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Abstract: The purpose of this work was to determine the thermodynamic properties of coconut powder 
fortified with physiologically active components, obtained through spray drying (CP+FAC), using the data 
obtained to construct the sorption isotherms at three temperatures (15, 25, and 35 °C), where the properties 
calculated were net integral isosteric sorption heat (Qst), differential sorption entropy (ΔS), spreading pressure 
(Φ), enthalpy (qeq), and entropy (ΔSeq); while determining the glass transition temperature (Tg) and critical 
storage conditions, like water activity (awc), and moisture content (Xwc) in the CP+FAC. Where Qst increased to 
a maximum value between the Xw intervals of the monolayer and then diminished with increased moisture 
content (Xw). The Φ increased with the aw increase and diminished with increased temperature, more notably 
at 25 and 35 °C. The ΔS diminished with the increase of Xw, which represents an increase in the mobility 
restriction of the water molecules as the available sites saturate and higher-energy sites are used, which is why 
water is less available to participate in the deterioration reactions. The qeq diminished with Xw, reaching the 
maximum value at the lowest Xw, this value is an indication of the greater water-CP+FAC interaction, which 
means the sorption binding sites are stronger. The ΔSeq went from negative value and increased with the Xw 
increase, which is associated with greater mobility of the water molecules, favoring the formation of 
multilayers. The glass transition temperature of the CP+FAC at different aw had an inverse relation, where Tg 
diminished when increasing aw, going to aw: 0.112: Tg: 69.79 °C at aw values of 0.900: Tg: -39.0 °C, evidencing the 
plasticizer effect of water, where the Gordon-Taylor model is a reliable predictor of the glass transition 
temperatures of the CP+FAC. Values of the parameters calculated through non-linear regression were Tgs= 
391.67 K and k= 0.753, with R2= 0.977. The critical storage conditions of the CP+FAC, at ambient temperature of 
35 °C, were awc of 0.46 and Xwc of 3.8 % (db). 

Keywords: Thermodynamic sorption properties; differential scanning calorimetry; Glass transition 
temperature; activity and water critical content; stability 

 

1. Introduction 

The study of water-solid interactions in low-moisture food systems provides useful information 
that integrates the composition and structural characteristics with the physical stability and 
functional properties of food materials. Besides, the thermodynamic analysis of water sorption in dry 
foods at different temperatures has stirred interest because it provides a complete interpretation of 
the sorption mechanism based on the energy changes in the bonds between the adsorbate and 
adsorbent in dry foods, like coconut (Cocos Nucifera L.) powder fortified with physiologically active 
components (CP+FAC) [1,2]. 

Linked to the phenomena of moisture sorption, the analysis of glass transition temperature (Tg) 
permits better understanding of the quality, stability, and safety properties of food systems in 
function of the relation between the water content and the matrix structure, thus, providing an 
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integrated approach of the role of water in foods. Glass transition, understood as the change from a 
highly viscous amorphous glass state to a liquid or gummy state, can be reached through increased 
temperature with constant moisture content, or through increased water content at constant 
temperature. Glass transition can be classified approximately as a second order phase change 
accompanied by thermodynamic changes in the enthalpy, changes in the dielectric properties and 
mechanical changes, like increased free volume, diminished viscosity, increased thermal expansion, 
and exponential increase of the molecular mobility. Foods in amorphous vitreous state exist in a 
metastable condition and remain stable for long periods (months to years); however, once they pass 
to the gummy state, all the rates of processes of quality loss dependent on time increase and the shelf 
life diminishes to weeks, days or even hours. Identifying the temperatures and critical moisture 
contents, at which the amorphous solids experience evident rheological changes, contributes to the 
correct definition of the most-adequate storage conditions where time-dependent changes, 
deterioration reactions, and structural transformations, like adherence, collapse, stickiness, caking 
and crystallization of solutes from powdered foods would be limited and/or prevented [1–8].  

As temperature increases above Tg, various changes are noted, like increased free volume, 
diminished viscosity, and increased thermal expansion. The most important changes that affect food 
behavior are related with the exponential increase of molecular mobility and diminished viscosity 
[5,6]. Because low glass transition temperature is a result of the presence of low molecular weight 
substances such as reducing sugars or acids (for example citric, fumaric or malic acids) powdered 
fruits are very vulnerable to deterioration changes during processing and storage. The widely applied 
approach allows obtaining powders with higher Tg values is addition of high molecular weight 
polymers like starches, arabic gum or maltodextrin and the influence of moisture on Tg may be 
examined easily via thermal analyses through differential scanning calorimetry (DSC) in samples that 
have been balanced for different water activities (aw), and thereby, for different moisture contents 
[7,8].  

Another consistent criterion to predict the storage stability and shelf life of dehydrated products 
is based on determining the thermodynamic properties of water vapor sorption in function of 
temperature (isosteric sorption heat, differential entropy, integral entropy, integral enthalpy, and 
spreading pressure); for which, sorption isotherms, which describe the relation between aw and the 
equilibrium moisture content of a food at constant temperature are fundamental to comprehend the 
adsorbate and adsorbent relations, guarantee that water is not available, and limit the chemical 
reactions and deterioration of physical-chemical and microbiological characteristics of powdered 
foods. [1,3,6,9]. 

The thermodynamic properties of foods relate the water concentration in foods with its partial 
pressure, which is crucial in the analysis of heat and mass transport phenomena during dehydration, 
and permit determining the final point at which food should dehydrate to achieve a stable product 
with optimal moisture content, and the minimum amount of energy required to eliminate a given 
amount water from the food, providing information on the microstructure associated with the water-
food interface [6,10–14]. 

Differential sorption heat, sometimes called isosteric sorption heat (Qst), is used as an indicator 
of the state of the water adsorbed by the solid particles, which is a measure of the physical, chemical, 
and microbial stability of the biological materials stored. Knowing the differential sorption heat is of 
great importance when designing equipment for dehydration processes. This is because the 
vaporization heat of the water sipped can increase to values above the vaporization heat of pure 
water as the foods dehydrate to low moisture levels [2,10,12]. 

The net isosteric heat (qst) is defined as the total sorption heat in foods less the vaporization heat 
of water, at the system’s temperature. Adsorption heat is a measure of the energy released in the 
sorption, and desorption heat requires energy to break the intermolecular forces between the water 
vapor molecules and the surface of the adsorbent. Thereby, sorption heat is considered indicative of 
the intermolecular attraction forces between the sorption sites and water vapor [4,10,12–15].  
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The differential entropy (ΔS) of a material is proportional to the number of sorption sites 
available at a specific energy level, associated with the molecular ordering system, if ΔS <0, it 
describes a structured system [2,10,12–15]. 

Two other parameters used to explain the modes of moisture adsorption by foods are integral 
entropy (ΔSeq) and integral enthalpy (qeq). Integral entropy describes the degree of disorder and 
randomness of the water molecule movement and has been used to explain modes of moisture 
sorption by biological materials. The net integral enthalpy, or net equilibrium sorption heat, is an 
integral molar amount and is calculated in similar manner as the differential sorption heat (isosteric 
sorption heat), but at constant spreading pressure instead of constant moisture content [1,4,10,12]. 

Spreading pressure (Φ) and its dependence on aw and water temperature is a useful tool to 
interpret kinetic sorption data, with the driving force responsible for diffusion in porous solids and/or 
as the adsorption free surface energy, possibly considered as the difference in surface tension between 
the sorption sites discovered in the solid and sites with adsorbed molecules [10,12]. 

Food safety and spoilage are the principal concerns of food manufacturers and consumers. The 
preservation achieved by dehydrating powdered foods requires information on the thermodynamic 
properties related with water activity and vitrification phenomena. Efforts have been limited on 
establishing a link between aw and Tg for specific food products, as in CP+FAC. This work sought to 
calculate and evaluate the thermodynamic properties of water adsorption and determine the glass 
transition temperature of CP+FAC at different concentrations of solids, as well as the critical storage 
conditions. 

2. Materials and Methods 

To obtain the CP+FAC and the construction of the moisture sorption isotherms, the study 
followed the methodologies reported by Lucas et al., 2018a; 2018b and 2021 [16–18] respectively. 

To fit the moisture sorption isotherms in the CP+FAC, nine mathematical models were used 
according to the equations by GAB [19], BET [20], Oswin [21], Smith [22], Halsey [23], Henderson [24], 
Chung and Pfost [25], Peleg [26] and Caurie [27] (Table 1) and the goodness of fit of the models was 
determined by using the mean square error (ERSM) and the maximum adjusted R2.  

Table 1. Mathematical models used to fit the water sorption isotherms in CP+FAC. 

Model  Mathematical expression  
GAB [19] Xw = moCKaw ሾ(1 − Kaw)(1 − Kaw + CKaw)ሿ⁄  
BET [20] Xw = m0Caw ሾ(1 − aw)(1 − aw + Caw)ሿ⁄  

OSWIN [21] Xw = Aሾaw (1 − aw⁄ )ሿB 
SMITH [22] Xw = c1 − c2ln (1 − aw) 

HALSEY [23] Xw = ൣ−A/(Tlnaw)ሿ1/B 
HENDERSON [24] Xw = ൣ−ln (1 − aw)/Aሿ1/B 

CHUNG and PFOST [25] Xw = a + bln(−lnaw) 
PELEG [26] Xw = m1aw

n1 + m2aw
n2 

CAURIE [27] Xw = exp (a + baw) 
Where: moisture content (Xw) in dry base; mo: humidity of the monolayer; a, b, c1, c2, m1, m2, n1, n2, A, B, C, K: are 
adjustment parameters of each model, which were estimated with the Polymath® program version 6.0; T: 
Temperature K. 

2.1. Determination of the Thermodynamic Properties 

From the data obtained in determining the moisture sorption isotherms of CP+FAC, these were 
calculated with the following methodologies:  

2.1.1. Isosteric Sorption Heat (kJ ⋅ mol-1) 

The net isosteric heat (qst) and isosteric sorption heat (Qst), on the base of thermodynamic 
principles, were determined from equations 1 and 2: 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 November 2024 doi:10.20944/preprints202411.2253.v1

https://doi.org/10.20944/preprints202411.2253.v1


 4 

 

qୱ୲ =  −R ൤ୢ(୪୬ ୟ౭)ୢ(ଵ ୘ൗ ) ൨EMC (Eq. 1) Qୱ୲ =  qୱ୲ +  λ୴ୟ୮  (Eq. 2) 

where λvap: latent vaporization heat of pure water (kJ ⋅ mol-1); T (K): absolute temperature; Xeq: 
equilibrium moisture content (Kg ⋅ Kg-1 db), and R: (kJ ⋅ mol-1 ⋅ K-1) ideal gas constant. 

This was calculated from the equation by Clausius-Clapeyron applied to the system and the 
pure water with the following assumptions: (1) the vaporization heat of pure water and excess 
sorption heat do not change with temperature and (2) the system’s moisture content remains 
constant. When again plotting the sorption isotherm in the form ln (aw) versus 1/T, for a specific 
moisture content, the slope of the regression line provides a measure of the net isosteric sorption heat, 
qst, obtaining the sorption heat, Qst, by applying Eq. 2. This procedure assumes that qst is invariant 
with temperature, and application of the method requires measuring sorption isotherms at more than 
two temperatures [1,2,10,14,28–30]. 

2.1.2. Spreading Pressure (Φ) (J ⋅ m-2)  

This is also known as surface potential, represents the free surface energy for sorption and may 
be considered as the difference in surface tension between the active adsorption sites in the solid and 
water molecules. The value Φ is not determined experimentally, but can be obtained through an 
analytical procedure related with Eq. 3 [10,12,29].  Φ =  ୏ా ୘୅ౣ ׬  ஘ୟ౭  d(a୵)ୟ౭଴  (Eq. 3) 

where θ = EMC/xo (xo: moisture in the monolayer).  
Applying the Dent model [31], where it is expressed by integrating the spreading pressure of 

water adsorbed in terms of surface area per sorption site, or area per water molecule in each sorption 
site, that is, coverage of the complete monolayer as: Φ =  ௄ಳ ்஺೘ ln ቂଵା ௕బ ௔ೢି௕ ௔ೢଵି௕ ௔ೢ ቃ (Eq. 4) 

where: KB: Boltzmann’s constant (1.380 x 10-23 J ⋅ K-1); Am: area of water molecule: (1.06 x 10-19 m2); b 
and b0 are the constants of Dent’s sorption isotherm related with the properties of the water adsorbed 
(dimensionless), determined through non-linear regression analysis using the moisture content of the 
monolayer obtained by applying the BET equation to the experimental data of equilibrium moisture. 

2.1.3. Differential Entropy (ΔS) (J ⋅ mol-1 ⋅ K-1)  

The differential adsorption entropy was calculated by fitting Eq. 5 to the equilibrium data 
[10,28,29]. − ln(𝑎௪) =  ିொೞ೟ோ் − ௱ௌோ  (Eq. 5) 

When tracing ln (aw) versus 1/T for constant water content, the value of ΔS is calculated from the 
intersection (ΔS/R). 

2.1.4. Net Integral Sorption Enthalpy (qeq) (J ⋅ mol-1 ⋅ K-1)  

The net integral enthalpy is considered the difference in surface tension between the bare 
sorption sites in the solid and sites with adsorbed molecules; it is an integral molar amount and is 
calculated similarly to the isosteric sorption heat, but at constant spreading pressure, where the 
variation in net integral enthalpy with moisture content indicates the level at which the 
water/substrate interaction is greater than the interaction of the water molecules (Eq. 6) [10,12,29]. 
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qୣ୯ =  −R ൤ୢ(୪୬ ୟ౭)ୢ(ଵ ୘ൗ ) ൨Φ  (Eq. 6) 

2.1.5. Net Integral Sorption Entropy (ΔSeq) (J ⋅ mol-1 ⋅ K-1) 

Integral enthalpy is needed to determine the integral entropy associated with the sorption 
process. Net integral entropy describes the degree of disorder and randomness of the water molecule 
movement. It also quantifies the mobility of the water molecules adsorbed during sorption. The ΔSeq 
of a system may be calculated with Eq. 7, considering that the geometric mean of activity (aw*) is used, 
obtained at constant spreading pressure at various temperatures [10,12,28,29]: ΔSୣ୯ =  ି୕౟౤୘ − Rln(a୵ ∗) (Eq. 7) 

2.2. Glass Transition Temperature (Tg) in the CP+FAC 

A thermal analysis was performed of the CP+FAC by using differential scanning calorimetry 
(DSC) (T.A. Instrument, Q2000, USA) equipped with a cooling unit up to -90 ºC (T.A. Instrument, 
refrigerated Cooling System 90). Samples of CP+FAC (5-10 mg) obtained from the balanced isotherms 
of 15 ºC and different aw were analyzed according with the methodology proposed by Grabowski et 
al., 2006 [32] (modified), using a cooling ramp of 10 ºC/min until reaching -90 °C, 1-min holding time 
at -90 ºC and a heating ramp of 10 °C/min until 250 °C. The thermograms obtained were examined 
by using the Universal Analysis 2000 Program (T.A. Instrument, USA), with prior calibration of la 
temperature and fusion heat with indium [1,5,6,33]. 

2.3. Plasticizer Behavior of Water 

To evaluate and predict the plasticizer effect of water and its influence on the glass transition 
temperature (Tg), model the linearized Gordon-Taylor model was used (Eq. 8) [1,2,5–8,33,34]: 

)1(
)(

w

ggww
gsg x

TTx
kTT

−
−

+=  (Eq. 8) 

where Tgw is the water glass transition temperature: -135.15 °C (138.15 K), Tgs is the glass transition 
temperature of the anhydrous solids, xw is the mass fraction of water, and k is the constant of the 
Gordon-Taylor model. 

2.4. Particle Size Distribution  

Particle sizes were determined as percentiles D10, D50, and D90, using a Mastersizer 3000 (Malvern 
Instrument Ltd., Worcestershire, UK), with prior dispersion of the samples in 500 mL of distilled 
water until obtaining a darkening value of 10±1 %, considering the size distribution from Mie theory 
and using the refraction index of 1.52 [35].  

2.5. Particle Morphology 

This was carried out through SEM analysis in the CP+FAC. Micrographs were taken of the 
CP+FAC by using scanning electron microscopy (Jeol 5910LV) at 15 Kv, where the samples were 
deposited on a copper conductive tape and on a sample holder, then coated with gold in a vacuum 
evaporator (Denton Vacuum, 30 mA, 5 kV, 100 militorr) [33,36].  

Particle size distribution and morphology of the CP+FAC was carried out before and after storing 
the powder at 35 °C, in N2 atmosphere (35 °C-N2), packaged in multilayered bags (Alico S.A.), with 
laminated film thickness (PET): 12 μm, aluminum foil: 8 μm and polyethylene sealing layer: 100 μm, 
grammage of 136.54 g ⋅ m-2, with water vapor barrier <5 cm3 ⋅ m-2 ⋅ 24 h ⋅ atm) and O2 barrier <5 cm3 ⋅ 
m-2 ⋅ 24 h ⋅ atm).  
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3. Results and Discussion 

3.1. Water Sorption Isotherms of the CP+FAC 

The water adsorption isotherms of the CP+FAC at the three temperatures evaluated had typical 
type II behavior, according with the BET classification [37], with sigmoidal shape, as presented in 
Figure 1, which are characteristics of amorphous materials rich in hydrophilic components. Sigmoid 
isotherms may be divided generally into three regions; region I corresponds to aw <0.22, which refers 
to water adsorption in the monolayer (mo), region II represents aw between 0.22 and 0.73, 
corresponding to the water adsorption multilayers additional to the mo, and in region III, aw is between 
0.73 and 1.0, corresponding to water condensation in the pores of the material followed by the 
material’s solubility [11,18,19,38]. 

 
Figure 1. Water sorption isotherms of experimental and modeled CP+FAC [Peleg, 1993]. 

According to Lucas et al., 2021 [18], the mathematical models that best fit the behavior of the data 
of the moisture adsorption isotherms in the CP+FAC, were the Peleg [26], GAB [19], and BET [20] 
models (Table 2 and Figure 1), presenting the lowest ERSM values and highest R2 values, for all 
temperatures. 

Table 2. Statistical parameters of the goodness of fit of the most precise mathematical models. 

Model Variable 15 °C 25 °C 35 °C 

GAB 

C  2.64 4.261 1.811 
mo 0.0715 0.0573 0.0364 
K 0.921 0.93 0.941 
R2 0.988 0.994 0.997 

ERSM 0.53 0.415 0.266 

BET 
C  6.555 5.921 6.365 

mo 0.0254 0.0254 0.0234 
R2 0.987 0.994 0.984 
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ERSM 0.296 0.294 0.347 

PELEG 

A 0.467 0.103 0.076 
B  1.308 1.18 1.009 
C  0.118 0.395 0.294 
D 10.668 9.249 6.639 
R2 0.998 0.997 0.997 

ERSM 0.198 0.199 0.276 
Figure 1 shows the experimental moisture sorption isotherms for the CP+FAC and those 

represented by the Peleg model, fitting adequately to the experimental results. The Xw of the 
monolayer (mo) shows the amount of water adsorbed strongly on the food surface and is considered 
the optimal value to ensure the product’s stability; for the CP+FAC, it was observed that in the GAB 
[19] and BET [20] models, the moisture of the mo diminished when temperature increased, showing 
values between 7.15 % – 3.64 % at 15 and 25 °C for GAB and from 2.54 % – 2.34 % at the same 
temperatures for BET. This behavior indicates that the molecules absorbed gained kinetic energy 
causing the attractive forces to be loosened and this permitted some water molecules to separate from 
their sorption sites, thus, diminishing the equilibrium humidity values. Additionally, moisture of the 
mo in the BET model was lower than that of the GAB model, while the energy constant C in the BET 
model was higher than that of the GAB model. This behavior has been observed by various authors 
[Table 2]. Presumably, the strong adsorbent-adsorbate interactions, which are exothermic, are 
favored with lower temperature, causing increased parameter C with decreasing temperatures 
[15,34]. 

3.2. Thermodynamic Properties of the CP+FAC 

3.2.1. Isosteric Sorption Heat (Qst) 

This is used to study the magnitude of binding energy, or the availability of polar sites to the 
water vapor and of the physical-chemical and microbiological state of the food, as sorption advances. 
Isosteric adsorption heat increased to a maximum value, within the moisture content interval of the 
monolayer (mo) (0.48 % – 2.87 % (db)) found in the GAB and BET models of Xw, whose values ranged 
between 35.718 and 99.261 kJ ⋅ mol-1 and then diminished with increased moisture content. The 
maximum value indicates the coverage of the strongest binding sites and the highest water-solid 
interaction (adsorbate-adsorbent) and water is closely bonded to the material, which corresponds to 
high interaction energy. Upon continuing the coating of les favorable sites and the formation of 
multiple layers, as shown by diminished Qst, with increased moisture content, this confirms the fact 
that higher moisture levels diminish the binding force to water [Figure 2]. The high Qst values at low 
moisture contents indicate high water binding energy, which is characteristic of monolayer sorption, 
this is explained by the fact that most sites with high water binding energies were already occupied 
but sorption continued on sites with lower water binding energies. The same behavior was observed 
in sugar cane powder [15]; chia seeds [4]; cassava flour [12]; dried and pulverised edible house cricket 
and black soldier fly larvae [30].  
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Figure 2. Isosteric sorption heat of the CP+FAC. 

The high values at low moisture contents can be explained by strong hydrogen bonding of water 
molecules to the food constituting a monolayer of molecules. Therefore, the amount of energy 
required to remove these water molecules is high. The decreasing trend of Qst suggested that the heat 
of sorption approaches the heat of vaporization of pure water at higher moisture contents. As the 
moisture content decreases and only the monolayer moisture is left, the water molecules become 
more strongly bound to the surface of the powders and to the sorption sites with higher interaction 
energies. At the same time, the heat of sorption increases above the heat of vaporization of pure water, 
making it difficult to remove water from the surface of the powders [39]. 

3.2.2. Spreading Pressure (Φ) (J ⋅ m-2)  

The value of Φ represents excess free energy on the surface, which indicates increased surface 
tension in the sorption sites, caused by molecules adsorbed. Figure 3 shows the behavior of Φ, whose 
values increase with increased aw, and diminish with increased temperature, most notably at 25 and 
35 °C [29,40]. 

 
Figure 3. Spreading pressure of the CP+FAC. 

3.2.3. Differential Sorption Entropy (ΔS) (J ⋅ mol-1 ⋅ K-1) 

Figure 4 shows the ΔS in function of moisture content at 15, 25 and 35 °C, where CP+FAC 
diminished as it gained moisture until reaching a minimum value and then increased as the Xw 
continued increasing, although – in general – there were no significant differences due to the effect 
of temperature. Diminished ΔS represents an increase in the mobility restriction of the water 
molecules as the available sites saturate and sites of greater energy are used; the subsequent increase 
implies that the water molecules can form multilayers. The ΔS is considered that of maximum 
stability because it is where the water molecules achieve a neater disposition within the solid and 
strong bonds are produced between the adsorbate and adsorbent, which is why water is less available 
to participate in deterioration reactions. With very high moisture contents, entropy will be 
approximately the same as in the liquid water because interactions between water and CP+FAC will 
be null [1,4,15]. 
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Figure 4. Differential sorption entropy of the CP+FAC. 

Conditions for the maximum stability of CP+FAC were 2.87 kg H2O per 100 kg s.s. (aw= 0.29) at 
15 °C; 2.44 kg H2O per 100 kg s.s. (aw= 0.33) at 25 °C; and 2.14 kg H2O per 100 kg s.s. (aw= 0.37) at 35 
°C [Figure 4]. In addition, integral entropy may be directly related with the disorder of the order of 
the water molecules sorbed in foods and, hence, it is a useful function to study the effect of the drying 
method on the product’s stability. The same behavior was reported by Velázquez-Gutiérrez et al., 
2015 [4], with chia mucilage, Alpizar-Reyes et al., 2017 [1], with tamarind seed mucilage, and Ayala-
Aponte et al., 2016 [12] with cassava flour. 

Although no differences were noted in ΔS due to the effect of temperature, normally, at higher 
temperatures the change of ΔS is greater because the kinetic energy of the molecules that interact 
during the water exchange process is directly proportional to temperature. Thereby, the system’s ΔS 
is lesser at low temperatures due to the diminished number of sorption sites and the restricted 
movement of the water molecules, which makes the adsorption process more favorable 
thermodynamically at lower temperatures. High ∆S values at low moisture contents are explained 
by the fact that water was strongly bound, but lower ΔS values may be interpreted as the water 
activity at which this product is more stable [4,12,15]. When the ΔS has negative magnitude with low 
moisture contents, it is attributed to the existence of chemical adsorption and/or structural 
modifications of the adsorbent [29,37]. 

3.2.4. Net Integral Sorption Enthalpy (qeq) (J ⋅ mol-1)  

Changes in net integral enthalpy (Qin) with the equilibrium moisture content are shown in Figure 
5. This integral was determined the same way as the differential sorption enthalpy, but at constant 
spreading pressure. The value of qeq diminishes with increased Xw, varying on average for the three 
temperatures from 0.529 kJ ⋅ mol-1 for an Xw of 0.004 g of water / g s.s. at -0.1106 kJ ⋅ mol-1 for 0.238 g 
of water / g s.s. This thermodynamic behavior may be attributed to saturation of the active sorption 
points (moisture monolayer), given that water is adsorbed more easily in the active sites of the outer 
surface of the CP+FAC at low moisture contents, reaching the maximum value of qeq. This maximum 
value indicates the greater water-CP+FAC interaction, which means that the sorption binding sites 
are stronger. Increased equilibrium moisture evidences diminished net integral enthalpy, which is 
attributed to lesser favorability of the active sorption sites by being covered with water, forming 
multilayers. According to these results, variation in net integral enthalpy with Xw indicates that the 
level of solid-water interaction is higher than the interaction among water molecules, where the 
magnitude of enthalpy with high moisture content reflects the presence of free water. Determination 
of integral enthalpy is useful to quantify the energy required for drying, from the food’s initial 
moisture content to its final moisture content. It also provides information on the microstructure of 
foods and the theoretical interpretation of physical phenomena that take place in the water-food 
interface.  
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Figure 5. Net integral enthalpy of the CP+FAC. 

A similar relation was found between qeq and Xw in potato [41], concentrated freeze-dried yoghurt 
[42], powdered pineapple pulp produced through different drying methods [43], potato starch [10], 
macaroni [29], chia seeds [4], and cassava flour [12].  

3.2.5. Net Integral Sorption Entropy (ΔSeq) (J ⋅ mol-1 ⋅ K-1)  

Figure 6 shows the ΔSeq in function of moisture content (Xw), finding that all values were 
negative, which could indicate existence of chemical adsorption or structural modification of the 
adsorbent or of the solid’s outer surface, where ΔSeq increased with the increase in equilibrium 
moisture content, varying from a minimum value of ‒19.47 J ⋅ mol-1 ⋅ K-1 for an Xw value of 0.005 g 
water / g s.s. at ‒0.471 J ⋅ mol-1 ⋅ K-1 for 0.257 g of water / g s.s. This result may be associated to greater 
mobility of the water molecules, favoring formation of multilayers. Hence, ΔSeq tends to approach 
that of free liquid water. The minimum value of ΔSeq may be considered the maximum stability point 
of foods during storage. Given that water molecules are strongly bound with the adsorbent in this 
zone, they are more neatly organized and less available to participate in deterioration reactions. 
Thereby, this minimum value of ΔSeq is at an Xw close to the moisture of the monomolecular layer (mo) 
predicted with the BET and GAB models [Table 2] [12,13,29]. 

 
Figure 6. Differential sorption entropy of the CP+FAC. 

3.3. Glass Transition Temperature (Tg) and Its Relation with the Composition 

Figure 7 shows the thermograms obtained through DSC for the CP+FAC stored at 35 °C and HR= 
65 % in different aw. In the range from 0.112 – 0.90, similar behavior was observed at 15 and 25 °C 
(data not shown); additionally, Tg diminished when temperature was reduced. The temperature was 
taken from the midpoint of the change in heat capacity as the safest glass transition temperature (Tg), 
showing an inverse relation between Tg and aw, that is, when increasing aw, the Tg of the CP+FAC 
diminishes, this may be explained by the plasticizer effect of water because the addition of a 
plasticizer in the proximities of vitreous-amorphous powder reduces viscosity, increases molecular 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 November 2024 doi:10.20944/preprints202411.2253.v1

https://doi.org/10.20944/preprints202411.2253.v1


 11 

 

mobility, and increases the volume emptied by the “solid matter” provoking a volume available for 
its free movements (free volume) [1]. At the same time, it is noted that the thermograms obtained had 
a typical second-order transition, where the glass transition of amorphous materials produce a step 
change in the heat flow due to changes in heat capacity at phase transition temperature, which – as 
expected – the water plasticizer effect provokes significant decrease of Tg with increased Xw, where 
the water plasticizer effect may be based on weakening of hydrogen bonds and on dipole-dipole intra 
and inter macromolecular interactions due to shielding of these forces principally attractive by water 
molecules. This same behavior was found by other researchers who studied vitreous transitions and 
state diagrams for spray-dried tomato pulp [34]; with mango powder [44], with tamarind seed 
mucilage [1], with freeze-dried pumpkin [6] and of the freeze dried pumpkin powders produced with 
different maltodextrin addition, where it was observed that Tgs increases with increasing 
maltodextrin content in the sample, due to the addition of high molecular weight biopolymers, 
resulting in an improvement in its stability [8]. 

 
Figure 7. DSC analysis of the CP+FAC under different aw. 

When increasing moisture content in the CP+FAC, it had great impact on fluidity, stickiness, 
surface adherence, and stability in storage due to its plasticizer effects and crystallization behavior.  

Availability of free water in a food component is expressed as aw, responsible for the 
microbiological and biochemical reactions and, in turn, had great impact upon glass transition 
temperature (Tg), which varied for aw: 0.112: Tg: 69.79 °C, at values of aw: 0.900: Tg: -39.0 °C, 
demonstrating the plasticizer effect of water on the Tg, which was evident with great reduction caused 
by increased moisture content [Figure 7] [4,6,33]. 

As the amount of plasticizer increases, the vitreous-amorphous material undergoes a change 
from the vitreous state to gummy state. The effect of temperature on Tg is directly related with the 
capacity to adsorb moisture because when temperature increases, the attraction forces between 
molecules diminish due to increased kinetic energy of water molecules that leads to an increase in 
the distance among each other and it is well-known that as moisture content is increased, Tg is 
decreased due to the low Tg of water (−137 °C), which can be modelled by the Gordon-Taylor 
equation. Thus, the more effective measure of physical stability was the change in Tg as storage RH 
was increased, resulting in moisture content increase [1,7,8,45]. 

The Tg value obtained for the CP+FAC with aw: 0.112; with moisture content at 2.96 %, it was 
69.79 °C, obtaining a high value due to the addition of maltodextrin as wall material whose Tg varies 
between 100 and 188 °C, depending on its dextrose-equivalent (DE) property, said high Tg value 
(69.79 °C) would not be achieved without using maltodextrin to obtain products with lower moisture 
and more stable [44]. 
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The Tg of the CP+FAC was very close to that of products with starch, unlike other fruits, like 
raspberry (Tg: 12.2 °C) [38] and mango (Tg: 42.6 °C) [46], which have more monosaccharaides than 
polysaccharides, with low molecular weight. Generally, Tg is related with molecular weight (Mw). For 
example, the monosaccharide has a very low Tg, while the Tg of foods with high molecular weight 
that contain carbohydrates and proteins tends to be above 100 °C [6]. 

Experimental data of Tg in the CP+FAC, balanced at nine levels of aw, were fitted to the Gordon 
and Taylor model to predict the Tg of the binary solid mixture, where the predicted values and the 
fitted curve are shown in Figure 8; resulting in a reliable predictor model of the glass transition 
temperatures of the CP+FAC. The values of the parameters calculated through non-linear regression 
were: Tgs= 391.67 K and k= 0.753, with R2= 0.977, results somewhat different from those reported by 
other authors, although these differences can be related with the different compositions of the food 
matrices, conditions of the drying process, and type of wall material used and concentration used 
[4,6–8,33,34,44]; where the physical-chemical composition of the CP+FAC is fat: 30.54±0.90 %; Protein: 
4.07±0.49 %; total dietary fiber: 23.87±1.61 % and 7 % maltodextrin. 

 
Figure 8. Experimental glass transition (Tg) curve and modelled through the 
Gordon and Taylor model in the CP+FAC. 

The k parameter controls the degree of curvature of the dependence of Tg on water content 
(binary system) and may be related with the interaction force among the system’s components. If k= 
1, the glass transition temperature is a straight line. If k >1, the nature of the graphic relation between 
the glass transition temperature and the content of solids is more concave and for k <1, the nature of 
the relation is convex [1,4,7,8,47].  

3.4. Glass Transition Temperature (Tg) – Water Activity (aw) Relation and Content in Moisture (Xw – Water 
Activity (aw) in the CP+FAC 

Prediction of food stability based solely on data from sorption isotherms is not sufficient, given 
that certain physical-chemical and structural processes and, like stickiness, crunchiness, collapse, 
amorphous to crystalline transformations, and non-enzymatic browning rates are not related with 
the moisture value of the monolayer (mo) and are best correlated with glass transition temperature 
(Tg) through plasticizing by water or temperature. Thus, using state diagrams that indicate the 
physical state of the material, combined with the sorption isotherms aids in the prediction of food 
stability regarding its physical characteristics. Several authors have coupled the data from sorption 
isotherms with those of Tg to obtain the critical conditions for food storage: Tonon et al., 2009 [48], 
with acai powder; Djendoubi-Mrad et al., 2013 [47], with osmodehydrated apples and pears; 
Velázquez-Gutiérrez et al., 2015 [4], with chia seed mucilage; Zotarelli et al., 2017 [44], 
with mango powder. The critical content of water / water activity is the value at which the Tg of the 
product is equal to room temperature. Above this temperature, vitreous and amorphous powders 
are susceptible to changes of spoilage, like collapse, stickiness, and caking, which result in quality 
loss.  
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Thereby, to calculate the critical storage conditions of the CP+FAC, the sorption isotherms and 
data of Tg in function of aw were plotted and the critical values of aw and Xw were obtained, considering 
a room temperature of 35 °C Figure 9; water content and Tg values were predicted by the BET - GAB 
and Gordon-Taylor models, respectively; observing that the CP+FAC had an awc of 0.46 and Xwc of 3.8 
% (db), this means that when the CP+FAC is stored at 35 °C, the maximum relative humidity to which 
it can be exposed is 46 % and its moisture content would be 3.8 %. When stored at a higher relative 
humidity, the powder will undergo physical transformations, like collapse, stickiness, and caking; 
these values are similar to those reported by Tonon et al., 2009 [48], with acai powder, but values 
much higher than those reported by Djendoubi-Mrad et al., 2013 [47], with osmodehydrated apples 
and pears, Zotarelli et al., 2017 [44], with mango powder, Al-Ghamdia et al., 2020 [6], with freeze dried 
pumpkin, which may be related with higher sugar content and acid present in these fruits, compared 
with the CP+FAC.  

 
Figure 9. Variation of glass transition temperature (Tg) and the moisture 
sorption isotherm vs. water activity (aw) in the CP+FAC stored at 35 °C. 

3.5. Particle Size Distribution (D10, D50, and D90) in the CP+FAC  

Distribution of the average particle size in the three percentiles at time 0 (before storage) was: 
D10: 1.70±0.05 µm; D50: 8.46±2.09 µm; D90: 78.18±24.30 µm [Figure 10a]; after storage, agglomeration 
was generally present, forming larger particles. This may be attributed to the formation of bridges 
between the smaller particles, yielding as a result an increase in average particle size in the three 
percentiles on day 180, thus: D10: 2.04±0.09 µm; D50: 38.52±3.67 µm; D90: 102.65±6.82 µm [Figure 10b] 
[44]. 

This behavior could be explained by the continuous increase observed in moisture gain during 
storage, possibly causing significant agglomeration of the CP+FAC, losing its free-flowing 
characteristics and presenting clumping; this same behavior was reported by Pua et al., (2008) [49], 
with spray-encapsulated jackfruit oil (Artocarpus heterophyllus) and Mosquera-Mosquera, (2010) [50], 
with borojó powder encapsulated with maltodextrin, indicating that strict control must be conducted 
of moisture content and storage at low temperatures, given that these are key factors to minimize 
agglomerate effects of powders; as a result of the humidification, sugars crystalize and form 
agglomerations due to the effect of stickiness. Collapse in pulverized products implies time-
dependent structural changes, which suppose changes in mechanical properties related with caking 
or stickiness. In addition, the rate of caking is in function of temperature, relative humidity, and 
storage time. 
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Figure 10. Particle size distribution in the CP+FAC stored at 35 °C-N2 in times of storage: a: day 0 and 
b: day 180. 

3.6. CP+FAC Morphology 

The microstructural analysis (SEM) of the CP+FAC particle morphology is a valid tool to 
determine and observe the agglomeration phenomenon or agglomeration on the powder surface 
during storage [51]. The microphotographs obtained at optimal drying conditions (day of storage 0) 
exhibited spherical shape and various sizes, which fluctuated between 20 and 65 µm, with smooth 
and rough surfaces, some with collapsed walls and of agglomerate structure due to electrostatic 
effects and to the van der Waals forces, characteristic of spray-dried powders, like CP+FAC [44,52–
54] [Figures 7 and 11a]. Spray drying generally shrinks the powder particles due to water 
vaporization while freeze drying produces no shrinkage as water is frozen quickly in place followed 
by water sublimation, thus retaining the same shape and volume of particles [55]. Furthermore, the 
surface structure and the fibrous material without fracturing or low-porosity matrix represents an 
indication of the effective role of maltodextrin as encapsulating agent providing coverage over the 
nucleus that, likewise, acts as thermal defense against oxidation and any unwanted physical and 
chemical change [44,56,57]. 
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Figure 11. Micrographs of the CP+FAC stored at 35 °C-N2 for storage times: a. day 0 and b. day 180. 

After 180 days of storage at 35 ºC-N2 [Figures 7 and 11b], it was found that the CP+FAC samples 
collapsed structurally because of the agglomeration phenomenon likely due to water adsorption on 
the particle surface, which could be the early stage of the caking phenomenon already described. 
Obviously, water absorption, together with Tg, plays a major role in the process of plasticization 
which causes the agglomeration of the sample. Water absorption leads to a decrease in the Tg of the 
sample [56–58]. 

4. Conclusions 

This study determined the thermodynamic properties associated with moisture adsorption in 
the CP+FAC, where isosteric sorption heat, calculated through the equation by Clausius-Clapeyron, 
increases by diminishing moisture content. Entropy changes were evident, showing that the 
adsorption process is irreversible. Spreading pressure increased with increased aw and had little effect 
on temperature. It was observed that the net integral enthalpy of the CP+FAC diminishes when 
increasing moisture content. Net integral entropy increased continually with moisture content, but 
had a negative value with respect to the entropy of pure liquid water. These adsorption findings in 
the CP+FAC, are of interest in the determination of the optimal storage conditions, the prediction of 
shelf life and the optimization and quantification of energy requirements during the transfer of mass 
and heat during drying.   

The glass transition temperature (Tg) of the CP+FAC, stored in different water activities (aw), 
diminished with increased water content, which varied for aw: 0.112: Tg: 69.79 °C at values of aw: 0.900: 
Tg: -39.0 °C, confirming the strong plasticizer effect of water upon this property. The critical activity 
(awc) and water content (Xwc) for the CP+FAC at 35 °C were awc of 0.46 and Xwc of 3.8 % (db), respectively, 
this means that when the CP+FAC is stored at 35 °C, the maximum relative humidity to which it can 
be exposed is 46 % and its moisture content would be 3.8 %; and when stored at a higher relative 
humidity the powder will undergo physical transformations, like collapse, stickiness, and caking.  

CRediT authorship contribution statement: Juan Carlos Lucas and Misael Cortes, Formal analysis. 
Conceptualization: Writing - review & editing. German Antonio Giraldo and Juan Carlos Lucas: Investigation, 
Writing - review & editing. Misael Cortes and Juan Carlos Lucas: Methodology, Resources, Writing - review & 
editing. 

Funding: No funding was obtained for this study. 

Declaration of Competing Interest: The authors declare that they have no known competing financial interests 
or personal relationships that could have appeared to influence the work reported in this paper. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 November 2024 doi:10.20944/preprints202411.2253.v1

https://doi.org/10.20944/preprints202411.2253.v1


 16 

 

Nomenclature 

aw water activity 
awc critical water activity 
Am area of water molecule: (1.06 x 10-19 m2) 
a, b, c1, c2, m1, m2, n1, n2, A, 
B, C, K 

are fit parameters of each model 

b and b0 constants of Dent’s sorption isotherm 
db dry base 
Xw moisture content 
mo humidity of the monolayer 
EMC equilibrium moisture content 
CP+FAC coconut powder fortified with vitamins C, D3, E and calcium 
SD spray dried 
RH relative humidity 
R constant of ideal gases (KJ ⋅ mol-1 ⋅ K-1) 
R2 coefficient of determination 
RMSE minimum root of mean square error 
Qst Isosteric sorption heat (kJ mol-1) 
ΔS differential sorption entropy (J ⋅ mol-1 ⋅ K-1) 
Φ spreading pressure (J ⋅ m-2) 
qeq net integral sorption enthalpy (J ⋅ mol-1) 
ΔSeq Net integral sorption entropy (J ⋅ mol-1 ⋅ K-1) 
Tg glass transition temperature 
Xwc critical moisture content 
DSC differential scanning calorimetry 
λvap latent vaporization heat of pure water (kJ ⋅ mol-1) 
T absolute temperature (K) 
Xeq equilibrium moisture content (Kg ⋅ Kg-1 db) 
KB Boltzmann’s constant (1.380 x 10-23 J ⋅ K-1) 
Tgw water glass transition temperature: -135.15 °C (138.15 K) 
Tgs glass transition temperature of the anhydrous solids 
xw mass fraction of water 
k constant of the Gordon-Taylor model 
SEM scanning electron microscopy 
BET Brunauer, Emmett and Teller mathematical model for modeling sorption isotherms 
GAB Guggenheim, Anderson and de Boer model for water sorption isotherm analysis 
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