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A B S T R A C T

The goldenberry (Physalis peruviana) is a highly perishable Andean fruit with valuable nutritional and functional 
properties. Its preservation poses a challenge due to its high moisture content. This study presents an integrated 
method combining infrared thermography (IR) and irreversible thermodynamics to characterize the convective 
drying process of goldenberry.Samples were dried at 60 ◦C and 1.0 m/s air velocity. Weight loss, surface tem
perature, and water activity were recorded over 13 h using thermocouples, precision balances, and IR imaging. 
An irreversible thermodynamic model was applied to estimate water flux, free energy changes, and chemical 
potential gradients, including mechanical energy effects. The phenomenological coefficient from Onsager’s 
relation was correlated with water flux to describe internal water migration. IR thermography enabled real-time, 
non-invasive monitoring of temperature and emissivity, correlating with morphological changes during drying. 
Sorption isotherms were fitted using the GAB model, and thermodynamic analysis allowed separation of physical 
and mechanical contributions to water potential. This approach provides a deeper understanding of moisture 
transport during drying and demonstrates the usefulness of combining IR monitoring with thermodynamic 
modeling. It offers a promising tool for optimizing drying protocols in high-moisture tropical fruits like 
goldenberry.

1. Introduction

The goldenberry (Physalis peruviana), also known as uchuva (caspe 
goldberry or goldberry) in several Latin American countries, is a fruit 
that originated in the Andean region and is widely regarded as an exotic 
fruit, especially appreciated when consumed fresh (Bazalar Pereda et al., 
2019; Blas Saavedra et al., 2024; Hidayat et al., 2021; Yıldız et al., 
2015). The goldenberry is composed of 75–85 % (w/w) moisture, 11–16 
g of carbohydrates, 0.3–1.9 g of protein, 0–0.5 g of fat, and 43 mg of 
ascorbic acid per 100 g of the edible portion (Puente et al., 2011; Rossi 
et al., 2012). The fruit contains various bioactive components, including 
vitamin C, β-carotenes, total phenols, phenolic acids, and flavonoids. 
These compounds confer beneficial properties to the consumer, such as 
anti-inflammatory effects. The goldenberry fruit has been demonstrated 
to possess antioxidant, anticarcinogenic, antidiabetic, and cardiovas
cular disease prevention properties (Ordóñez-Santos et al., 2017; Pasten 
et al., 2024; Vega-Gálvez et al., 2015). However, the physicochemical 
and nutritional properties of the fruit vary according to its stage of 

maturity and the technical and post-harvest conditions under which it is 
cultivated (Avendaño et al., 2022; Hidayat et al., 2021; Lopez et al., 
2024; Muñoz et al., 2021).

In recent years, Colombia and Peru have emerged as prominent 
players in the marketing and export of fresh goldenberry fruits to 
Europe, Asia, and North America, driven by the fruit’s recognised 
nutritional benefits for human health (Obregón La Rosa et al., 2021; 
Ramirez-Hernandez et al., 2020). However, due to the respiration rate 
(influenced by temperature), high moisture content and water activity, 
goldenberry fruits are considered highly perishable fruits and therefore 
have a limited shelf-life (Garavito et al., 2021). Additionally, they are 
susceptible to fungal and yeast contamination (Fischer et al., 2011; 
Fischer and Martinez, 1999), underscoring the necessity for preservation 
techniques aimed at reducing moisture content and, consequently, 
prolonging the shelf-life of the product (İzli et al., 2014).

Drying is a preservation method that is employed extensively in the 
agri-food sector, particularly in the context of fruit dehydration. This 
process enables the extension of fruit shelf-life by reducing moisture 
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content and water activity, thereby minimizing and/or inhibiting 
spoilage, enzymatic activity and microbial growth (Doymaz, 2008; 
Vásquez-Parra et al., 2013; Vega-Gálvez et al., 2015). Moreover, the 
process of fruit dehydration involves a series of concurrent operations, 
including mass and heat transfer (Lopez et al., 2013; Pasten et al., 2024), 
improving water diffusion conditions from the interior to the surface in 
contact with the circulating air has been demonstrated 
(Barbosa-Cánovas and Vega-Mercado, 1996; İzli et al., 2014; 
Vega-Gálvez et al., 2015). Consequently, this leads to changes and 
deterioration in the cell wall, collapse and stiffness (texture) of cell tis
sues (Cabrera Ordoñez et al., 2017; Nawirska-Olszańska et al., 2017; 
Vega-Gálvez et al., 2015).

Conversely, the convective drying method is more extensively 
employed in the agri-food industry, where numerous endeavours have 
been made to model the drying kinetics and ascertain the effective water 
diffusion of goldenberry fruits. The mathematical models most 
commonly used to predict the behaviour of drying kinetics are: Newton, 
Wang and Sing, Henderson-Pabis, Page, Logarithmic, Midilli and Kucuk 
(İzli et al., 2014; Junqueira et al., 2017; L. Puente et al., 2020, 2021; 
Uribe et al., 2022; Vega-Gálvez et al., 2014). In a similar vein, Yasin 
et al. (2016), Vásquez-Parra et al. (2013) and Vega-Gálvez et al. (2014)
have obtained the effective diffusion assuming a finite plate and sphere 
geometry. However, it should be noted that the equations employed in 
modelling kinetics and determining effective diffusion have certain 
limitations, such as the failure to consider additional factors (such as 
relative humidity), variations in operating temperature and interactions 
between fruit components. Furthermore, the aforementioned equations 
are based on empirical and simplified models, which may have a 
detrimental effect on the accuracy of the calculations for the design of a 
dryer and the dehydration process.

Thermodynamics is the scientific study of energy transfer and mass 
movement during the process of food dehydration. In this context, the 
analysis of sorption isotherms is considered a fundamental tool for the 
design, modelling and optimization of technological processes (Aviara 
N, 2020; Kraiem et al., 2023). These isotherms are also pivotal in ana
lysing the thermodynamic interactions between food components and 
water, as well as in quantifying the energy requirements of the dehy
dration process. Conversely, several researchers advocate the utilisation 
of the Guggenheim-Anderson-de Boer (GAB) and 
Brunauer-Emmett-Teller (BET) models to predict avocado sorption iso
therms (Pasten et al., 2024; L. Puente et al., 2020; Vega-Gálvez et al., 
2015; Vega-Gálvez et al., 2014). However, such predictions are often 
limited to parameters such as critical humidity, isosteric heat, entropy 
and enthalpy (Aviara N, 2020; Akpinar et al., 2006; Junqueira et al., 
2017; Pasten et al., 2024; L. Puente et al., 2020; Ruan et al., 2022; Yasin 
et al., 2016). It is therefore necessary to study new thermodynamic 
variables such as exergy and the optimization of energy loss minimiza
tion, in order to enrich the understanding of the dehydration process.

Moreover, the examination of energy interactions and thermody
namic behaviour between air and food during dehydration in a drying 
chamber, based on the second law of thermodynamics, remains under- 
explored in the scientific literature. This paucity of research is due to 
the intricacy of studying enthalpy and exergy changes that occur in both 
reversible and irreversible processes (Akpinar et al., 2006; Talens et al., 
2016a). The surface temperature of the food is a primary factor influ
encing these changes, arising from convective heat transfer. The most 
common method to measure the temperature of a food during dehy
dration is through the use of calibrated thermocouples (types K, T or Pt), 
data loggers and computers. However, this method is destructive and 
restricts temperature recording to a single point (Motahayyer et al., 
2019; Yilmaz et al., 2008). Consequently, there is a clear need to develop 
non-destructive systems that facilitate the monitoring of surface tem
perature during fruit drying, thus improving upon the aforementioned 
problems (Kylili et al., 2014).

Recent studies have demonstrated the efficacy of infrared thermog
raphy (IR) as a valuable tool for two-dimensional, non-contact 

temperature diagnosis of biological materials during the drying process, 
providing relevant information on heat transfer (Kylili et al., 2014; 
Motahayyer et al., 2019; Traffano-Schiffo et al., 2014). The underlying 
principle of infrared thermography is the measurement of infrared ra
diation emitted by a surface, thereby generating an image of the thermal 
distribution (Gowen et al., 2010). This technology has been extensively 
employed in the control of processes such as the drying of pork 
(Traffano-Schiffo et al., 2014), potatoes (Tomas-Egea et al., 2021), 
coffee beans (Reyes-Chaparro et al., 2024), mushrooms (Lombraña 
et al., 2010), rice (ElGamal et al., 2017) and wood (Lerman and 
Scheepers, 2023). Its application in freezing potatoes (Cuibus et al., 
2014) and water stress analysis in citrus (Pappalardo et al., 2023) has 
also been documented. However, there is a paucity of studies on its use 
in the drying of berries, such as grapes (Reyes-Chaparro et al., 2024), 
and even more so in tropical berries such as goldenberry.

The initial objective of this study was to provide a comprehensive 
overview of the advantages of the first and second laws of thermody
namics in the drying process, and to explore non-invasive methods of 
monitoring, such as infrared thermography. The subsequent aim was to 
develop a thermodynamic model to facilitate a more in-depth under
standing of the mechanisms of internal heating and water transport in 
goldenberry fruit during hot air drying. This was to be achieved by 
monitoring the process with infrared thermography.

2. Materials and methods

The experimental procedure is shown in Fig. 1. Likewise, each step of 
the flowchart is explained in the following paragraphs. Each experi
mental condition was tested with three replicates (n = 3).

2.1. Sample goldenberry fruits

The samples of fresh goldenberry fruit at commercial ripeness, 
coming from Ecuador, were obtained through the importing company 
Ammarket (Orihuela, Alicante - Spain). The goldenberry fruits arrived in 
refrigerated boxes (100 g/box) with uniform size (diameter) and weight, 
3.8 ± 0.21 cm and 3.9 ± 0.4 g, respectively, which were kept in a 
refrigerator at 6 ◦C until later analysis and execution of the experiment.

2.2. Sample conditioning

Before drying the goldenberry fruit, the skin of two fruits (for each 
replicate) was removed manually using tweezers. The fruit’s moisture 
content (dry basis) was also characterized using the methodology of 
AOAC Method 934.06, 2000.

2.3. Drying process

Before drying, the works of (Cuibus et al., 2014; Talens et al., 2017; 
Traffano-Schiffo et al., 2014) were used as a reference to install and 
locate the following equipment in the dryer: a precision balance (Mettler 
Toledo PG503-S, Spain), a thermal imaging camera (infrared camera) 
(Optris PI® 160, Germany), a data logger (Agilent 34972A, Malaysia) 
and a desktop computer. In addition, type K thermocouples, reference 
emissivity material (ε = 0.95 - Optris GmbH, Germany), and graph paper 
(9 cm2) were placed as shown in Fig. 2.

Two units of goldenberry fruit were placed in a convective dryer, and 
one of the fruits was suspended from a precision balance by means of a 
nylon thread to monitor the mass during 13 h of drying. The mass of the 
sample was recorded every 5 min during the first hour, every 10 min 
between the first and second hours, and every 15 min for the rest of the 
drying period. The second goldenberry fruit was also placed to the right 
of the suspended fruit, in order to measure the surface emissivity.

The convective dryer was operated at a temperature of 60 ◦C and a 
drying air velocity of 1.0 m/s (monitored with a Proster anemometer, 
model HT 383, China). During the drying process, the temperatures of 
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the sample, drying air and reference emissivity material were recorded 
with thermocouples (connected to an Agilent 34901A multiplexer, 
Malaysia) to correct the emissivities recorded by the thermal camera. 
Dehydration was performed in triplicate.

2.4. Infrared thermography

According to (Tomas-Egea et al., 2022; Traffano-Schiffo et al., 2014), 
in order to obtain thermal images, the thermal camera operates under 
the following conditions: two-dimensional focal plane (matrix) of 160 ×
120 pixels, spectral range of 7.5–13.0 μm, resolution of 0.05 ◦C and 
accuracy of ±2 %. The thermal camera measures in a temperature range 
of − 20 to 900 ◦C, with a field of view (FOV) of 23◦ × 17◦ at a minimum 
distance of 20 mm and a frame rate of 120 Hz, which is connected to a 
desktop computer to record thermal images throughout the drying 
process using the Optris PI Connect software (Optris GmbH, Berlin, 
Germany). Similarly, the reference emissivity material (radius = 12.5 
mm and ε = 0.95) was placed parallel to the lens of the thermographic 
camera at a distance of 40 cm to calculate the reflected energy received 
by the thermographic camera.

2.5. Sorption isotherm modelling

In parallel with the drying process and under the same operating 
conditions, a convection dryer was used to dehydrate 24 fresh skinless 
goldenberry. The masses of the samples were previously determined 
using a precision balance (Mettler Toledo AB304-S), then each sample 
was placed on each Petri dish and arranged in three rows and eight 
columns. Each column corresponds to a different drying time and 
isothermal curve (see Fig. 1), from which the samples were taken out of 
the dryer and allowed to stabilize for 30 min to record their mass and 
water activity (Aqualab®, Series 3 TE). The samples were then kept at 
4 ◦C for 24 h, and after the equilibration process, the mass, water ac
tivity, and moisture of the equilibrated samples were measured 
(Traffano-Schiffo et al., 2015).

The experimental moisture values and their respective water activ
ities were adjusted with the GAB model by Equation 1

XW =
XW0 C aw

(1 − K aw)(1 + (C − 1)aw)
(1) 

Where: Xw corresponds to the sample moisture (kgw/kgdm), Xw0 the 
monomolecular moisture layer (kgw/kgdm), C corresponds to the Gug
genheim constant (dimensionless) and K is the correlation factor 

Fig. 1. Experimental procedure in drying process of Physalis peruviana.
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(dimensionless).

2.6. Differential scanning calorimetry (DSC)

The methodology proposed by (Vega-Gálvez et al., 2014a), with 
slight modifications, was used to determine the heat capacity (Cp) of 
fresh goldenberry samples. The thermal profiles of the samples were 
obtained using a differential scanning calorimeter (DSC, System 1 
StareE, Mettler-Toledo, Switzerland), which was calibrated using the 
automatic calibration function FlexCal, as recommended by the manu
facturer. Each sample (10–15 mg) was weighed directly into a 40 μL DSC 
aluminium pan (Mettler Toledo, ME-00026763) using a Mettler Toledo 
XS-205 balance, excluding the mass of the pan. The pan was then her
metically sealed to prevent moisture loss during the analysis. The sample 
pans, along with an empty pan used as a reference, were placed in the 
DSC oven. All experiments were performed in triplicate, following the 
thermal profile described below: samples were cooled from room tem
perature to − 50 ◦C at a rate of − 5 ◦C/min and held at this temperature 
for 30 min to ensure complete freezing. Subsequently, the samples were 
heated from − 50 ◦C to 80 ◦C at a rate of 10 ◦C/min, and held at 80 ◦C for 
1 min.

3. Results and discussion

3.1. Drying kinetics of Physalis peruviana

To better understand the drying kinetics of goldenberry, it is essen
tial to first describe the internal tissue structure through which water is 
transported. The fruit consists of approximately 1 % epidermal tissue 
(which is removed prior to drying), around 15 % cortical parenchyma 
near the skin, 3 %–5 % vascular tissue, and between 70 % and 85 % 
spongy parenchyma, with the remainder corresponding to seeds 
(Balaguer et al., 2024). These anatomical features imply that water 
transport involves multiple coordinated pathways: apoplastic (extra
cellular), symplastic (intracellular, via plasmodesmata), and trans
membrane (connection extra and intra cellular transport), all primarily 
occurring within parenchymal tissues. The coexistence of these trans
port mechanisms, along with structural events such as plasmolysis, 

results in multiple internal water transport rates operating simulta
neously during drying.

Fig. 3 shows the classic drying curve of the goldenberry sample, 
which started with an initial moisture of 4.102 ± 0.043 (kgw/kgt) and 
reached a final moisture of 0.298 ± 0.108 d.b. in 13 h of continuous 
drying, corresponding to a mass loss of 74.55 % (±2.11). It should be 
noted that the surface moisture of the goldenberry sample evaporates 
first, then the water moves from the inside of the sample to the surface 
by diffusion principles (Doymaz, 2008), in agreement with the work 
reported by (Vásquez-Parra et al., 2013; Lopez et al., 2013).

Nevertheless, given the inherent difficulty in observing the drying 
stages undergone by the goldenberry, it is essential to plot the drying 
speed curve (Fig. 4) in order to gain insight into this process.

The drying rate curve illustrates the variation in drying rate in 
relation to the dry-base moisture content and allows the observation of 
three distinct drying phases. A brief induction phase (I) is evident during 
the initial three points, succeeded by a phase of constant drying rate (II) 

Fig. 2. Equipment for convective drying operation of Physalis peruviana must be assembled.

Fig. 3. Drying curve of Physalis peruviana at 60 ◦C.
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at 0.024 kgw/min with a critical moisture content of 3.5 kgw/kgDM. 
Subsequent to the critical moisture content, a decline in the drying rate 
is observed until equilibrium moisture is reached (0.3 kgw/kgDM), which 
occurs 45 min after the commencement of the drying process.

Additionally, during the drying process, the goldenberry exhibits 
deformation associated with water loss and morphological trans
formations resulting from internal cellular plasmolysis of the fruit, as 
evidenced by volume variation (Fig. 5).

Goldenberry consists mainly of parenchymatic tissue, characterized 
by thin primary cell walls, high vacuole content, and loosely packed 
cells. During drying, the removal of water from this tissue leads to 
plasmolysis, collapse of cell walls, and progressive loss of turgor pres
sure. These structural changes contribute to the distinct phases observed 
in the drying rate curve. In the initial constant-rate period, free water 
from intercellular spaces and vacuoles is easily evaporated. As drying 
progresses and water must diffuse through increasingly rigid and 
collapsed cell matrices, the drying rate decreases, marking the transition 
to the falling-rate period.

It is important to note that the loss of volume is directly proportional 
to the water loss, resulting in an overall volume reduction of 68 %. If the 

tissue volume were to shrink exactly in proportion to the volume of 
water lost, the expected shrinkage would be approximately 95 %. 
However, part of the space formerly occupied by water becomes filled 
with air, leading to a partial swelling or expansion of the tissue matrix.

The drying process is a complex operation, and existing empirical 
and/or physical models are inadequate for describing and explaining the 
transfer of mass and heat in the dehydration of food. In recent studies 
such as Traffano-Schiffo et al. (2014), Talens et al. (2016a, 2016b) and 
Frutaz et al. (2025), the importance of using irreversible thermody
namics to describe the phenomenon of water transport during drying 
based on the structure of the food has been demonstrated. Therefore, it is 
crucial to determine the flow of water extracted from the fruit using 
Equation (2). 

JW =
ΔMw⋅M0

Δt ⋅S MrW
(2) 

In this equation, ΔMw represents the mass variation of water in the 
sample, M0 denotes the initial mass, Δt signifies the variation in drying 
time, and S is the surface obtained from the volume (Fig. 5), assuming 
that the goldenberry is a sphere. MrW represents the molecular mass of 
water (18 g/mol).

Fig. 6 shows the water flow extracted from the goldenberry sample 
exhibits an increase until reaching 0.01831 ± 0.00089 (kmolW/m2 s), 
which is caused by the appearance of the drying induction stage and is 
almost non-existent in other fruits. Once the drying induction stage is 
complete, the water flow declines throughout the remainder of the 
drying process, reaching a final value of 0.000611 ± 0.000091 (kmolW/ 
m2 s), as anticipated, coinciding with work carried out on samples of 
goldenberry by (Vega-Gálvez et al., 2014b; Vega-Gálvez et al., 2014).

3.2. Thermographic monitoring of the drying process of Physalis 
peruviana

The importance of monitoring the temperature variation in the 
boundary layer between the surface temperature of the goldenberry 
sample and the temperature of the drying air using a thermal imager 
during the drying process allows the surface phenomena affecting dry
ing to be identified and described (Traffano-Schiffo et al., 2015). It 
should be noted that the thermal imager detects the energy flow through 
its pyroelectric detector, which is based on the Stefan-Boltzmann law for 
heat transfer by radiation (Talens et al., 2017).

In order to interpret the measurements of the radiant energy flux 
recorded by the thermal camera, and therefore calculate the emissivity 

Fig. 4. Drying speed of Physalis peruviana; drying stage: I - induction, II – 
constant drying rate and III – decreasing drying rate.

Fig. 5. Volume variation curve of Physalis peruviana during the drying process 
at 60 ◦C.

Fig. 6. The evolution of water flux during the drying process of Phys
alis peruviana.
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of the goldenberry sample during drying, it is important to carry out a 
radiant energy balance based on the Stefan-Boltzmann law, taking into 
account the following terms: the first term represents the energy flux 
emitted by the goldenberry sample, the second term represents the en
ergy flux emitted by the environment and the third term represents the 
energy flux absorbed by the air (Traffano-Schiffo et al., 2014), see 
Equation (3). 

ET = εCσTC
4 = F ⋅ εobjσT4

obj + Eenv − (1 − τair)F⋅σT4
air (3) 

Where ET is the total energy received by the camera (W/m2), εC is the 
emissivity set in the thermographic camera (εC = 1), σ is the Stefan- 
Boltzman constant (5.67 × 10− 8 W/m2K4), TC is the temperature 
calculated by the thermographic camera, F is the geometric factor that 
can be taken as 1 when the camera is placed perpendicular to the 
samples, εobj is the emissivity of the goldenberry, Tobj is the surface 
temperature of the golden berry, Eenv is the energy of the environment on 
the object obtained with the reference material, τair is the air perme
ability which, when it is less than 40 cm from the fruit and the RH of the 
environment is less than saturation, can be considered equal to 1, 
leaving this term as zero.

As observed in Fig. 7, the average emissivity of the goldenberry 
sample decreases to a value of 0.834 ± 0.070 during the first 45 min, 
this phenomenon is due to the absorption of radiant energy by the water 
molecules present on the surface of the goldenberry sample (degree of 
excitation) in the infrared range, therefore as the humidity decreases, its 
emissivity will be lower, in agreement with that reported by 
(Traffano-Schiffo et al., 2014) in the dehydration of pork. After the 
critical drying humidity (45 min), which is the beginning of the 
decreasing drying stage, the drying rate decreases due to the decrease in 
the water flow from the center to the surface of the sample, as well as the 
mobility (diffusion) of the soluble solids (Uribe et al., 2022; Vega-Gálvez 
et al., 2014). It is also noteworthy to observe the effect of temperature on 
the emissivity, the latter increasing to 0.889 ± 0.015 as the temperature 
of the sample surface increases after 13 h of drying.

Once the surface temperature of the goldenberry sample was ob
tained, it was compared with the evolution of the air temperature during 
drying using a Mollier psychrometric chart. Fig. 8 shows two examples 
in different atmospheric conditions (cold and hot day) that cause the 
surface temperature of the goldenberry samples to change through 
different isenthalpic conditions, as observed in the orange peel drying 
process (Talens et al., 2016a, 2016b, 2017).

These two examples in Fig. 8, as limits of the experiment (cold and 
warm day), start the drying process with enthalpies of 16 and 20 kCal/ 
kgDA. It can also be seen that the drying process is initially adiabatic. The 

surface temperature of the sample starts from the wet temperature and 
rises to the drying temperature. However, the sample undergoes adia
batic heating and cooling as it approaches the drying temperature.

3.3. Sorption isotherm of Physalis peruviana

In order to determine the mechanisms that intervene and affect the 
drying (boundary layer), it is first necessary to obtain the relationship 
between humidity and water activity, so the sorption isotherm was 
carried out. The experimental data of the sorption isotherms of gold
enberry at a temperature of 60 ◦C are shown in Fig. 9.

From the experimental data of the sorption isotherm, the values of: 
Xw0, C, K, Δ0, τ, α and ef have been obtained according to the GAB 
model, allowing a direct relationship between water activity and hu
midity based on the Gompertz transformation during drying, see 
Table 1.

The GAB model parameters provide insights into the water-binding 
behavior of goldenberry during drying. The monolayer moisture (Xw0) 
represents the amount of water adsorbed to specific active sites on the 
fruit surface, which is essential for product stability. A low Xw0 indicates 
that goldenberry retains a relatively small amount of adsorbed water, 
consistent with its high sugar and acid content. The Guggenheim con
stant (C) reflects the strength of interaction between the first layer of 
water molecules and the food matrix. Higher C values suggest stronger 
binding forces. The K parameter accounts for multilayer water sorption 
beyond the monolayer; values of K closer to 1 indicate more homoge
neous multilayer water binding. These parameters collectively help to 
understand the moisture adsorption and desorption behavior of gold
enberry, relevant for optimizing storage and drying strategies.

In Table 1, GAB parameters have been compared with previous pa
rameters obtained by Cortes et al. (2012). Compared to the data re
ported by Cortes et al. (2012), the monolayer moisture values obtained 
in this study appear more consistent with the expected behavior of fruits, 
which generally exhibit a lower water adsorption capacity than other 
foods such as meat. The values of parameter C are similarly low in both 
studies, indicating moderate isosteric heat values that align with the 
limited ability of fruit tissues to bind water molecules. In contrast, the K 
parameter typically approaches 0.99 in fruits, due to the steep slopes 
observed in isotherm curves under high turgor conditions, an aspect that 
appears inconsistent with the values reported by Cortes et al. (2012).

3.4. Thermodynamic modeling of drying of Physalis peruviana

The irreversible thermodynamics has the ability to describe the 
mechanical phenomena involved in the drying process of goldenberry; 
that is, it takes into account the structure of the food in the transport of 
water during drying and its interaction with the air (Fig. 10). In order to 
better understand the behaviors involved in the drying process, a ther
modynamic model, based in the free energy variation, was developed 
and described by Equation (4) (Talens et al., 2016a). 

dG= − SdT + VdP + Fdl + ψde +
∑

i
μi dni (4) 

Where: SdT corresponds to the entropic term and is related to the heat 
flows; VdP corresponds to the mechanical energy term related to the 
pressure variation; Fdl corresponds to the mechanical energy term 
related to the tensile force; ψde corresponds to the energy term related to 
the electric field induced by the dissolved ions; 

∑
iμi dni corresponds to 

the activity term and is the sum of the chemical potential of the species 
"i", the rest of the state variables being constant.

Considering the hypothetical existence of an interface between the 
air flow and the surface of the goldenberry, it is possible to calculate the 
increase in free energy between the two systems. Furthermore, in order 
to determine the driving force for water transport, it is necessary to 
obtain the water chemical potential, where it is defined as the free en

Fig. 7. Evolution of the mean emissivity values during the drying process of 
Physalis peruviana.
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ergy per mol of water (Equation (5)). 

Δμw =
ΔG
Δnw

(5) 

Where: Δμw = water chemical potential (J mol− 1); ΔG = Gibbs free 
energy change (J); Δnw = moles of water (mol). Equation (6) is obtained 
from equations (4) and (5). The terms Fdl and ψde in equation (4) can be 
neglected, since the plant tissue is a rigid system and there is no great 
effect of ions, since the sample contains only native ions of goldenberry. 

Δμw = − sw
(
Tair − TS)+ vw

(
Pair − PS)+ RTS ln

aS
w

φair (6) 

Where: sw = partial molar entropy of water (J K− 1 mol− 1); T = tem
perature (K); ʋw = partial molar volume of water (m3 mol-1); P =
pressure (atm); R = ideal gas constant (8.314472 J K− 1 mol− 1); aw =

water activity; φ = relative humidity. The superscripts s and air refer to 
the surface of the goldenberry and the surrounding air, respectively.

Before obtaining the extended chemical potential of water, it is 
necessary to calculate the partial molar enthalpy of water (Equation (7)) 

sw =
Cp⋅

(
TS − Tair

)
⋅Mt + ΔGvap ⋅M0ΔMw

Mt⋅TS⋅xw⋅MrW
(7) 

Where: Cp = specific heat of goldenberry 3.96 ± 0.02 kJ kg− 1 K− 1 ob
tained by differential scanning calorimetry explained in material and 
methods section; Ts = surface temperature of the sample (K); Tair =

temperature of the air surrounding the goldenberry (K); Mt = mass of 
goldenberry at each time of the drying process (kg); ΔGvap = latent heat 
of vaporization 2494.4 kJ kg− 1 (Fletcher, 1970); Mm

0 = initial mass of 
the sample (kg); ΔMw = mass variation of water in the sample during 

Fig. 8. Evolution of the mean emissivity values during the drying process of Physalis peruviana.

Fig. 9. Sorption isotherm of Physalis peruviana carried out in triplicate, where: 
corresponds to the first experiment, corresponds to the second experiment 

and corresponds to the third experiment.

Table 1 
GAB and Gompertz model parameters.

GAB (60 ◦C) Gompertz (60 ◦C)

XW =
XW0 C aw

(1 − K aw)(1 + (C − 1)aw)
aw = ef +

Δ0
1 +

(
eτ2 − log (Xw )

2 ⋅α
)

Parameters Experimental (Cortés 
et al., 
2012)

(Vega- 
Gálvez 
et al., 
2014b)

Parameters Experimental

Xw0 0.067 0.231 0.086 Δ0 0.8
τ − 1.0

C 4.678 2.419 32.88 α 1.4
K 1.006 0.760 0.956 ef 1.1

Fig. 10. Schematic diagram of the thermodynamic equilibrium.
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drying (− ); xw = mass fraction of water in the sample during drying (kg 
kg-1); MrW = molecular mass of water (18 g mol− 1).

However, the limited information on the mechanical energy (vwΔP) 
of the goldenberry fruit during the drying process makes it impossible to 
calculate all the terms of the chemical potential of water. It is therefore 
necessary to relate the available information to the water flow.

As the system is unstable and out of equilibrium, it is essential to 
understand the water flow and the thermodynamic forces involved in 
drying. The first Onsager relation (Traffano-Schiffo et al., 2014) can be 
used to describe the molar flow of water from the food, driven by the 
gradient of the chemical potential of water between the interior and the 
surface (Equation (8)). The phenomenological coefficient is constant in 
reversible processes and helps to quantify how easily water moves in 
response to this gradient. However, if mechanical energy stores cause 
irreversible fractures in the medium, the phenomenological coefficient 
will evolve according to the transformation undergone by the tissue. 

Jw = LW⋅Δμw (8) 

Where: Jw = molar flow of water (mol s− 1 m− 2); Lw = phenomenological 
coefficient (mol2 J− 1 s− 1 m− 2); Δμw = chemical potential of water (J 
mol− 1).

Since it is not possible to obtain the mechanical gradient, it is 
possible to calculate the rest of the components of the chemical potential 
of water. That is, a chemical potential can be defined without the effect 
of mechanical transformations in transport, using the following Equa
tion (9) obtained from Equation (6). 

Δμ*
w = − sw

(
Tair − TS)+ RTS ln

aw

φair (9) 

Although it is not possible to obtain the mechanical gradient in the 
figure, it is possible to calculate the remaining components of the 
chemical potential of water. That is, a water potential gradient can be 
defined without the mechanical energy term (Δμ*

w), as shown in Fig. 11, 
across the air/goldenberry surface interface. Furthermore, the chemical 
potential gradient of the water over the surface of the goldenberry shows 
an increase until it reaches a maximum value of 7500 J/mol during the 
first 450 min, after which it begins to decrease until the end of the drying 
process.

Using Equation (9), it is possible to determine the phenomenological 
coefficient using the definition of potential in Equation (10). The accu
racy of the phenomenological coefficient increases when the influence of 
mechanical energy variations at the interface is negligible compared to 
the energy changes driven by water activity and temperature. According 

to Traffano-Schiffo et al. (2014), the relationship between the 
phenomenological coefficient and the water flow will be more linear the 
smaller the effect of the pressure term (mechanical). Fig. 12 shows this 
relationship and indicates that it is possible to establish a linear rela
tionship between the two.

With the linear relationship between the coefficient and the flow, the 
chemical potential can be recalculated from the equation obtained. By 
subtracting this chemical potential of water from that calculated in 
Equation (9), as shown in Equation (10), it is possible to determine the 
mechanical term. 

vwΔP=Δμw − Δμ*
w (10) 

Fig. 13 shows the evolution of the mechanical term over the drying 
time. In the first 100 min, the mechanical term decreases from 1556.259 
± 273.661 to − 210.977 ± 175.256, which is related to a large storage of 
mechanical energy due to the initial contraction of the goldenberry 
structure caused by the high water loss. From 100 to 600 min, a phase of 
zero mechanical term is observed, associated with the cellular plas
molysis process. Subsequently, the mechanical energy reaches a value of 
2280.527 ± 223.763 at the end of the drying process, releasing me
chanical energy to the system.

4. Conclusions

A drying monitoring system using infrared thermography has been 
developed to follow the drying process of goldenberry to optimum 
conditions. To this end, the evolution of the emissivity of the fruit sur
face during the process was obtained.

The evolution of the phenomenological coefficient of goldenberry 
drying during the process has been obtained, which will allow this 
operation to be predicted in the future.

The mechanical effect (internal fractures, plasmolysis and storage of 
mechanical energy) in the goldenberry dehydration process has been 
observed. This will allow both the rehydration capacity of the fruit and 
its effect on a formulated food system to be predicted.

Engineering tools such as the sorption isotherm, emissivity and 
phenomenological coefficient were obtained, which will facilitate future 
modelling of goldenberry drying.

The integration of infrared thermography with thermodynamic 
modeling provides a powerful tool for improving the efficiency and 
control of convective drying processes in the food industry. By enabling 
non-invasive, real-time monitoring of surface temperature and emis
sivity, this system allows for better identification of critical drying stages 
and optimization of process parameters. Furthermore, the quantification 

Fig. 11. Evolution of the water chemical potential gradient, without mechan
ical energy term, between the air and the Physalis peruviana surface. Fig. 12. Relationship between phenomenological coefficient and water flow.

T. Chuquizuta et al.                                                                                                                                                                                                                            Journal of Food Engineering 404 (2026) 112773 

8 



of water flux and chemical potential gradients supports a more accurate 
prediction of moisture migration, which is crucial for minimizing energy 
consumption, reducing drying time, and preserving product quality. 
These findings offer a valuable basis for the development of more sus
tainable and cost-effective drying protocols for high-moisture fruits such 
as goldenberry.
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