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Thermodynamic properties of spray-dried Ximenia americana pulp powders through moisture sorption isotherms study




Abstract
[bookmark: _Hlk193532965]The objective of the present work was to investigate the sorption isotherms of moisture in spray dried microcapsules powder of X. americana at 25°C, 35°C and 45°C temperatures. A gravimetric storage study of spray dried microcapsules of Ximenia americana fruit extracts was conducted for 0.22 to 0.93 water activity (aw) at 25°C, 35°C, and 45°C. The net isosteric heat (qst) of water adsorption was calculated using the Clausius–Clapeyron equation. Experimental data were fitted to mathematical models developed by GAB, BET and Peleg, since R2 was close to 1 for the investigated conditions. It resulted that the moisture content of spray dried microcapsules of X. americana fruit extracts had an increasing trend by increasing of aw value, and these microcapsules adsorbed 55-65 g H2O/100 g solid. The adsorption isotherm of spray dried microcapsules of X. americana detected as Type II according to Branuer classification. The monolayer moisture contents (Xm) of microcapsules formulated were determined as 8.14-9.67 g H2O/100g solid according to GAB and BET equations. Lower moisture concentrations caused a more drop in isosteric heat, after which there was no further change. The results of this study therefore suggest that for a long and high-quality storage of whole spray dried microcapsules powders of X. americana fruits extracts, the relative humidity should be lowered to 35 g/100g.
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1. Introduction
[bookmark: _Hlk196901762]“A sorption isotherm delineates the correlation between equilibrium moisture content (EMC) and water activity (aw) under constant temperature and pressure conditions. Moisture sorption isotherms provide essential thermodynamic information regarding the substance under investigation. The thermodynamic data are essential for design calculations of the drying process and for predicting the final moisture content of the product post-drying” (García-Perez et al., 2008; Langrish, 2009; Tsami, 1991). They may also be exploited to forecast the storage stability of formulated products (Tapia et al., 2007). Consequently, they have been the interest of numerous researches. Unsuitable storage conditions can lead to the rapid deterioration of dried products due to oxidation (Bodoira et al., 2017; Bordón et al., 2019). Furthermore, increasing relative humidity in the environment and the water activity of the formulated powders contribute to microbial degradation (Abdullah et al., 2000). Sorption isotherms can regulate unstable storage conditions, including relative humidity, temperature, water activity, and moisture content of the product.
“The moisture sorption isotherms and net isosteric heat of sorption are distinct for each product and require experimental evaluation. Fruit extracts are high-sugar content food products and difficult to dehydrate. Fruit juice powders offer greater advantages regarding transportation, handling, packing, storage, and shelf life compared to their liquid counterparts” (Goula & Adamopoulos, 2010). Since the spray drying method is 30 to 50 times more economical than freeze drying (Gharsallaoui et al., 2007), spray drying is a common method employed to generate powders from liquid solutions and suspensions. 
Ximenia americana, commonly referred to as "Wild Plum" in English and "Tchaboule" in Foufoulde, is a medicinal plant whose fruit, when consumed, is refreshing. These fruits are concentrated in antioxidant bioactives (polyphenols, carotenoids). Ximenia americana, belonging to the Olacaceae family, is prevalent in tropical America and Asia, as well as in Africa, extending from Senegal to Northern Cameroon (Gemedo et al., 2005). The fruits and foliage of X. americana have historically been used for therapeutic reasons in humans and animals alike (Almeida et al., 2016; Bazezew et al., 2021; Sarmento et al., 2015)
To the best of authors knowledge there are no research’s data on the moisture sorption isotherms of microcapsule powders of X. americana fruits extracts produced via spray drying with the incorporation of gelatinized sweet potato starch as encapsulating agent. The literature has documented that the drying process can have a substantial impact on the final product's sorption isotherms for some food products (Iglesias & Chirife, 1982). For this reason, it is necessary to investigate the moisture sorption isotherms of X. americana juice microcapsules powders to guarantee their stability.
[bookmark: _Hlk191228571][bookmark: _Hlk192867950]The objective of this research was to investigate at temperatures of 25°C, 35°C and 45°C, the sorption isotherms of moisture in spray dried microcapsules powder of X. americana fruits extracts microencapsulated with pregelatinized sweet potato starch and determining the heat isosteric.
2. Materials and methods
2.1. Materials
The yellow cultivar 'Tchaboule' (X. americana) used in this investigation has been collected when fully ripe from the small savanna of Marza city (Vina division in Cameroon) located at 7°14'59"N 13°34'59"E and an elevation of 1100 m above sea level, in March 2022. The white sweet potato variety (Ipomoea batatas Lam.) root tubers were collected at the farm of Institute of Research for Agricultural Development (IRAD) at Ngaoundere. The plants X. americana and Ipomoea batatas Lam. were taxonomically authenticated and validated by Dr. Fawa Guidawa (Head of the Department of Sciences and Technology of Organic Agriculture at the Faculty of Science, University of Ngaoundere). The analytical-grade potassium acetate, magnesium chloride, potassium carbonate, ammonium nitrate, sodium chloride and potassium chloride from have been used for salt solution preparation. 
2.2. Preparation of juice extract from fruits of X. americana
The fruits were manually de-pulped and de-seeded using stainless steel blades. The pulps were ground with extractor (Moulinex Blender Mixeur; Faciclic Steel; Inox-LM320A10, 550 W). The fruit extract was obtained by passing it through a muslin. The resulting extract had a total solids content of 9.32 g/100 g of juice (w/w), 10°Brix, and a pH of 3.48. It was then stored at a temperature of -18°C until it was ready to be used for spray drying microencapsulation.
2.3 Obtention of starch from sweet potato tubers 
The extraction of starch was performed using the methodology described by Santos et al., (2016). The native starch was evaluated, showing a moisture content of 6.15% (wet basis), solubility of 2.04%, and an amylose content of 30.02%.
[bookmark: _Hlk192888768]2.4 Production of spray-dried microcapsules of X. americana fruits extracts
Spray drying conditions used were based on our previous preliminary study and the literature data. The preparation of pre-gelatinized starch has been done as followed. Starch suspensions of respective mass (20% in dry basis) were prepared in distilled water preheated at 50°C. The beakers were covered with layer parafilm to reduce water evaporation during the pre-gelatinization process. The suspension was stirred at 250 rpm for 15 min in a controlled water bath thermostated at 50±1°C. Subsequently, the respective starch suspension of sweet potato was brought to gelatinization in a thermostatically controlled water bath at 70 ±1°C for 300 s. X. americana fruit extracts were added to the pregelatinized starch suspension (encapsulating agent) in order to obtained the ratio of 20 g/100 g of juice. The blend was homogenized using lab homogenizer (Moulinex Blender Mixeur; Faciclic Steel; Inox -LM320A10, 550 W). The subsequent step involved the spray drying of the resultant suspension with a spray dryer (TFS-2LS SS304, TEFIC BIOTECH CO. LIMIDED, Xian, China), with two- fluid nozzle with orifice 0.7 mm. The feed inlet flow rate of sample were 600 mL/h and pressure in chamber of 6 bars, the inlet air temperature was 170°C, an intake air flow rate of 65.79 m3/h. The conditions were selected based on our previous works. The powders were collected and placed in air-tight plastic bags.
2.5. Determination of sorption isotherms
[bookmark: _Hlk192885140]The adsorption isotherms of spray-dried X. americana fruits extracts microcapsules powder was determined by a static gravimetric method (Labuza et al., 1985, Rodriguez-Bernal et al, 2015) at 25°C, 35°C and 45°C using six saturated salt solutions with the aw range of 0.20-0.85 (Table 1). The aw values of each saturated salt solutions were equal to the relative humidity divided by 100 (aw =RH/100). The saturated salt solutions were prepared at boiling water by dissolving the salts until saturation and left them to cool to the room temperature. The saturated salt solutions were placed in desiccators and conditioned for 7 days prior to sorption experiment. The aw of the saturated salt solutions at different holding temperatures were measured by using the aw meter (Novasina LabMaster-aw neo). Triplicate samples each of 0.5 g (± 0.0001 g) were weighed in the glass petri dish and placed in desiccators containing saturated salt solutions. At high aw above 0.6, 2 mL toluene was placed in the desiccators in order to prevent the fungal spoilage of studied samples. The sample weighing was performed daily, and equilibrium moisture content was detected when the samples reached constant weight (±0.0001) at 25°C, 35°C and 45°C. The moisture content of samples was determined by drying in an oven at 105°C (air convection) to a constant weight.
2.6 Data analysis
2.6.1 Sorption data analysis
Equilibrium moisture content (EMC) values from each temperature were plotted against the corresponding aw to estimate the moisture sorption isotherms of spray dried microcapsules X. americana fruits extracts powders. The description of relationship between EMC, equilibrium relative humidity and temperature were verified according to BET (Brunauer–Emmett–Teller) (Aguerre et al., 1989), GAB (Guggenheime Andersenede Boer) (Maroulis et al., 1988; Van den, 1981), Peleg (Peleg, 1993) (Table 1). The curve fitting and regression analysis were performed using a mathematical software program (OriginPro 2021, USA). The fittest sorption model was selected base on of minimum root of mean square error (RMSE), minimum means sum of square error (SSE), and the maximum degrees of freedom adjusted R-square of the fit (Sormoli & Langrish, 2015) obtained from mathematical software program. 
Table 1: The models equations used for fitting the sorption isotherms for spray-dried X. americana fruits extracts powders
	Name of the model
	Equation
	
	References

	GAB (Guggenheime
Andersenede Boer)
	
	(1)
	Maroulis et al., 1988; Van den, 1981

	BET (Brunauer–Emmett–Teller)
	
	(2)
	Aguerre et al.,  1989

	Peleg
	
	(3)
	Peleg (1993)



2.6.2. Determination of Isosteric Heat of Sorption
The net isosteric sorption heat is defined by the difference between total isosteric sorption heat and condensation heat. For the spray dried microcapsules X. americana fruits extracts powders, it was calculated from Eq. 4 and 5;


 : water activity; T: the selected temperature; : Isosteric heat of sorption; : Net isosteric heat of sorption; R: 8.314 J.mol-1.K-1; : 43 kJ.mol-1 (Arslan-Tontul, 2015; Ismail et al., 2020).
3. Results and discussions
3.1 Moisture sorption isotherm of spray dried microcapsules X. americana fruits extracts
	Fig. 1 presented the adsorption isotherm characteristics of the X. americana fruit juice powder at 25°C, 35°C and 45°C. As the aw value increased, the Equilibrium moisture content of microcapsules powders also increased. Increasing the surrounding vapor pressure of food led to an increase in the vapor pressure inside, which was an expected outcome. Moreira et al.  (2012) and Shanker et al., (2019) also reported this impact. The structure and chemical constitution of a substance have a significant impact on its sorption capability. Products like sugar that have hydrophilic structures are better in water adsorption.
[image: ]
Fig. 1. Sorption isotherms of spray-dried microcapsules X. americana fruits extracts powders and the fitted GAB model at the three different temperatures. Each data point is the average of the three experimental replicates. 
	“At increasing water activities, the equilibrium moisture content increased significantly (aw > 0.45 at different studied temperatures) (Fig. 1). The literature has documented this behavior for a variety of food powders products with high sugar content, including orange peels” (Kammoun Bejar et al., 2012), grapes, apples (Kaymak-Ertekin & Gedik, 2004), raisins, figs, apricots, prunes (Maroulis et al., 1988), and others. “It has been linked to the fruit sugars dissolving in the water vapor that has been sorbed” (Kammoun Bejar et al., 2012; Kaymak-Ertekin & Gedik, 2004; Maroulis et al., 1988). It is commonly known from the literature that composition of food product influences their ability to adsorb moisture and how they dry out (Iglesias & Chirife, 1982; Labuza & Altunakar, 2007). The mature fruits of X. americana consist a soluble sugar content of about 7.63 g/100g (Almeida et al. 2016), which may explain the similarity in the sorption behavior of the X. americana fruit juice powders with high-sugar content foods.
“Furthermore, it is observed that, for aw > 0.45 the equilibrium moisture content decreased when temperature increased. Low molecular weight food components like salts and sugar have been proposed to become more hygroscopic at higher temperatures” (Al-Muhtaseb et al.,  2010). Palipane & Driscoll (1992) demonstrated that “at greater temperatures, water molecules are activated to a higher energy level, leading them to leave their sorption sites, which decreases the equilibrium moisture content”. Iglesias & Chirife (1982) reported that “the food became less hygroscopic at higher temperatures, while the moisture contents of the sugar samples increased with increasing temperature at water activity values greater than 0.8”.
Table 2 provides a summary of the findings from the regression analysis used to fit the experimental data to the three equations. In terms of R-square (R2) of the fits, those with higher than 0.98 may indicate a good fit (Sormoli & Langrish, 2015. The minimum values of SSE and RMSE indicated the model BET and Peleg fit well the sorption behavior of the spray-dried microcapsules X. americana fruits extracts over the temperatures range of 25°C to 45°C better than the GAB models.
Table 2. Parameters of the fitted models to the experimental data for moisture sorption isotherm of X. americana juice powders
	
	Temperature
	Model parameters
	
	Goodness of fit parameters

	Model
	(°C)
	A
	B
	C
	D
	
	SSE
	R2
	RMSE

	GAB
	25
	0.0967, Xm
	0.9093, c
	1.0302, k
	-
	
	9.874
	0.986
	3.291

	
	35
	0.1487, Xm
	0.6362, c
	1.0561, k
	-
	
	2.084
	0.990
	0.694

	
	45
	0.2417, Xm
	0.4451, c
	1.0677, k
	-
	
	2.067
	0.998
	0.689

	BET
	25
	0.0814, Xm
	1.4437, c
	-
	-
	
	2.28E-04
	0.974
	1.14E-04

	
	35
	0.0676, Xm
	1.8121, c
	-
	-
	
	1.08E-04
	0.983
	5.38E-05

	
	45
	0.0669, Xm
	1.567, c
	-
	-
	
	9.00E-05
	0.985
	4.50E-05

	Peleg
	25
	1.994
	10.9780
	0.2434
	1.550
	
	6.33E-05
	0.999
	3.17E-05

	
	35
	0.2461
	1.4768
	2.1733
	10.903
	
	6.60E-05
	0.999
	3.30E-05

	
	45
	2.3375
	11.8273
	0.3125
	0.2660
	
	1.57E-04
	0.999
	7.83E-05



As indicated by the value for parameter c > 1 of the BET model (Table 2) and by the shape of the moisture isotherms (Fig. 1), the moisture sorption isotherms for spray-dried microcapsules of X. americana fruits extracts are sigmoid and fall under the type II class of isotherms according to classification of Brunauer et al., (1940). This type of isotherm has been documented for a variety of powder foods product, including neem kernel (Mbarga et al., 2017), millet grain (Singh et al., 2011), almond (Taitano et al., 2012), banana flour (Khawas & Deka, 2017), chia (Moreira et al. 2012), and whole wheat and rice flours (Abebe & Ronda, 2015).
“Table 2 shows that the values of the monolayer moisture contents (Xm) and the parameter k of GAB model equation increased as the temperature increased, whereas, the c parameter decreased up to 45°C. All the calculated monolayer moisture content (Xm) in this work ranged of 0.097-0.241 g H20/g dry solids for different studied temperatures for both GAB and BET models equations. The monolayer moisture content corresponds to the lowest moisture content covering the hydrophilic sites on the material surface, its value has been found between 0.04 and 0.06 kg water/kg dry solids for freeze-dried borojo powder”(Mosquera et al., 2010), which is not consistent with the order of magnitude of Xm determined in the current work. According to Polatoglu et al., (2010), “the monolayer moisture content has a significant impact on the physical and chemical stability of dehydrated materials in terms of lipid oxidation, enzyme activity, non-enzymatic browning, flavor preservation, and structural characteristics”. According to Arslan & Togrul (2005), water is retained on the monolayer regions via strong hydrophilic bindings on the food's polar sites.
3.2. Heat of sorption spray dried microcapsules X. americana fruits extracts
“An effective method for determining the effects of temperature on food is the isosteric heat of sorption. It is the amount of energy required to change one unit mass of a product from a liquid to a vapor at a certain air pressure and temperature. It is common practice to model isosteric heat using the Clasius-Clapeyron equation. In order to use this strategy, data must be collected at two or more experimental temperatures. The net isosteric heat of sorption gives valuable information on the water content of foods and can be used to determine the energy requirements of drying” (Koua et al., 2014).

[bookmark: _Hlk193540794]Fig. 2. Net isosteric heat of sorption changes with moisture content for spray dried microcapsules X. americana fruits extracts.
The net isosteric heat of sorption and isosteric heat are displayed in Fig. 2. When the moisture content increased, qSt tended to drop from 4.10 to 0.93 kJ/mol when the moisture content increases from 0.024 to 0.58 g water/g dry solid. A ten-fold increase in moisture content led to a 7.2-fold decrease in isosteric heat, according to Moreira et al. (2012). Singh et al., (2011) discovered that the Clausius-Clapeyron equation indicated that the isosteric heat for barnyard millet grain varied between 46.76 and 61.71 kJ/mol at moisture levels 7–21 g/100g. When the moisture content of hazelnut kernels increased from 2 to 7 g/100g, the net isosteric heat of sorption dropped from 28 to 5 kJ/kg (Jung et al., 2018). As the moisture content increased, Tarigan et al., (2006) observed that net isosteric heat declined until 0 kJ/mol.
It was evident from Fig. 2 that the isosteric heat decreased considerably in the range of 0.02 to 0.28 g/ g of moisture content, after which there was no further change. Similar findings were also reported by Panjagari et al., (2015), who discovered that the greatest heat of adsorption (93.79 kJ/mol) was achieved between 0.01-0.02 g/g of dry basis moisture content. The energy required for vaporization is low at high food moisture levels because of weak hydrophilic bonds of macromolecules and free water; however, the isosteric heat of sorption dropped sharply between 2 and 5 g/100 g moisture and then stabilized. During drying, moisture content continuously drops because only the monolayer moisture remains. This mechanism causes the water molecules to adhere firmly to the food's surface and the sorption sites. Water removal from the surface becomes difficult when the heat of sorption rises above the heat of vaporization of pure water (Iglesias & Chirife, 1982; Kaya & Kahyaoglu, 2006; Panjagari et al., 2015; Sormoli & Langrish, 2015). Additionally, Khawas & Deka (2017) ascribed the drop in qSt as EMC values increased to a strong water-solid interaction and sorption on the less active sites, which resulted in lower qSt.
4. Conclusion
The moisture sorption isotherms for spray-dried microcapsules X. americana fruits extracts have been studied at three different temperatures: 25°C, 35°C, 45°C. Three different sorption models have been fitted to the experimental data. BET and Peleg models fitted the experimental data well over the range of temperatures based on the minimum values of SSE and RMSE. Therefore, the studied models could predict the moisture sorption isotherms of spray-dried X. americana fruits extracts powders. The net isosteric heats of sorption of spray-dried pure orange juice powders were determined using the Clausius-Clapeyron equation, decreasing at greater moisture contents and ranging from 4.10 kJ/mol for 0.024 g H2O/g dry solids to 0.93 kJ/mol at 0.58 g H2O/g dry solids. The thermodynamic analysis provided important information about the mechanisms controlling water vapor sorption on X. americana fruits microcapsules powders. The results showed that the use of pregelatinized potato starch in production of X. americana fruits spray-dried powders controlled the water adsorption in the final product during storage, which is of great important for the development of new ingredients for the functional food and pharmaceutical products based on X. americana fruits extracts.
Abbreviations
EMC: Equilibrium moisture content; BET: Brunauer Emmett Teller, GAB: Guggenheime Andersenede Boer, RMSE: minimum root of mean square error, SSE: minimum means sum of square error.
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