective of the varieties. However, this conclusion might not apply to the storage in bins because the dockage might have a higher moisture content (e.g., higher than 90%) than that tested under lab conditions.




4.4. Isotherm Models


GAB is a multi-molecular, localized, and homogeneous adsorption model. This model postulates the state of sorbate molecules in the second layer is identical to the one in superior layers, but different from those in the liquid state. The parameter a is the monolayer moisture content (%); b is a dimensionless GAB parameter called the correction factor; ΔHd and ΔHb are functions describing the heat of adsorption and condensation of the water vapor (J/mol), respectively. This study found GAB was the best model to predict the isotherm of both sorption and desorption. Jian et al. (2018) [20] also found GAB was the best model for Finola. These results indicated that the water sorption and desorption by hemp seeds had a surface absorption and desorption phenomena and associated kinetic.



The established isotherms exhibit a type II profile, characterized by a sigmoidal shape, a pattern commonly observed in various stored biomaterials. This shape suggests the formation of multiple layers extending infinitely once the monolayer phase has formed.





5. Conclusions


This study sheds light on the moisture sorption and desorption characteristics of two Canadian-bred hemp seed varieties, Altair and CanMa, in comparison to the established Finnish variety, Finola. Hemp’s dichotomous nature—dioecious and monoecious—gives rise to variations in seed properties that affect drying behavior. Hemp cultivation has transitioned from dioecious to monoecious varieties due to challenges in seed production, and this shift impacts seed properties and drying requirements. The study delved into moisture sorption behaviors through both the saturated salt solution (SSS) method and thin-layer drying, uncovering differences between the two methodologies.



Notably, CanMa consistently exhibited slightly higher equilibrium moisture content (EMC) values compared to Altair under both sorption and desorption conditions, highlighting the impact of monoecious breeding. Three varieties displayed hysteresis, indicating that sorption and desorption characteristics differ under the same environmental conditions. Importantly, the moisture sorption characteristics between the two Canadian-bred varieties exhibited more pronounced differences than those between Altair and the Finnish variety, Finola. Therefore, a more significant EMC difference existed between different seed types (dioecious vs. monoecious), while a smaller difference existed between identical seed types (dioecious vs. dioecious).



Furthermore, this study highlighted the limited impact of dockage, including chaff and fines, on hemp seed moisture behavior. The dockage showed negligible influence on EMC levels and drying characteristics. This finding is crucial for post-harvest handling and storage practices.



Empirical models, the Guggenheim–Anderson–deBoer (GAB) equation and Modified Henderson equation were the best in predicting sorption and desorption behaviors. These models offer valuable predictive capabilities for estimating moisture contents during various drying and storage scenarios.
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Figure 1. Isotherm of Altair with different dockage percentages (0, 5, 10, and 15%) under desorption and adsorption conditions and at different environmental conditions (temperature: 10, 20, 30, 35 °C; and RH from 34 to 94%) generated by salt solutions. In the graph, the line shows the value predicted by the developed GAB equation and different symbols show the measured values with different dockage percentages. In the legend, Des = desorption, and Sor = sorption. 
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Figure 2. Isotherm of CanMa with different dockage percentages (0, 5, 10, and 15%) under desorption and adsorption conditions and at different environmental conditions (temperature: 10, 20, 30, 35 °C; and RH from 34 to 94%) generated by salt solutions. In the graph, the line shows the value predicted by the developed GAB equation and different symbols show the measured values with different dockage percentages. In the legend, Des = desorption, and Sor = sorption. 
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Figure 3. Isotherm of CanMa and Altair samples under thin layer drying conditions (temperature: 30, 35 and 40 °C, RH: 30, 50, 70%). In the graph, the line shows the values predicted by the developed GAB equation and different symbols show the measured equilibrium moisture contents. 
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Figure 4. Drying rate of CanMa and Altair hemp seeds under different drying temperatures, RHs, and drying times using the thin-layer drying method. 
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Table 1. Parameter values of the best fitted equations to predict isotherms of the two varieties of hemp seeds measured by saturated salt solution and thin-layer drying methods.






Table 1. Parameter values of the best fitted equations to predict isotherms of the two varieties of hemp seeds measured by saturated salt solution and thin-layer drying methods.





	
Method

	
Variety

	
Equation a

	
Grain Condition

	
Parameters

	
MSE b

	
R2




	
a

	
b

	
   C   or   ∆   H   d     






	
Saturated Salt Solution

	
CanMa

	
GAB

	
Desorption

	
6.3866 ± 0.2150

	
0.5842 ± 0.0191

	
1395.5796 ± 743.1473

	
0.7102

	
0.89




	
Sorption

	
4.9643 ± 0.1295

	
0.6645 ± 0.0126

	
2186.5086 ± 2069.956

	
0.3912

	
0.93




	
Mod Henderson

	
Desorption

	
1.59 × 10−5 ± 6.93 × 10−6

	
2.8674 ± 0.1509

	
70.2192 ± 28.5077

	
0.828

	
0.87




	
Sorption

	
2.25 × 10−5 ± 1.30 × 10−5

	
2.4229 ± 0.0871

	
223.5855 ± 136.9679

	
0.4259

	
0.93




	
Altair

	
GAB

	
Desorption

	
6.1555 ± 0.224

	
0.5921 ± 0.0187

	
1508.0576 ± 802.5299

	
0.685

	
0.89




	
Sorption

	
4.7555 ± 0.1274

	
0.6753 ± 0.013

	
2523.7263 ± 2645.604

	
0.402

	
0.93




	
Mod Henderson

	
Desorption

	
1.78 × 10−5 ± 7.90 × 10−6

	
2.8067 ± 0.1453

	
80.1322 ± 34.3905

	
0.7944

	
0.87




	
Sorption

	
2.60 × 10−5 ± 1.61 × 10−5

	
2.3478 ± 0.0841

	
244.4169 ± 160.207

	
0.4271

	
0.93




	
Thin layer drying

	
CanMa

	
GAB

Mod Halsey

	
Desorption

	
7.25 ± 2.2255

	
0.5381 ± 0.1656

	
611.6573 ± 345.3019

	
0.2631

	
0.93




	
4.7118 ± 0.4171

	
0.0299 ± 0.0073

	
2.0458 ± 0.1297

	
0.2935

	
0.92




	
Altair

	
GAB

Mod Halsey

	
Desorption

	
5.8309 ± 1.1509

	
0.6208 ± 0.1136

	
1174.962 ± 709.9855

	
0.2277

	
0.93




	
5.182 ± 0.421

	
0.038 ± 0.0071

	
2.1672 ± 0.1321

	
0.2547

	
0.93








a GAB = GAB equation, and   d = ( 0.1007 ± 0.2623 )   e     ∆   H   d     R ( T − 273.15 )       for desorption and   d = ( 0.013 ± 0.0923 )   e     ∆   H   d     R ( T − 273.15 )       for sorption in case of CanMa; and   d = ( 0.0681 ± 0.1912 )   e     ∆   H   d     R ( T − 273.15 )       for desorption and   d = ( 0.0041 ± 0.037 )   e     ∆   H   d     R ( T − 273.15 )       for sorption in case of Altair; Mod Henderson = Modified Henderson equation:     M C   D   =   (   l n ( 1 − R H )   − a ( T + C )   )   1 / b    . Mod Halsey = Modified Halsey equation. The predicted moisture content is on a dry basis. b MSE = Mean square error.













 





Table 2. Drying constant (k, mean ± SE) and R2 of best fitted empirical models of the hemp seed varieties under thin-layer drying conditions.
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Variety

	
Equation A

	
Drying Conditions




	
30 °C + 30% R.H.

	
30 °C + 50% R.H.

	
30 °C + 70% R.H.

	
35 °C + 30% R.H.

	
35 °C + 50% R.H.

	
35 °C + 70% R.H.

	
40 °C + 30% R.H.

	
40 °C + 50% R.H.

	
40 °C + 70% R.H.






	
Altair

	
Page

	
1.1 ± 0.0171

0.982

	
1.1 ± 0.0221

0.975

	
0.9 ± 0.0237

0.965

	
1.2 ± 0.0212

0.979

	
1.1 ± 0.0269

0.973

	
1.0 ± 0.0252

0.972

	
1.5 ± 0.0310

0.976

	
1.4 ± 0.0311

0.978

	
1.3 ± 0.0364

0.963




	
Mod Page

	
1.2 ± 0.0271

0.982

	
1.2 ± 0.0330

0.975

	
0.9 ± 0.0290

0.965

	
1.4 ± 0.0412

0.978

	
1.3 ± 0.0405

0.973

	
1.1 ± 0.0321

0.972

	
1.7 ± 0.0622

0.976

	
1.5 ± 0.0498

0.978

	
1.3 ± 0.0502

0.963




	
CanMa

	
Page

	
1.3 ± 0.0116

0.992

	
1.2 ± 0.0128

0.992

	
1.1 ± 0.0135

0.989

	
1.3 ± 0.0127

0.992

	
1.3 ± 0.0162

0.991

	
1.1 ± 0.0194

0.983

	
1.5 ± 0.0175

0.992

	
1.5 ± 0.0213

0.990

	
1.4 ± 0.0241

0.985




	
Mod Page

	
1.4 ± 0.0246

0.992

	
1.3 ± 0.0223

0.992

	
1.1 ± 0.0183

0.989

	
1.6 ± 0.0294

0.992

	
1.5 ± 0.0286

0.991

	
1.2 ± 0.0277

0.983

	
1.8 ± 0.0417

0.992

	
1.6 ± 0.0364

0.990

	
1.4 ± 0.0350

0.985








A Page:   M R =   e   − k   t   n      ; Mod Page = modified page:   M R =   e   −   ( k t )   n       For each model, the data on the first and second rows show the k and R2, respectively.













 





Table 3. Percentage point differences in the EMCs for the hemp seed varieties at the tested temperatures and RH conditions.
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Tested Conditions

	
Water Status

	
Finola-CanMa a

	
Finola-Altair a

	
CanMa-Altair a




	
Temperature (°C)

	
R.H. (%)






	
10

	
34

	
Sorption

	
1.2

	
1.6

	
0.4




	
Desorption

	
−0.7

	
−0.3

	
0.4




	
54

	
Sorption

	
1.9

	
2.1

	
0.2




	
Desorption

	
−1.6

	
−1.2

	
0.4




	
65

	
Sorption

	
2.6

	
2.9

	
0.3




	
Desorption

	
−1.5

	
−1.2

	
0.3




	
75

	
Sorption

	
1.0

	
1.3

	
0.3




	
Desorption

	
−2.9

	
−2.5

	
0.4




	
94

	
Sorption

	
−1.5

	
−1.4

	
0.1




	
Desorption

	
−3.0

	
−2.7

	
0.2




	
20

	
34

	
Sorption

	
0.7

	
0.9

	
0.2




	
Desorption

	
−0.9

	
−0.7

	
0.2




	
54

	
Sorption

	
0.8

	
1.1

	
0.3




	
Desorption

	
−2.0

	
−1.7

	
0.3




	
65

	
Sorption

	
0.7

	
0.9

	
0.2




	
Desorption

	
−2.1

	
−1.9

	
0.2




	
75

	
Sorption

	
0.2

	
0.5

	
0.3




	
Desorption

	
−2.2

	
−2.1

	
0.1




	
94

	
Sorption

	
−0.4

	
−0.2

	
0.2




	
Desorption

	
−1.3

	
−1.0

	
0.2




	
30

	
34

	
Sorption

	
0.4

	
0.7

	
0.2




	
Desorption

	
−0.8

	
−0.5

	
0.3




	
54

	
Sorption

	
0.3

	
0.5

	
0.2




	
Desorption

	
−1.3

	
−1.1

	
0.2




	
65

	
Sorption

	
0.6

	
0.8

	
0.2




	
Desorption

	
−1.8

	
−1.6

	
0.2




	
75

	
Sorption

	
0.5

	
0.7

	
0.2




	
Desorption

	
−2.0

	
−1.8

	
0.2




	
94

	
Sorption

	
−0.5

	
−0.3

	
0.2




	
Desorption

	
−2.6

	
−2.2

	
0.4








a Negative sign indicated that the latter was higher in EMC than the prior.













 





Table 4. Statistical comparison (paired t-test) of the EMC difference between varieties.
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	Variety
	Seed Types
	p-Value a
	t Value a





	Finola vs. CanMa
	Dioecious–Monoecious
	0.034 *
	2.2



	Finola vs. Altair
	Dioecious–Dioecious
	0.205
	1.3



	CanMa vs. Altair
	Monoecious–Dioecious
	<0.001 **
	14.1







a Paired t-test (df = 29) and significant at 0.05 * and 0.001 **.
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