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Abstract: This study investigated the impact of convective drying conditions on the 
physicochemical properties of Pfaffia glomerata (Brazilian Ginseng) sliced roots. Drying 
experiments were conducted at 40, 60, and 80 °C temperatures, with and without forced 
air circulation (1 ms⁻¹), to analyze drying kinetics and develop an empirical model. The 
activation energy (Ae) of the drying process was determined. Colorimetric analysis (∆E*) 
and Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance (FTIR-
ATR) were employed to assess changes in color attributes and chemical composition. 
Results indicated that drying time was primarily influenced by temperature, followed by 
air velocity. The dominant mass transfer mechanism during drying was identified as 
diffusion, and a modified Page model effectively described the drying behavior. The 
calculated activation energy (Ae) was 27.85 kJ mol⁻¹. Compared to fresh roots, dried 
samples exhibited color alterations, including darkening. Based on FTIR-ATR and 
colorimetric analysis, optimal drying conditions for maintaining root quality were 
determined to be 40 and 60 °C with forced air circulation (1 ms⁻¹), achieving desired 
moisture levels at 900 and 360 minutes, respectively. 
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Introduction 
 
Regarding the production chain of natural products—specifically medicinal and aromatic plants for food or pharmaceutical 
purposes—it is necessary to preserve the physical and chemical properties, meaning that the plant material must undergo 
a drying process that can inhibit or reduce enzymatic activity to reduce the material’s biological activity (Chudnicka and 
Matysik) 
In this process, the chemical bioactive compounds present in plants must be preserved, as well as their physical properties, 
such as color, flavor, and quality (Melo et al., 2004). 
One way to preserve the content of bioactive compounds in plants is through drying (Akpinar, 2006; Akpinar et al., 2003). 
In addition to protecting the physical-chemical and biological characteristics of the plant product, the drying method also 
requires less energy consumption and shorter drying time. There are several types of plant drying, such as natural drying 
and static or circulating hot air (Inyang et al., 2017; Mujumdar, 2006). 
Pfaffia glomerata (Spreng.) Pedersen, known as Brazilian Ginseng, belongs to the Amaranthaceae family, which has a 
cosmopolitan distribution and includes approximately 170 genera and 2,000 species (Souza and Lorenzi, 2005). P. 
glomerata is an endemic plant found on the islands and floodplains of the Paraná River in Brazil. Although Brazilian Indians 
have used P. glomerata for centuries to prevent and/or treat diseases, the first scientific studies have occurred recently 
(Ming and Corrêa-Junior, 2004). The cultivation of P. glomerata is considered a potential economic alternative for small 
producers near the Pantanal region (Mattos and Salis, 2004; Corrêa-Júnior et al., 2016). 
It stands out for having chemical compounds with great potential for application in pharmaceutical and medicinal 
applications, such as combating physical and mental exhaustion, lacking memory, and preventing anemia (Yuk et al., 2016; 
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Shiobara et al., 1993; Martins et al., 2020; Bertoco-Junior et al., 2021; Franco et al., 2024). These findings relate to saponins 
and ecdysteroids, especially β-ecdysone (Neto et al., 2015; Freitas et al., 2004). Phenolic compounds with potential health 
benefits are also present in P. glomerata roots (Yuk et al., 2016; Shiobara et al., 1993; Neto et al., 2015). 
The Association of Small Ginseng Producers of Querência do Norte (ASPAG), in Paraná (Brazil), was created in 2011 to 
preserve these species and develop sustainable cultivation and production systems. At the ASPAG, approximately 80 kg of 
roots are manually collected daily (Bertoco-Junior et al., 2021). 
Currently, the roots of P. glomerata are dug up using a hoe or shovel and placed in polyethylene bags. Then, the roots are 
washed, pre-dried, chopped, and crushed, forming a paste that is dried in the sun until it reaches 10-12% moisture. Such 
processes can be slow and occur at variable temperatures, which can cause the degradation of chemical compounds and 
color changes. To obtain uniformity in the chemical, physical, and sensory characteristics of dried roots, artificial drying 
(associated or not with ventilation) can be used. For Panax notoginseng, numerous studies have already been conducted to 
evaluate drying kinetics and quality parameters. According to Hadibi et al. (2025), for this plant, numerous techniques have 
already been evaluated in various studies, such as sun drying and hot air drying, pulsed vacuum drying, air impingement 
drying, step-down relative humidity convective hot air dryer, infrared-assisted hot air drying, spray drying, combined 
infrared and hot-air drying, combined microwave vacuum/hot air drying, providing relevant information for the processing 
of this plant. Kong et al. (2022) verified important changes in Panax notoginseng color attributes depending on the choice 
of the drying process. They indicated less color alteration when using a hybrid drying system powered by a solar 
photovoltaic/thermal air collector and wind turbine instead of sun drying. 
Another type of Ginseng called red Ginseng, also known as Korean Ginseng, is a type of P. ginseng produced when fresh roots 
are steamed and then dried, resulting in a root with a reddish color. For this root, the typical drying methods used for red 
Ginseng are sun drying and hot-air drying, but other methods are been researched, like far-infrared drying and short-wave 
infrared (Ning et al., 2015; Park et al., 2023). 
However, no studies in the literature indicate parameters for oven drying of P. glomerata roots seeking to minimize 
undesirable color or composition changes. 
Therefore, this study aimed to investigate the effect of different drying temperatures and air circulation conditions on 
Brazilian ginseng roots' chemical and physical characteristics and to develop an empirical mathematical model to describe 
the drying process under the proposed drying conditions. From these data, we sought to standardize the preprocessing of 
Brazilian ginseng roots and provide sustainable processing. 
 
Results and Discussion 
 
Effect of drying air temperature on drying kinetic curves 
The equilibrium moisture concentrations of the ginseng roots were 2.00±0.27, 1.21±0.29, and 2.03±0.38 g 100 g-1 after 
drying at 40, 60 and 80 °C, respectively. It was reached at 900 minutes (40 °C), 360 minutes (60 °C), and 330 minutes (80 
°C), in static drying. Using forced air circulation, the equilibrium humidities determined for drying at 40, 60, and 80 °C were 
2.04±0.16, 1.47±0.19, and 1.64±0.35 g 100 g-1, respectively. The time required to reach equilibrium moisture was 900, 270, 
and 240 minutes at 40, 60, and 80 °C, respectively (Figure 1). These results indicate that dryings conducted at higher 
temperatures were faster than at 40 °C. Comparing drying at 60 and 80 °C with that at 40 °C, the time reduction reaches 
60% and 64%, respectively. At 80 °C, the air circulation confers a 67% reduction in the time needed for moisture 
stabilization. These results were expected since, at higher temperatures, there is a greater rate of drying (Akpinar, 2006) 
and, consequently, leaving water from the roots of Brazilian Ginseng. Higher temperatures reduce drying time by increasing 
water molecules' kinetic energy, allowing them to overcome cohesive forces and evaporate more readily (Phitakwinai et al., 
2019). This mechanism was also observed in the drying process of American Ginseng, Korean Ginseng, and apples (Ju et al., 
2019; Ning et al., 2015; Cuccurullo et al., 2018). Ning et al. (2015) verified that an increase in the drying temperature of red 
Ginseng resulted in a decrease in drying time, which may be due to the increase in heat transfer between the air and the red 
Ginseng and the acceleration of water migration inside the Ginseng.  
There was, in general, a period of constant rate for the initial thirty minutes of drying of the Brazilian ginseng roots (Figure 
2 a-c). This behavior was not verified only after drying at 40 °C without air circulation. According to Richardson et al. (2002), 
during this period, the surface of the dried material is saturated with water, and factors like the difference between the air 
temperature and the wet-bulb temperature govern the evaporation rate. Overall, diffusion through the air-water interface 
is the primary mechanism for removing water from the interior of Brazilian ginseng roots. In hot air drying, the heat was 
diffused into the drying matter by air convection and propagated by conduction, promoting water exit from inside the root 
(Nsibi; Lajili, 2023). 
 In Figure 2 a-c, a falling rate period in the drying was observed. At this point, drying may continue with water exit through 
capillarity (Mujumdar, 2006). The forces controlling the vapor diffusion determine the final drying rate, independent of the 
conditions outside the material (Richardson et al., 2002). Thus, the chemical composition and organization of the Brazilian 
ginseng root tissue determine the water release in this way. 
 
Modelling of drying curves 
To determine the moisture content as a function of drying, the MR data obtained at different drying temperatures and RHs 
(Table 3, materials and methods section) were fitted to five empirical models listed below (Equations 4-8). The R2 and RMSE 
values for different drying conditions determined by nonlinear regression analysis are presented in Table 1. 
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Table 1. Design for the experiments with run conditions included 
Experiment Material plant Drying temperature (°C) Velocity (m s-1) 

1 Roots 40 0 
2 Roots 60 0 
3 Roots 80 0 
4 Roots 40 1 
5 Roots 60 1 
6 Roots 80 1 

 
The coefficients of determination of most of the models were greater than 0.96 for all drying temperatures, which indicates 
a satisfactory fit of the mathematical models to the experimental data. (Onwude et al., 2016). According to Draper and Smith 
(1998), the capacity of a model to describe a certain physical process is inversely proportional to the standard deviation of 
the estimate. Therefore, higher R2 values and lower RMSE values provided a better fit. 
Among the models considered, the modified Page presented the highest R2 and the lowest RMSE values in all cases, which 
varied between 0.9938 and 0.9999 and 0.0260 and 2.0469, respectively. Therefore, within the experimental range, the 
modified Page model was selected to describe the drying behavior of Brazilian ginseng roots during convective hot air 
drying. Similar conclusions were reported by Ferreira et al. ( 2012) for fermented grape pomace, by Akpinar et al. (2003) 
for basil and mint leaves, and by Oyefeso and Raji (2020) for fresh tannia (Xanthosoma sagittifolium) cormels. According to 
Onwude et al. (2016), models based on the new law of cooling and Fick’s second law of diffusion, such as the modified Page, 
Page, and others, have commonly been used to describe the drying behavior of various fruits and vegetables. These models 
are generally effective in explaining thin-layer drying (Simpson et al., 2017), which is in agreement with this study since 
Brazilian Ginseng, after slicing, was stored in the oven in thin layers of up to 20 mm. A lower R2 was observed for the 
adjustment of data from experiments 1 and 3 (40 and 80 °C without circulation) in the Wang and Sing model. 
In the modified Page model, the 'n' parameter determines how rapidly the drying rate decreases over time. A higher 'n' 
value indicates a more rapid decrease in drying rate, leading to a steeper drying curve. 
 
Activation energy (Ae) 
The activation energy indicates the energy required to remove moisture from the product during drying. The drying 
activation energy of the Brazilian ginseng roots was 27.85 kJ mol-1, as determined by the Arrhenius equation, as shown in 
Eq. (9). This result is that of Zogzas et al. (1996), who reported a range between 12.7–110 kJ mol-1, and with that of Onwude 
et al. (2016), who reported a range of 14.42 to 43.26 kJ mol-1 for various food materials. 
The Ae of Brazilian ginseng roots was lower than the Ae of American ginseng roots (51.14 kJ mol-1) and slices (46.64 kJ mol-

1) (Ju et al., 2019; Wang et al., 2015) and near carrot pomace (24.51 kJ mol-1) (Wang et al., 2007), okara (28.15 kJ mol-1) 
(Guimaraes et al., 2018), fermented grape pomace (26.44 kJ mol-1) (Ferreira et al., 2012) and crambe seeds (37.07 kJ mol-1) 
(Costa et al., 2011). 
 
Colour analysis 
Color affects the overall impression and is an important indicator of ginseng quality (Xiao et al., 2014). According to Ju et al. 
(2019), dried roots of American ginseng roots with higher L* and lower a* values are considered higher-quality products. 
In general, drying darkened the Brazilian Ginseng (Table 2), possibly due to the degradation of pigments or nonenzymatic 
Maillard browning (Xiao et al., 2014). Only after drying with air circulation at 80 °C was the sample whitening compared to 
the fresh root, possibly because of the dryness and crusting of the dehydrated root slices. Xiao et al. (2015) reported that L* 
decreased with increasing drying temperature in American ginseng roots 
Regarding the red‒green component (a*) (Table 2), there was no change in the color of dried roots without air circulation 
at 40 °C and 60 °C or when drying under circulation at 60 °C. A greater degradation of red compounds possibly occurred in 
the sample dried at 80 °C under air circulation since the sample became more greenish than the fresh root. In a study with 
American Ginseng, Ju et al. [17] reported that a relatively high humidity at the beginning of drying can contribute to the 
maintenance of root color. After drying under circulation at 40 °C and 80 °C and without circulation at 40 °C and 60 °C, the 
same intensity of the yellow color (b*) was maintained (Table 2). On the other hand, greater yellowing of roots dried at 80 
°C was observed in the absence of forced air. Xiao et al. (2019) reported a reduction in American ginseng components' a* 
and b* with increasing drying temperature. 
However, considering the total color variation (∆E*) (Table 2), there was a change in the overall color of the samples 
compared to that of fresh roots. This result is in agreement with that presented by Xiao et al. (2015), who noted a greater 
deterioration of the colored components of American Ginseng as the drying temperature increased. There was no color 
difference (p <0.05) between the dry roots without air circulation and those dried in circulating air at 40 and 60 °C. Ning et 
al. (2013) verified that an increasing drying temperature and ginseng size (P. ginseng C.A. Meyer) showed larger ΔE values. 
These authors suggest that increasing drying duration and temperatures reduce ginseng pigments' stability. 
 
ATR-FTIR analysis 
Figure 3 shows the ATR-FTIR spectra of the β-ecdysone analytical standard and fresh and dry Brazilian ginseng roots 
(experiments 1 to 6). In general, similar spectra were obtained for fresh ginseng roots (control sample) and standard β-
ecdysone, indicating the presence of this substance, which is considered a chemical marker for Ginseng, in the roots of this 
plant. However, differences in peak intensities are observed when comparing the ATR-FTIR spectra (Figure 3) of the control  
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Table 2. Parameter and coefficients from Brazilian ginseng roots drying models at different conditions§ 
Model Experiment  Model result R2 RMSE (%) 
Lewis 
MR=exp(-kt) 

1 k=0.0098 0.9967 1.0167 

2 k=0.0178 0.9975 0.5273 

3 k=0.0227 0.9880 2.5132 

4 k=0.0025 0.9661 13.198 

5 k=0.0145 0.9937 1.1804 

6 k=0.0114 0.9828 3.8302 

Henderson and Pabis 
MR=aexp(-kt) 

1 k=0.0095; a=0.9787 0.9971 0.8779 

2 k=0.0186; a=1.0306 0.9985 0.3202 

3 k=0.0246; a=1.066 0.9920 1.6630 

4 k=0.0027; a=1.0665 0.9733 10.404 

5 k=0.0139; a=0.9708 0.9948 0.9716 

6 k=0.121; a=1.0532 0.9865 3.0074 

Page 
MR = exp (-k tn) 

1 k=0.0146; n=0.9158 0.9979 0.6489 

2 k=0.0112; n=1.1169 0.9994 0.1202 

3 k=0.0055; n=1.3845 0.9998 0.0260 

4 k=0.0005; n=1.2599 0.9912 3.4370 

5 k=0.0227; n=0.8953 0.9965 0.6516 

6 there was no fit 
  

Modified Page 
MR=exp[(kt)n] 

1 k=0.0099; n=0.9158 0.9979 0.6489 

2 k=0.0179;n =1.1170 0.9994 0.1202 

3 k=0.0233; n=1.3847 0.9999 0.0260 

4 k=0.0024; n=1.4262 0.9948 2.0469 

5 k=0.0146; n=1.4262 0.9966 0.6516 

6 k=0.0112; n=1.2740 0.9938 1.3884 

Wang and Singh 
MR=1+at+bt2 

1 a=-0.0038; b=3.2984 E-06 0.7606 73.100 

2 a=-0.0092; b=1.8943 E-05 0.9231 16.154 

3 a=-0.0107; b=2.4706 E-05 0.8833 24.340 

4 a=-0.0018; b=6.9591E-07 0.9991 0.3674 

5 a=-0.0082; b=1.5948 E-05 0.9242 14.152 

6 a=-0.0079; b=1.5192E-05 0.9945 1.2307 
§Drying conditions: temperatures (40, 60 and 80 °C)/ hot air velocities (absence (A) or 1 m s-1(circulation: C)): 1: 40/A; 2: 
60/A; 3: 80/A; 4:40/C; 5: 60/C; 6: 80/C 
 

Table 3. Color evaluation of the dried Brazilian ginsenga 

Experiment L* a* b* ∆E* 

Fresh 67.50 ± 5.39b -1.77 ± 0.14c 21.34 ± 1.31c 0.00±0.00c 

1 46.58 ± 0.07d 0.38 ± 0.02a 21.46 ± 0.03c 21.07±5.34a 

2 55.53 ± 0.01c 0.25 ± 0.01a 21.59 ± 0.21c 12.22±5.04ab 

3 56.27 ± 0.63c -0.47 ± 0.07b 26.11 ± 0.44a 12.68±5.28ab 

4 54.66 ± 0.47c -0.43 ± 0.04b 22.12 ± 0.08c 13.00±4.95ab 

5 48.78 ± 0.63 d 0.48 ± 0.09a 24.21 ± 0.32b 19.14±5.08a 

6 73.13 ± 0.04a -2.44 ± 0.01d 21.47 ± 0.01c 6.21±4.77b 

a Results expressed as average (n = 6) ± standard deviation. Different lower-case letters in the same column represent 
significant differences (p＜0.05). L*: luminosity: black (L* = 0) and white (L* = 100); a*: green color (−) and red color (+); 
b*: blue color (−) and yellow color (+);∆E*: total color variation. Drying conditions: temperatures (40, 60 and 80 °C)/ hot 
air velocities (absence (A) or 1 m s-1(circulation: C)): 1: 40/A; 2: 60/A; 3: 80/A; 4:40/C; 5: 60/C; 6: 80/C. Drying 
conditions: temperatures (40, 60 and 80 °C)/ hot air velocities (absence (A) or 1 m s-1(circulation: C)): 1: 40/C; 2: 60/C; 3: 
80/C; 4:40/A; 5: 60/A; 6: 80/A 
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sample with those of the samples from the drying experiments (experiments 1-6). The spectra (Figure 3) can be divided 
into two intervals: between 3700 and 2400 cm-1 and between 800 and 1800 cm-1 (fingerprint region). In the first, O-H, N-H, 
and C-H stretch bonds predominate, while in the second, several stretch vibrations and angular deformations occur (Turker-
Kaya & Huck, 2017). 
The broad band observed between 3500 and 3200 cm-1 is characteristic of O-H and N-H stretching, which is mainly 
attributed to water, carbohydrates, carboxylic acids, alcohols, phenolic compounds, and saponins (Turker-Kaya and Huck, 
2017; Kareru et al., 2008)]. This band's intensity is reduced (Figure 3) when P. glomerata is subjected to drying due to the 
loss of water and other compounds present in the samples. A more significant loss occurred in experiments 1 and 2 (40 °C 
and 60 °C, respectively, without air circulation). Regarding the analytical pattern of β-ecdysone, a saponin, there are bands 
in this region, as its molecule has OH bonds, as shown in Figure 4 (He et al., 2015; Balateri et al., 2018). The peaks observed 
in the region from 2900 to 2840 cm-1 are related to CH2 and CH3 symmetric and asymmetric stretch vibrations and are 
attributed to lipids, proteins, carbohydrates, and nucleic acids (Turker-Kaya and Huck, 2017). 
According to Abbas et al. (2017), there are no relevant data for chemical characterization in the region between 2500 and 
1800 cm-1, only bands referring to the interference of CO2 present in the air. 
The fingerprint region (1800 to 800 cm-1) has a large amount of chemical information, with specific bands of molecular 
structures present in the samples often superimposed on each other (Turker-Kaya and Huck, 2017). The peak observed at 
~1725 cm-1 is associated with the C=O stretch of esters present in phospholipids, cellulose, pectin, and hemicellulose (Xu 
and Wang, 2014). The peak at ~1635 cm-1 corresponds to C=C stretch vibrations associated with phenolic compounds 
(Turker-Kaya and Huck, 2017; Abbas et al., 2017). Both peaks are observed for β-ecdysone and fresh Ginseng, and their 
intensities decrease with sample drying. It is possible that greater degradation is observed at 60 °C without air circulation 
(experiment 2). According to Barbosa et al. (2016), high drying temperatures can be harmful because they can cause the 
degradation of thermolabile compounds, such as phenolic compounds. Therefore, some of these compounds may have 
degraded when the Brazilian ginseng roots were subjected to drying. 
The region between 1200 and 900 cm-1 is dominated by C-O-C and OH stretching vibrations, which are characteristic of 
cellulose and hemicellulose (Zhang et al., 2015), and symmetrical acyclic stretching, CH2, OH, and CO bonds of 
polysaccharides such as glycogen, amylose and amylopectin (Turker-Kaya and Huck, 2017; Zhang et al., 2015). It also 
contains C-O-H, C-C, and C-H bonds, which Kačuráková et al. (2000) associate pectin and the C-O, C-C, and C-C-O bonds of 
cellulose, hemicellulose and lignin, which are present in the plant wall, in addition to monosaccharides such as ribose, 
glucose and galactose (Xu and Wang, 2014; Zhang et al., 2015). Figure 3 shows that there was no significant reduction in the 
intensity of these bands compared to fresh Ginseng and β-ecdysone to the roots subjected to drying, except in experiment 
2 (60 °C without circulation), where there was a decrease in the intensity of these bands, possibly due to the collapse of the 
sample structure and the formation of a gel layer on its surface and, therefore, loss of material porosity, which is responsible 
for helping to reduce the water in the material and reduce drying time (Mujumdar, 2006; Ju et al., 2019). 
While higher temperatures accelerate the drying of Brazilian Ginseng, they can also negatively impact the chemical 
composition of the dried roots. Ning et al. (2015) demonstrated that increased drying temperatures affected the chemical 
profile of Korean Ginseng, indicating that the temperature should be kept below 60°C during the drying process. The same 
trend was observed for American ginseng roots dried at 60 °C by Ju et al. (2019). In general, among the conditions analyzed, 
there were smaller reductions in the content of related β-ecdysone in experiments 4 and 5 (40 °C and 60 °C, with air 
circulating at 1 ms-1). 
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Materials and methods 
 
Raw material 
Freshly harvested Brazilian Ginseng (Pfaffia glomerata) roots from 4-year-old cultivated plants were obtained in Brazil 
(latitude: 23° 5' 2'' S, longitude: 53° 29' 3'' W). Samples of similar characteristics (development, appearance, absence of 
pests) were selected for the tests. The average initial moisture content of the Brazilian ginseng roots was 73.2±0.7 g 100 g-

1, as determined by vacuum drying at 105 °C for 8 h. 
The samples were cleaned with water to remove dust and then cut using a kitchen cutter. The roots were cut into slices (~1 
mm) and stored in polyethylene bags in a freezer at -4 ±1 °C. 
 
Experimental procedure 
The drying experiments were carried out in a forced-air oven (Ethik Technology/400-4ND) at different drying temperatures 
(40, 60, and 80 °C) and hot air velocities (absence and 1 m s-1), as shown in Table 3. After slicing, the Brazilian Ginseng was  
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stored in thin layers of up to 20 mm in the oven. Mass reduction during drying was monitored using a semi-analytical 
balance (Shimadzu BL-3200H). The mass was recorded periodically at 6, 12, 24, 36, and 60 min during the first hour and 
every 30 min thereafter until the samples reached moisture equilibrium (<0.2%). All the experiments were carried out in 
triplicate, and the average moisture content was used to calculate the drying curves. 
The color parameters and the results obtained with an infrared spectrophotometer with an attenuated total reflectance 
accessory (ATR-FTIR) profile were evaluated at initial, 1 h, and 3 h after the sample reached equilibrium moisture. 
 
Moisture ratio 
The moisture ratio (MR) of the material was defined by the following equation (Equation 1) [6]: 

𝑀𝑅 =  
Mt−Me

M0−Me
   (1) 

 
M0, Mt, and Me are the moisture content (kg-1) at the initial stage, at time t, and in equilibrium with the drying air, 
respectively. 
 
Modelling of drying curves 
Linear and nonlinear regression analyses were performed to determine the best model for describing the drying process 
using Statistica Software (version 7.1). The goodness of fit of the models described by Alkpinar (2006) and Mujumdar 
(2006) was tested by calculating statistical parameters, such as the coefficient of determination (R2) (Equation 2) and root 
mean square error (RMSE) (Equation 3), between the experimental and predicted data. 

𝑅2 = 1 −
∑ (𝑀𝑅𝑝𝑟𝑒,𝑖−𝑀𝑅𝑒𝑥𝑝,𝑖)2𝑁

𝑖=1

∑ (𝑀𝑅𝑝𝑟𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅
⬚

−𝑀𝑅𝑒𝑥𝑝,𝑖)2𝑁
𝑖=1

           (2) 

 

𝑅𝑀𝑆𝐸 = [
1

𝑁
∑ (𝑀𝑅𝑒𝑖 − 𝑀𝑅𝑝𝑖)

2𝑁
𝑖=1 ]

1/2

         (3) 

 
Higher R2 values and lower RMSEs were indicators of goodness of fit. Equations 4-8 were used: 
MR = exp (-kt) (4) Lewis 
MR = a exp (-kt) (5) Henderson and Pabis 
MR = exp (-k tn) (6) Page 
MR = exp [(k t)n)(7) Modified Page 
MR = 1 + a t + b t2   (8) Wang and Singh, where: 
t - drying time (h); 
k - drying constant (h s-1); and 
a, b, c, n - coefficients of the models. 
 
3.5 Activation energy 
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The activation energy, Ae, was the minimum amount of energy that must be supplied to make the process realizable. The 
Ae value had the following dependence on temperature, as expressed by the Arrhenius model (Equation 9) (Mujumdar, 
2006): 

𝐷𝑒𝑓𝑓 =  𝐷0 exp (−
𝐴𝑒

𝑅𝑔 𝑇
)   (9) 

 
where D0 is the preexponential factor of the Arrhenius equation (m2 s-1), Ae is the activation energy (kJ mol-1), Rg is the 
perfect gas constant (8.314 J mol-1K-1), and T (in K) is the temperature of the drying air. 
 
Colour measurement 
The color of the dried root samples was measured before and after drying using a colorimeter (D65 illuminant with CIELAB 
scale CR400, Konica Minolta, Japan). The color parameters (L* (lightness), a* (redness/greenness), and b* 
(yellowness/blueness)) were measured on the surface of fresh and dried Brazilian ginseng roots. The total color difference 
(∆E*) was calculated using Equation 10. 

∆𝐸 =  √(𝐿0 − 𝐿∗)2 + (𝑎0 − 𝑎∗)2 + (𝑏0 − 𝑏∗)2   (10) 
 
3.7 FTIR-ATR analysis 
Spectral analysis of the ginseng roots and β-ecdysone analytical standard (Sigma‒Aldrich, USA, ≥93%) was carried out with 
an infrared spectrophotometer (model Cary 630, Agilent Technologies) using an attenuated total reflectance accessory 
(ATR) with a diamond crystal. All the spectra were acquired between 4000 and 400 cm-1 with 64 scans and a precision of 
4 cm-1. The analyses were performed in triplicate. 
 
Statistical analysis 
The experiment was conducted using a completely randomized design. Statistical analysis of color data was conducted using 
Statistica version 7.1 (Statsoft TIBCO Software Inc., Tulsa, OK, USA). The color data were analyzed by ANOVA and Tukey's 
test (p ≤ 0.05). 
 
Conclusions 
 
The results showed that the drying time was affected by the drying temperature, followed by the air velocity. Diffusion is 
the primary mechanism for removing water from the interior of a material. The modified Page model effectively described 
the drying behavior of Brazilian ginseng roots. The activation energy was 27.85 kJ mol-1. The drying process darkened the 
Brazilian Ginseng and changed the fresh root samples' general color (∆E*). Through FTIR-ATR, the best temperatures for 
drying Brazilian ginseng roots were 40 and 60 °C, with air circulation at 1 ms-1. 
 
Acknowledgments 
Thanks to the Federal Institute of Paraná for its support under Notice 65/2025 PIAPA DPG/PROEPPI Program. The authors 
tank to the Chromatographic and Spectroscopic Analysis Laboratory of the Federal Institute of Paraná (LACE)– Umuarama 
Campus, and Financing Agencies Araucária Foundation, National Council for Scientific and Technological Development and 
Federal Institute of Paraná for the support scholarship. 
 
Author Contributions 
Fabio D. Bertoco Júnior: Data curation, Formal analysis, Investigation, Methodology, Writing - original draft, 
Conceptualization, Review, Editing. Laura C. Marquezi: Data curation, Formal analysis, Investigation, Methodology, Writing-
original draft. Creir da Silva: Formal analysis, Investigation, Methodology. Bogdan Demczuk Junior: Data curation, 
Investigation, Methodology, Software, Conceptualization, Review. Otávio A. Sakai: Conceptualization, supervision, funding 
acquisition, investigation, methodology, data curation, and review and editing. Giselle Giovanna do Couto de Oliveira: 
Conceptualization, supervision, funding acquisition, investigation, methodology, data curation, and review and editing. 
Marcela M. Terhaag: Conceptualization, supervision, data curation, methodology, software funding acquisition, and 
investigation. 
 
References 
 
Abbas O, Compère G, Larondelle Y, Pompeu D, Rogez H, Baeten V (2017). Phenolic compound explorer: A mid-infrared 

spectroscopy database. Vib Spectrosc. 92:111-118. 
Akpinar EK (2006). Mathematical modeling of thin-layer drying process under open sun of some aromatic plants. J Food 

Eng. 77:864-870. 
Akpinar EK, Bicer Y, Yildiz C (2003). Thin layer drying of red pepper. J Food Eng. 59:99-104. 
Barbosa NA, Paes MCD, Pereira J (2016) Influência da temperatura e do solvente na obtenção de extrato de milho de grãos 

pretos. Congresso Nacional De Milho E Sorgo. Available at: 
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/149779/1/Influencia-temperatura.pdf. Accessed 16 December 
2021. 

Bertoco-Júnior FD, Marquezi LC, Sakai OA, Terhaag MM (2021). Effects of different extractions techniques in obtaining the 



1240 

 

β-ecdysone from Pfaffia glomerata: a review study. 
Corrêa-Júnior C, Ming LC, Cortez DAG, Scheffer MC, Kamada T, Alves RBN (2016) Pfaffia glomerata: ginseng-brasileiro. In: 

Vieira RF, Camillo J, Coradin L (ed) Espécies nativas da flora brasileira de valor econômico atual ou potencial: plantas 
para o futuro: Região Centro-Oeste. MMA, Brasília, pp 844-860. 

Chudnicka A, Matysik G (2005). Research of enzymatic activities of fresh juice and water infusions from dry herbs. J. 
Ethnopharmacol. 99:281-286. 

Costa LM, Resende O, Sousa KA, Gonçalves DN (2011) Coeficiente de difusão efetivo e modelagem matemática da secagem 
de sementes de crambe. Rev Bras de Eng Agricola e Ambient. 15:1089-1096. 

Cuccurullo G, Giordano L, Metallo A, Cinquanta L (2018). Drying rate control in microwave assisted processing of sliced 
apples. Biosyst Eng. 170:2430. 

Draper NR, Smith H (1998). Applied regression analysis. 3rd ed. John Wiley & Sons, New York. 
Ferreira LFD, Pirozi MR, Ramos AM, Pereira JAM (2012) Modelagem matemática da secagem em camada delgada de 

bagaço de uva fermentado. Pesqui Agropecu Bras. 47, 855-862. 
Franco RR, Franco RM, Justino AB, Borges ALS, Bittar VP, Saito N, Saraiva AL, Júnior NN, Otoni WC, Espindola FS (2024). 

Phytochemical composition of aerial parts and roots of Pfaffia glomerata (Spreng.) Pedersen and anticholinesterase, 
antioxidant, and antiglycation activities. Protoplasma.261(4):609-624. 

Freitas CS, Baggio CH, Da Silva-Santos JE, Rieck L, Santos CAM, Corrêa-Júnior C, Ming LC, Cortez DAG, Marques MCA 
(2004). Involvement of nitric oxide in the gastroprotective effects of an aqueous extract of Pfaffia glomerata (Spreng) 
Pedersen, Amaranthaceae, in rats. Life Sci. 74:1167-1179. 

Guimaraes RM, De Oliveira DEC, Resende O, Silva JS, Rezende TAM, Egea MB (2018). Thermodynamic properties and 
drying kinetics of 'okara'. Rev Bras de Eng Agricola e Ambient. 22:418-423. 

Hadibi T, Mengjie S, Hamid M, Wang Y, Ming L, Rong J, Allaf K, Fang-Ling F, Cuixian P, Arıcı M, Hassanien RHE, Abdelkader 
TK. (2025) Effect of different drying methods on kinetics, energy-economic analysis, and quality attributes of dried 
Panax notoginseng. Ind Crop Prod. 224, 120345.  

He J, Rodriguez-Saona LE, Giusti MM. (2015) Midinfrared spectroscopy for juice authentication-rapid differentiation of 
commercial juices. J Agric Food Chem. 55:4443-4452. 

Inyang U, Oboh I, Etuk B (2017). Drying and the Different Techniques. Int J Food Sci Nutr Saf. 8:45-72. 
Ju H, Zhao S, Mujumdar AS, Zhao H, Duan X, Zheng Z, Gao Z, Xiao HW (2019). Step-down relative e humidity convective air-

drying strategy to enhance drying kinetics, efficiency, and quality of American ginseng root (Panax quinquefolium). Dry 
Technol. 38:903-916. 

Kačuráková M, Capek P, Sasinková V, Wellner N, Ebringerová A (2000). FT-IR study of plant cell wall model compounds: 
pectic polysaccharides and hemicelluloses. Carbohydr Polym. 43:195-203.  

Kareru PG, Keriko LM, Gachanja AN, Kenji GM (2008). Direct detection of Triterpenoid Saponin in Medicinal Plants. Afr J 
Tradit Complement Altern Med. 5:56-60. 

Kong D, Wang Y, Li M, Liang J, Liu X, Yin G. (2022). Quality study on different parts of Panax notoginseng root drying with a 
hybrid drying system powered by a solar photovoltaic/thermal air collector and wind turbine. Energy. 245, 123216. 

Martins NM, Andrich F, Martins DA, Calaça GN, Sakai OA (2020) Determination of β-ecdysone in infusions of different 
Brazilian Ginseng (Pfaffia glomerata) organs by high-performance liquid chromatography. Rev Mundi Eng Tecnol Gest.  
5: 290/01-290/14. 

Mattos PP, Salis SM (2004) Características de Pfaffia glomerata (Spreng) Pedersen cultivada no Pantanal, subregião do 
Paraguai, Corumbá, Mato Grosso do Sul. Available at 
https://www.alice.cnptia.embrapa.br/alice/bitstream/doc/428043/1/2004 
PatriciaPovoaCaracteristicasPfaffiaglomerata.pdf. Accessed in April 2025. 

Melo EC, Radünz LL, Melo RCA (2004) Influência do processo de secagem na qualidade de plantas medicinais – Revisão. 
Eng Agric. 12:307-315. 

Ming LCE, Corrêa-Júnior C (2004). Evaluation of the development of fafia - Pfaffia glomerata (Spreng.) Pedersen. Acta 
Hortic. 629:273-275. 

Mujumdar AS (2006). Handbook of industrial drying, 3rd ed.CRC Press, Boca Raton. 
Neto AG, Costa JM, Belati CC, Vinhólis AH, Possebom LS, Da Silva Filho AA, Cunha WR, Carvalho JC, Bastos JK, Silva ML 

(2015). Analgesic and anti-inflammatory activity of a crude root extract of Pfaffia glomerata (Spreng) Pedersen. J. 
Ethnopharmacol. 96:87-91. 

Ning X, Han C (2013). Drying characteristics and quality of taegeuk Ginseng (Panax ginseng C.A. Meyer) using far-infrared 
rays. Int J Food Sci Technol. 48 (3): 477–483. 

Ning X, Lee J, Han C. (2015). Drying characteristics and quality of red Ginseng using far-infrared rays. J Ginseng Res. 9(4), 
371-375. 

Nsibi C, Lajili M (2023). Experimental study and mathematical modeling under various hot-air drying conditions of thin-
layer olive pomaces. Processes. 11(9):2513. 

Onwude I, Hashim N, Janius RB, Nawi NM, Abdan K (2016) Modelling the Thin-Layer Drying of Fruits and Vegetables: A 
Review. Compr. Rev. Food Sci. Food Saf. 15:599. 

Oyefeso BO, Raji AO (2020). Suitable model for thin layer drying kinetics of white and pink-fleshed tannia (Xanthosoma 
sagittifolium) cormels. LAUTECH J Eng Technol. 14:1-7. 

Park JJ, Cho,JS, Park KJ, Cho CW, Oh MR.; Lim JH. (2023). Assessment of drying characteristics for whole and sliced red 
Ginseng using short-wave infrared spectroscopy and mathematical model. J Food Process Eng 46(12), e14492. 



1241 

 

Phitakwinai S, Thepa S, Nilnont W (2019). Thin-layer drying of parchment Arabica coffee by controlling temperature and 
relative humidity. Food Sci Nutr. 7(9): 2921–2931. 

Richardson JF, Harker JH, Backhurst JR (2002). Chemical Engineering: Particle Technology and Separation Processes, v. 2, 
5thed., Butterworth-Heinemann, Oxford, London, pp.901-969. 

Shiobara Y, Inoue S, Kato K, Nishiguchi Y, Oishi Y, Nishimoto N, Oliveira F, Akisue G, Akisue MA, Hashimoto G (1993). A 
nortriterpenoid, triterpenoids, and ecdysteroids from Pfaffia glomerata. Phytochemistry. 32:1527-1530. 

Simpson R, Ramírez C, Nuñes H, Jaques A, Almonacid S (2017). Understanding the success of Page's model and related 
empirical equations in fitting experimental data of diffusion phenomena in food matrices. Trends Food Sci Technol. 62: 
194-201.  

Souza VC, Lorenzi H (2005) Botânica Sistemática: guia ilustrado para a identificação das famílias de Angiospermas da flora 
brasileira, baseado em APG II. Instituto Plantarum, Nova Odessa. 

Turker-Kaya S, Huck C W (2017). A review of mid-infrared and near-infrared imaging: principles, concepts, and 
applications in plant tissue Analysis. Molecules. 22:168. 

Wang D, Dai JW, Ju HY, Xie L, Xiao HW, Liu YH, Gao ZJ (2015). Drying Kinetics of American Ginseng Slices in Thin-Layer Air 
Impingement Dryer. Int J Food Eng. 11:701-711. 

Wang Z, Sun J, Liao X, Chen F, Zhao G, Wu J, Hu X (2007). Mathematical modeling on hot air drying of thin layer apple 
pomace. Food Res Int. 40:39-46. 

Xiao HW, Bai JW, Xie L, Sun DW, Gao ZJ (2015). Thin-layer air impingement drying enhances the drying rate of American 
ginseng (Panax quinquefolium, L.) slices with quality attributes considered. Food Bioprod Process. 94: 581-591. 

Xiao HW, Law CL, Sun DW, Gao, ZJ (2014) Colour Change Kinetics of American Ginseng (Panax Quinquefolium) Slices 
During Air Impingement Drying. Dry Technol. 32:418-427. 

Xu F, Wang D (2014). Pretreatment of Biomass: Processes and Technologies. Elsevier, Netherlands. 
Yuk J, Patel DN, Isaac G, Smith K, Wrona M, Olivos HJ, YU K (2016). Chemical profiling of ginseng species and ginseng 

herbal products using UPLC/QTOF-MS. J Braz Chem Soc. 27:1473-1483. 
Zhang P, Dong S, Ma H, Zhang B, Wang Y, Hu X (2015). Fractionation of corn stover into cellulose, hemicellulose, and lignin 

using a series of ionic liquids. Ind Crops Prod. 76:688-696. 
Zogzas NP, Maroulis ZB, Marinos-Kouris D (1996). Moisture diffusivity data compilation in foodstuffs. Dry Technol. 

14:2225-2253. 
 


