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Abstract 12 

This study investigated the applicability of mathematical models to describe ultrasound-13 

assisted extraction of total phenolic compounds (TPC) from Ilex guayusa leaves and 14 

determined thermodynamic parameters associated with the extraction process. The effect of 15 

temperature (40 to 80 °C) and extraction time (5 to 60 min) on TPC yield was studied. Five 16 

non-linear models, including Peleg, Power law, Weibull parabolic diffusion, and Elovich 17 

models, were evaluated to determine their accuracy in the extraction process. The results 18 

indicated that the highest TPC concentration of 3.88±0.44 g gallic acid equivalent/100 g dry 19 

weight was found at 60 min and 80 °C. The Power law model presented the best fit with R2, 20 

adjusted R2, and predicted R2 values greater than 0.98, describing a temperature-sensitive 21 

nonlinear diffusion kinetics (n≈0.24-0.28) temperature sensitive. In addition, the mean square 22 

deviation, normalised mean square deviation and chi-square statistic values were less than 23 

0.072, 2.126 % and 0.209 %, respectively. The thermodynamic parameters showed that the 24 

TPC extraction process was endothermic, spontaneous and controlled by diffusion with 25 

activation energy, enthalpy, entropy and Gibbs free energy values of 8.79 kJ/mol, 3.925 26 

kJ/mol, 145.03 J/molK and -47.271 kJ/mol, respectively. The findings provide key 27 

information for the design of efficient TPC extraction processes in I. guayusa, supporting its 28 

industrial application as a sustainable raw material.  29 

Keywords: Extraction kinetics, activation energy, non-linear models, power law.  30 

Introduction 31 

Over recent decades, phenolic compounds have attracted growing scientific interest due to 32 

their antioxidant, anti-inflammatory and antimicrobial properties, which make them 33 

secondary metabolites of food, cosmetic and therapeutic importance (Sun et al., 2024). These 34 

bioactive molecules of plant origin are of relevance to the scientific community due to their 35 

potential use in the pharmaceutical, food and cosmetic industries, which has led to the search 36 

for efficient methods for their extraction and characterisation (Liu et al., 2023). 37 
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Ilex guayusa Loes. is a species native to the Amazon region and widely known for its 38 

traditional and ethnomedicinal uses (Gomez-Molina et al., 2024; Rodríguez-Pérez et al., 39 

2019). This Amazonian plant contains a phytochemical matrix rich in phenolic compounds 40 

and alkaloids, which give it important bioactive properties (Kelebek et al., 2024). The 41 

concentration of polyphenols in its leaves, together with the presence of caffeine, has 42 

positioned I. guayusa as a promising source of secondary metabolites with potential 43 

applications in various industrial sectors (Meneses et al., 2024). 44 

Obtaining polyphenols from plant matrices requires techniques that maximize recovery 45 

efficiency while maintaining the structural integrity of the bioactive compounds. In this 46 

regard, ultrasound extraction has emerged as an innovative technique that offers significant 47 

advantages over conventional extraction techniques such as solvent extraction or maceration 48 

(Liu et al., 2022). This technique uses the effects of acoustic cavitation to contribute to cell 49 

rupture by increasing mass transfer, which means reduced extraction time, lower solvent 50 

consumption and greater selectivity in the recovery of bioactive compounds (Kaltsa et al., 51 

2020; Yusoff et al., 2022). 52 

A comprehensive understanding of extraction processes requires the development of 53 

mathematical models that adequately describe mass transfer kinetics and enable the 54 

optimisation of operating conditions (Mattos & Zecchi, 2025). Different kinetic models have 55 

demonstrated their ability to describe the extraction behaviour of phenolic compounds in 56 

plant matrices, providing valuable information on transfer mechanisms and associated kinetic 57 

constants (Kinetik et al., 2023; Rebollo-Hernanz et al., 2021; Villamil-Galindo & Piagentini, 58 

2024). These models facilitate the prediction of extraction performance under different 59 

experimental conditions and contribute to the design of industrial-scale extraction processes 60 

(Rusu et al., 2021). 61 

Despite growing interest in I. guayusa, scientific literature lacks comparative studies on 62 

mathematical models applied to the extraction of phenolic compounds from its leaves. 63 

Previous studies of this species have focused mainly on characterizing its phytochemical 64 

composition (Arteaga-Crespo et al., 2020; Chianese et al., 2019; Chóez-Guaranda et al., 65 

2022), leaving a significant gap in our knowledge of the kinetic and thermodynamic aspects 66 

of extraction processes. This limitation represents an opportunity to contribute to the 67 

understanding of extraction mechanisms in this plant matrix. 68 

On the other hand, thermodynamic parameters such as activation energy, enthalpy, entropy, 69 

and Gibbs free energy provide crucial information about the energy viability and spontaneity 70 

of extraction processes (Abishli et al., 2021; Silva-Paz et al., 2023). These parameters allow 71 

the evaluation of energy barriers associated with mass transfer and the prediction of system 72 

behavior under different temperature conditions (Espinoza-Vasquez et al., 2023). However, 73 

there are no reports in the scientific literature documenting these thermodynamic parameters 74 

for the extraction of polyphenols from I. guayusa leaves, limiting a complete understanding 75 

of the extraction processes in this species.  76 

The objective of this study was to compare the applicability of five mathematical models to 77 

describe the ultrasound-assisted extraction of phenolic compounds from I. guayusa leaves, 78 
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in order to determine the best model for industrial application. The thermodynamic 79 

parameters associated with the process were also determined, thus contributing to scientific 80 

knowledge and the development of industrial applications for this species. 81 

Methodology  82 

Materials and reagents 83 

Fresh I. guayusa leaves were purchased at the Los Plátanos market in the city of Puyo, 84 

Pastaza, Ecuador, in January 2024. The Folin-Ciocalteu reagent, gallic acid, and sodium 85 

carbonate (>99% purity) were purchased from Sigma-Aldrich.  86 

Sample preparation 87 

The leaves were dried in a laboratory oven at 40 °C for 48 h. The moisture content of the 88 

leaves was 66.48±1.77 % and was determined by weight difference (Gorji et al., 2024). This 89 

value was used to express the initial mass on a dry matter basis. The sample was crushed and 90 

sieved to obtain particles smaller than 0.5 mm.  91 

Solid-liquid extraction  92 

Extractions were performed at 40, 50, 60, 70, and 80 °C using ultrasonic equipment (brand 93 

Wisd.23, model WUC-DO6H). For each temperature, extraction times of 5, 10, 20, 30, 45 94 

and 60 min were applied in order to evaluate different intervals in the extraction curves 95 

obtained kinetically. In a glass container, 5 g of the ground plant material was mixed with 96 

100 mL of distilled water and placed in the ultrasonic equipment. The resulting extracts were 97 

filtered with Whatman No. 4 paper and analysed immediately after preparation. 98 

Quantification of total polyphenols 99 

The Folin-Ciocalteu colorimetric method was applied according to the procedure described 100 

by Arteaga-Crespo et al. (2020). The test was performed using a UV-Vis spectrophotometer 101 

(Perkin Elmer brand, Lambda 20 model). In a 10 mL amber volumetric flask, 0.5 mL of 102 

aqueous extract was mixed with 0.5 mL of Folin-Ciocalteu reagent. This mixture was left to 103 

react for 10 min and then 0.5 mL of 10 % sodium carbonate (Na₂CO₃) was added. The final 104 

volume was made up with distilled water and shaken manually for 30 s to ensure complete 105 

homogenization of the reagents. After allowing the mixture to stand for 2 h at room 106 

temperature, the absorbance was measured at 765 nm using a control solution prepared in the 107 

absence of the sample as a blank. The total polyphenol concentration was calculated using a 108 

calibration curve prepared with gallic acid (0.2-6 mg/L; Y=0.0723X+0.0019; R2=0.999). The 109 

results were expressed in grams of gallic acid equivalent per 100 g of dry matter (g GAE/100 110 

g). 111 

Mathematical modelling 112 

The process of extracting total polyphenols was analyzed by adjusting five different kinetic 113 

equations, with the aim of identifying the model that best described the experimental 114 

behavior. The models evaluated were as follows: 115 



4 

 

Peleg model 116 

This model is used to describe the kinetics of absorption or extraction in food and 117 

biomaterials (Teoh et al., 2024). Equation (1) allows both the initial velocity and the 118 

equilibrium of the process to be estimated. 119 

                                                 𝐶(ݐ) = ௧௞1+௞2∙௧                                               (1) 120 

Where 𝐶(ݐ) is the concentration of total polyphenols as a function of time, ݇1 is the rate 121 

constant (min g/mg) and ݇2 is the capacity constant (g/mg). 122 

Power Law model 123 

This model describes the extraction of an active compound through a solid matrix. The 124 

exponent n indicates the transport mechanism. It is useful for processes where the kinetics 125 

are non-linear and the extraction does not reach a defined maximum value (Agu & Agulanna, 126 

2020). This model is written as equation (2). 127 

                                                           𝐶(ݐ) = ܤ ∙  128 (2)                                                         ݊ݐ

Where 𝐶(ݐ) is the total polyphenol concentration, ݐ indicates the extraction time, ܤ is the 129 

kinetic constant that depends on temperature, and ݊ is the diffusion exponent. 130 

When deriving the Power-Law model, the extraction rate at any time t can be expressed as 131 

equation 3. 132 

                                                                    
ௗ஼(௧)ௗ௧ = ܤ ∙ ݊ ∙  ௡−1                                            (3) 133ݐ

Since the Power-Law model does not yield a rate constant with appropriate units for 134 

thermodynamic analysis, the apparent rate constant ݇ was defined as the extraction rate at a 135 

fixed reference time, as follows: 136 

                                                                       ݇ = ܤ ∙ ݊ ∙  ௥௘௙௡−1                                          (4) 137ݐ

This approach allows obtaining a rate constant with units of concentration per time (g 138 

GAE/100g·min). 139 

Weibull model 140 

This model can describe different shapes of extraction curves, adapting to both fast and slow 141 

processes. It is useful for modelling extractions assisted by technologies such as microwaves 142 

or ultrasound, and allows the kinetics to be adjusted to different experimental conditions 143 

(Mahfud et al., 2025). The Weibull model is written as equation (5).  144 

                                                                        𝐶(ݐ) = 𝐶 ∙ ݁−௕∙௧೘
                                                      (5) 145 

Where 𝐶(ݐ) is the total polyphenol concentration, ݐ indicates the extraction time, 𝐶 is the 146 

initial polyphenol concentration, ܾ is the reaction rate, and m is the value that indicates the 147 

shape of the distribution curve. 148 
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Parabolic diffusion model 149 

This model assumes that extraction occurs in two stages, first a rapid dissolution stage 150 

followed by a diffusion-controlled stage. It is suitable for describing systems where mass 151 

transfer by diffusion governs the overall kinetics of the process (John et al., 2024). The 152 

extraction of polyphenols can be described by equation (6).  153 

                                                                 𝐶(ݐ) = 0ܣ + 1ܣ ∙  154 (6)                                                     ݐ√

Where 𝐶(ݐ) is the total polyphenol concentration, ݐ is the extraction time, 0ܣ is the 155 

instantaneously recovered extraction, and 1ܣ is the diffusion constant. 156 

Elovich model 157 

This model is used to describe extraction processes where the rate decreases logarithmically 158 

with time. It is useful for heterogeneous systems and processes where the active surface area 159 

changes during extraction (Agu & Agulanna, 2020). The relationship between polyphenol 160 

concentration and time is expressed as equation (7). 161 

                                                                    𝐶(ݐ) = 0ܧ + 1ܧ ∙  162 (7)                                                (ݐ) ݈݊

Where 𝐶(ݐ) is the total polyphenol concentration, ݐ is the extraction time, 0ܧ is the initial 163 

yield, and 1ܧ is the initial extraction rate. 164 

Thermodynamic parameters  165 

The parameters of activation energy (Eq. 8), enthalpy and entropy (Eq. 9) and Gibbs free 166 

energy (Eq. 10) were determined from experimental values obtained at different 167 

temperatures. These parameters allow the sensitivity of the process to temperature changes, 168 

the energy required for extraction, and the spontaneity of the system to be characterized. 169 

 170 

                                                       ݇ = ܣ ∙ ݁(−ಶೌೃ೅)                                              (8) 171 

݃݋݈                                        (௞்) = ݃݋݈− (௞ಳℎ ) + ( ∆ௌ2,303ோ) − ( ∆ு2,303ோ்)                                  (9) 172 

ܩ∆                                                                = ܪ߂ −  173 (10)                                                      ܵ߂ܶ

Where k is the rate constant, A is the pre-exponential factor, (Ea) is the activation energy 174 

(kJ/mol), R is the gas constant, T is the absolute temperature, kB is Boltzmann's constant, h 175 

is Planck's constant, ΔS is enthalpy (kJ/mol), ΔH is entropy (kJ/molK), and ΔG is Gibbs free 176 

energy (kJ/mol). 177 

Statistical analysis and evaluation of mathematical models 178 

The experiments were expressed as mean value ± standard deviation for n=3. The 179 

experimental data were fitted to the mathematical models using Origin 2022 software (trial 180 

version). To validate the mathematical models, the coefficients of determination R2 (Eq. 11), 181 

R²-predicted (Eq. 12), R²-adjusted (Eq. 13), mean square deviation (Eq. 14), normalized 182 
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mean square deviation (Eq. 15) and the chi-square statistic (Eq. 16) were calculated to 183 

validate the mathematical models. 184 

                                               R2 = 1 − ∑ (y1−yî)2(y1−y̅)2ni=1                                                  (11) 185 

                                            R2predicho = 1 − ∑ (y1−yi(−i)̂ )2(y1−y̅)2ni=1                        (12) 186 

                                         R2ajustado = 1 − (1 − R2) ∙ n−1n−m−1                           (13) 187 

                                                      RMSD = (∑ (௬೔−௬ഢ̂)2೙೔=1 ௡ )0,5
                                       (14) 188 

                                                  NRMSD = RMSDymax−ymin                                                (15) 189 

2ݔ                                                    = ∑ (௬೔−௬̂೔)2௬̂೔௡௜=1                                          (16) 190 

Where y1 are the observed values, ݕప̂ he predicted values, ̅ݕ  is the mean of the observed 191 

values, ݕ௜(−௜) is the predicted value for data point i, n is the number of observations, and m 192 

is the number of variables studied. 193 

Results and discussion 194 

Influence of temperature and extraction time  195 

Increasing the temperature (40 to 80 °C) and time (5 to 60 min) in ultrasound-assisted 196 

extraction produced higher yields of total phenolic compounds (TPC) in I. guayusa leaves 197 

(Figure 1). The concentration obtained at 60 min was 3.13±0.45, 3.27±0.38, 3.40±0.24, 198 

3.62±0.26 and 3.88±0.44 g GAE/100 g dry weight at temperatures of 40, 50, 60, 70 and 80 199 

°C, respectively. These results are consistent with those previously reported in the literature 200 

for I. guayusa. For example, a content of 3.46 g GAE/100 g has been reported in 201 

hydroalcoholic extracts (Arteaga-Crespo et al., 2020). In another study, values of 3.34 g 202 

GAE/100 g were found in mature leaves and 2.14 g GAE/100 g in young leaves (Villacís-203 

Chiriboga et al., 2018). Fresh leaves reported a higher value of 5.48 g GAE/100 g (García-204 

Ruiz et al., 2017). Differences in results may be due to various factors, such as plant age, 205 

extraction method, solvent type, and environmental conditions. Adult leaves have been 206 

shown to have a higher TPC content than young leaves (Villacís-Chiriboga et al., 2018). The 207 

extraction technique is another key factor; for example, ultrasound-assisted extraction has 208 

demonstrated superior yields compared to traditional techniques such as Soxhlet or 209 

maceration (Cadena-Carrera et al., 2019). As for the type of solvent, it has been observed 210 

that the use of hydroalcoholic mixtures optimizes TPC extraction, while the exclusive use of 211 

ethanol or water can result in lower yields (Cadena-Carrera et al., 2023; Arteaga-Crespo et 212 

al., 2020). On the other hand, it has been shown that leaves collected in warm and humid 213 

seasons have a higher content of bioactive compounds and antioxidant activity than those 214 
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from winter areas. This may be due to water stress and the secondary synthesis experienced 215 

by metabolites (Huang et al., 2023; Mwamatope et al., 2021).  216 

Time and temperature during ultrasound-assisted extraction are important variables for 217 

maximizing TPC extraction. Ultrasound generates acoustic waves that cause microbubbles 218 

to form and collapse in the solvent, a phenomenon known as acoustic cavitation, which is 219 

essential for intensifying extraction processes (Zhu et al., 2024). This phenomenon breaks 220 

down cell walls and facilitates the release of phenolic compounds trapped in the plant matrix. 221 

The increase in temperature reduces the viscosity and surface tension of the solvent, which 222 

intensifies cavitation and accelerates the diffusion of bioactive compounds into the liquid 223 

medium (Marhamati et al., 2020; Kabudi et al., 2022). Furthermore, longer exposure to 224 

ultrasound allows the acoustic waves to act for longer on the plant matrix, promoting cell 225 

disruption and tissue fragmentation. This favors mass transfer and facilitates the release of 226 

bioactive compounds into the solvent, thus promoting more complete and efficient extraction 227 

(Kobus et al., 2021; Liu et al., 2024). On the other hand, various authors have indicated that 228 

this process has a limit: if the temperature is too high, polyphenols, which are heat-sensitive 229 

compounds, can degrade or oxidise, reducing their yield and quality (Antony & Farid, 2022; 230 

Wang et al., 2020). When the temperature is too high, cavitation becomes less efficient 231 

because the increase in solvent vapor pressure decreases the intensity of bubble collapse, and 232 

the additional thermal energy can break chemical bonds in polyphenols, destroying their 233 

structure (Altemimi et al., 2016; Haslina et al., 2021; Marhamati et al., 2020). 234 

 235 

Figure 1. Extraction curves of total polyphenols from dried I. guayusa leaves with ultrasound 236 

assistance. Concentrations obtained at 40, 50, 60, 70 and 80 °C as a function of time (5 to 60 237 

min). 238 

Mathematical modelling 239 

Analysis of the constants of the mathematical models (Table 1) showed how temperature 240 

influenced the kinetics and extraction efficiency of total phenolic compounds (TPC) in dried 241 
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I. guayusa leaves. In the Peleg model, it was observed that the constants decreased from 242 

2.175 to 1.199 for k1 and from 0.297 to 0.256 for k2 when the temperature was increased 243 

from 40 °C to 80 °C. This behavior has been reported in the extraction of TPC from curry 244 

leaves and grape seeds, where lower values of k1 and k2 at elevated temperatures showed 245 

faster and more efficient extraction, as these constants are related to the initial rate and 246 

maximum extraction capacity, respectively  (Bucić-Kojić et al., 2007; Patil et al., 2021). In 247 

the Power Law model, the velocity constant B increased from 0.987 to 1.440 with increasing 248 

temperature. This increase in B shows that thermal energy improves the extraction rate. On 249 

the other hand, the constant n, which represents the extraction mechanism, shows a slight 250 

decrease, which could indicate a subtle change in the diffusion mechanism at higher 251 

temperatures. This behavior has also been reported in the extraction of TPC from food by-252 

products and brewer's grains (Alonso-Riaño et al., 2020; Patil et al., 2021). The Weibull 253 

model, with negative values of m and a decrease in b, suggested rapid extraction at the 254 

beginning and a subsequent slowdown, a pattern typical of systems where internal diffusion 255 

limits the process, as has been reported in the extraction of TPC from grape and jabuticaba 256 

by-products (Fernandes et al., 2020; Natolino & Da Porto, 2020). In the parabolic diffusion 257 

model, the initial extraction constant (A0) increased from 1.065 to 1.620 as the temperature 258 

rose, suggesting greater availability of TPC at the beginning of the process due to higher 259 

thermal energy. Similarly, the diffusion constant (A1) showed a general increase with 260 

temperature, indicating that the rate at which TPC diffuses through the plant matrix is higher 261 

at higher temperatures (Natolino & Da Porto, 2020). In Elovich's model, the constant E0 262 

increased proportionally with temperature, indicating that heat enhances the initial release of 263 

TPCs, possibly by facilitating the degradation of the plant matrix. On the other hand, the 264 

constant E1, which describes the long-term rate, showed a slight increase, suggesting that 265 

although temperature accelerates the start of the process, the dynamics of subsequent 266 

extraction remain consistent, possibly limited by other factors such as internal diffusion or 267 

saturation  (Natolino & Da Porto, 2020; Uvidia-Armijo, 2025). The comparison of 268 

experimental values and those predicted by mathematical models is shown in Figure 2. 269 

Table 1. Mathematical models and regression constants in the extraction of total polyphenols 270 

from dried I. guayusa leaves with ultrasound assistance 271 

 272 

 273 

 274 

 275 

 276 

 277 

Mathematical model Constants in mathematical models 
  40 °C 50 °C 60 °C 70 °C 80 °C 

Peleg model 𝐶(ݐ) = 1݇ݐ + ݇2 ∙  ݐ

 

k1 

k2 

2.175 
0.297 

 

1.644 
0.294 

1.403 
0.286 

1.290 
0.273 

1.199 
0.256 

Power law model 𝐶(ݐ) = ܤ ∙  ௡ݐ
 

B 
n 

0.987 
0.284 

1.130 
0.262 

1.263 
0.244 

1.305 
0.249 

1.440 
0.240 

       
Weibull model 𝐶(ݐ) = 𝐶 ∙ ݁−௕∙௧೘

 
C 
b 
m 

94.340 
4.680 
-0.078 

94.954 
4.538 
-0.073 

47.247 
3.741 
-0.086 

 

73.210 
4.134 
-0.077 

77.207 
4.080 
-0.075 

Parabolic Diffusion 𝐶(ݐ) = 0ܣ + 1ܣ ∙  ݐ√
 

A0 

A1 
1.065 
0.274 

1.251 
0.268 

1.420 
0.264 

1.460 
0.283 

1.620 
0.291 

Elovich model 𝐶(ݐ) = 0ܧ + 1ܧ ∙ ln (ݐ) 
E0 

E1 

0.251 
0.700 

0.443 
0.689 

0.620 
0.680 

0.614 
0.724 

0.751 
0.741 
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 278 

Figure 2. Experimental values of total polyphenols (g GAE/100 g) extracted from dried 279 

leaves of I. guayusa, compared to values predicted by the Peleg (A), Power Law (B), Weibull 280 

(C), parabolic diffusion (D) and Elovich (E) models. 281 
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The results presented in Table 2 show that most mathematical models accurately fit the 282 

experimental data on polyphenol extraction kinetics. To determine the suitability of each 283 

model, several statistical parameters were evaluated: coefficients of determination (R2, 284 

adjusted R2, and predicted R2), root mean square deviation (RMSD), normalized root mean 285 

square deviation (NMRSD), and the Chi-square statistic (X2). 286 

R2 indicates the proportion of the variance in the data explained by the model. In the Power 287 

law, Weibull, Parabolic Diffusion and Elovich models, the R2 values ranged from 0.988 to 288 

0.999, indicating that they can explain between 98 % and 99 % of the variability in the 289 

experimental values, which makes them reliable and representative models of the extraction 290 

phenomenon. In contrast, the Peleg model showed a lower fit with values between 0.876 and 291 

0.947, indicating that it is the least suitable model for describing polyphenol extraction. To 292 

validate the predictive power of the models and avoid overfitting, the R²-adjusted and R²-293 

predicted coefficients were compared. The R²-adjusted compensates for the number of 294 

variables in the model, while the R-predicted evaluates the model's performance in making 295 

new predictions. Previous studies have indicated that a difference of less than 0.2 between 296 

these two values indicates a robust model without overfitting (Abreu-Naranjo et al., 2018; 297 

Che-Sulaiman et al., 2017; Pandey & Pandey, 2023). In this study, all the mathematical 298 

models analyzed meet this criterion at all temperatures, confirming their good predictive 299 

capacity and the absence of overfitting.  300 

The RMSD and NMRSD values quantify the average error between experimental and 301 

predicted values, where low values indicate that the model has a small prediction error and, 302 

therefore, an accurate and desirable fit; conversely, high values reflect a larger error and a 303 

poor fit, which is undesirable in mathematical modelling (Karaoglu et al., 2025; Yogesha et 304 

al., 2020). In this regard, the Power law model stands out for its superiority, according to the 305 

RMSD and NMRSD values, which were less than 0.072 and 2.126 %, respectively. The X2 306 

value measures the overall discrepancy between the observed data and the data predicted by 307 

the model. Low values indicate that the model accurately reproduces the experimental data 308 

and is considered good, while high values suggest a poor fit and low explanatory power 309 

(Goual & Yousof, 2020; Zheng & Bentler, 2025). The Power law model presented the lowest 310 

values (<0.209 %), consolidating its position as the most suitable for describing the kinetics 311 

of polyphenol extraction. 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 
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Table 2. Statistical validation parameters of mathematical models for the extraction of total 320 

polyphenols from dried I. guayusa leaves with ultrasound assistance 321 

R2: coefficient of determination; RMSD: root mean square deviation; NMRSD: normalized root mean square 322 

deviation; X2: chi-square  323 

Thermodynamic parameters of activation  324 

The Power Law model was selected as the best-fitting model based on its superior statistical 325 

performance (Table 2). To obtain the apparent rate constant (k) from this model, a reference 326 

time of 10 min was chosen, as it falls within the initial extraction phase where the extraction 327 

rate is highest and most sensitive to temperature changes. This time point was therefore 328 

considered the most suitable for determining the kinetic parameters of the process. 329 

Mathematical model Statistical parameters 
  40 °C 50 °C 60 °C 70 °C 80 °C 

Peleg model 𝐶(ݐ) = 1݇ݐ + ݇2 ∙  ݐ

 

R2 
R2-Ajustado 
R2-Predicho 
RMSD 
NMRSD (%) 
X2 (%) 

0.947 
0.930 
0.924 
0.133 
4.257 
0.739 

0.921 
0.890 
0.884 
0.155 
4.729 
0.929 

0.914 
0.880 
0.874 
0.158 
4.660 
0.922 

0.876 
0.848 
0.838 
0.186 
5.125 
1201 

0.895 
0.865 
0.852 
0.185 
4.771 
1120 

Power Law model 𝐶(ݐ) = ܤ ∙  ௡ݐ
 

R2 
R2-Ajustado 
R2-Predicho 
RMSD 
NMRSD (%) 
X2 (%) 

0.989 
0.986 
0.984 
0.043 
1.391 
0.079 

0.997 
0.996 
0.992 
0.046 
1.417 
0.084 

0.997 
0.996 
0.990 
0.052 
1.426 
0.099 

0.999 
0.999 
0.989 
0.061 
2.126 
0.209 

0.989 
0.986 
0.984 
0.072 
1.857 
0.171 

Weibull model 𝐶(ݐ) = 𝐶 ∙ ݁−௕∙௧೘
 

R2 
R2-Ajustado 
R2-Predicho 
RMSD 
NMRSD (%) 
X2 (%) 

0.988 
0.985 
0.984 
0.044 
1.403 
0.080 

0.997 
0.996 
0.986 
0.063 
1.915 
0.154 

0.997 
0.996 
0.980 
0.072 
2.110 
0.191 

0.999 
0.999 
0.966 
0.099 
2.726 
0.345 

0.988 
0.985 
0.976 
0.088 
2.254 
0.252 

Parabolic Diffusion 𝐶(ݐ) = 0ܣ + 1ܣ ∙  ݐ√
 

R2 
R2-Ajustado 
R2-Predicho 
RMSD 
NMRSD (%) 
X2 (%) 

0.986 
0.983 
0.982 
0.078 
2.409 
0.234 

0.991 
0.989 
0.984 
0.039 
1.203 
0.060 

0.989 
0.986 
0.983 
0.063 
1.259 
0.067 

0.996 
0.995 
0.993 
0.032 
0.870 
0.035 

0.986 
0.983 
0.982 
0.091 
1.325 
0.086 

Elovich model 𝐶(ݐ) = 0ܧ + 1ܧ ∙ ln (ݐ) 
R2 
R2-Ajustado 
R2-Predicho 
RMSD 
NMRSD (%) 
X2 (%) 

0.982 
0.978 
0.977 
0.084 
2.699 
0.300 

0.994 
0.993 
0.951 
0.115 
3.514 
0.521 

0.995 
0.994 
0.950 
0.115 
3.379 
0.492 

0.994 
0.993 
0.921 
0.149 
4.115 
0.789 

0.984 
0.980 
0.939 
0.139 
3.590 
0.648 
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The Arrhenius model (Figure 3A) was used to determine the activation energy (Ea). Linear 330 

regression was performed by plotting the natural logarithm of the rate constant (ln k) against 331 

the inverse of the absolute temperature (1/T). The product of the slope of the line (-1057.042) 332 

and the universal gas constant gave the Ea. The coefficient of determination (R² = 0.928) 333 

indicated a good linear fit, validating the application of the model. On the other hand, Eyring's 334 

model (Figure 3B) was used to calculate the enthalpy (ΔH) and activation entropy (ΔS). In 335 

this case, linear regression was obtained by plotting the logarithm of the rate constant divided 336 

by temperature (ln(k/T)) as a function of the inverse of absolute temperature (1/T). The slope 337 

of the line (-204.991) is directly related to ΔH, while the intercept with the y-axis is associated 338 

with ΔS. The coefficient of determination (R2=0.978) demonstrated good linearity of the 339 

model, confirming its suitability for determining these thermodynamic parameters. Both 340 

graphs with negative slopes are consistent with the nature of the extraction process, where an 341 

increase in temperature increases the reaction rate. 342 

Figure 3. Determination of activation energy, enthalpy, and entropy of ultrasound-assisted 343 

extraction of total polyphenols from dried I. guayusa leaves. Linear regression using the 344 

Arrhenius model (A) and the Eyring model (B). 345 

The Ea in ultrasound-assisted extraction of polyphenols represents the minimum energy 346 

barrier that molecules must overcome for the transfer of polyphenols from plant material to 347 

the solvent to occur. A low Ea value indicates that the process is facilitated by ultrasound, as 348 

cavitation and mechanical effects break down cell walls and promote the release of bioactive 349 

compounds (Dzah et al., 2020; Kumar & Bhaduri, 2025). In this study, Ea was 8.79 kJ/mol, 350 

confirming that the process is efficient and requires little energy to initiate extraction (Table 351 

3). This result differs from the values reported in other plant species. For example, in Pinus 352 

elliottii, a value of 12.26 kJ/mol was reported (Zhang et al., 2024). In Ananas comosus 353 

residues, Ea was 48.23 kJ/mol (Kumar & Bhaduri, 2025). In Malus domestica, 7,14  kJ/mol 354 

was found (Hobbi et al., 2021). These differences can be attributed to the cellular structure, 355 

the type of polyphenols predominant in the plant material, the interaction with the solvent, 356 

and the mathematical model used (Borah et al., 2024; Lazar et al., 2016). On the other hand, 357 
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authors such as González-Centeno et al. (2015) and Wang et al. (2002)  have pointed out that 358 

if Ea is less than 20 kJ/mol, the extraction process is mainly controlled by diffusion. On the 359 

other hand, if Ea exceeds 40 kJ/mol, the dominant mechanism is the solubilisation reaction. 360 

In this sense, the process of extracting polyphenols from I. guayusa leaves falls within the 361 

diffusion process. 362 

 In this study, the ΔH value (3.925 kJ/mol) obtained for polyphenol extraction indicates an 363 

endothermic process, i.e., one that requires heat absorption to facilitate the transfer of these 364 

compounds from the plant matrix to the solvent. Although this value is lower than those 365 

reported in the literature for other plant matrices, such as the 16.3 kJ/mol found in Camellia 366 

sinensis (green tea) leaves (Levan et al., 2024), and 14.44 kJ/mol in roots of Ximenia 367 

americana (Sidonie-Beatrice et al., 2018), remains consistent with the general trend that 368 

polyphenol extraction is favored by increased temperature. A low ΔH value may be due to a 369 

more accessible plant matrix, a more efficient solvent, or optimized experimental conditions, 370 

implying that less energy is required to break the interactions between polyphenols and the 371 

matrix (Sridhar et al., 2021). Furthermore, the literature indicates that extraction enthalpy is 372 

influenced by factors such as solvent type, solid-liquid ratio, particle size, and extraction 373 

method, and these parameters can reduce the energy required (Jurinjak-Tušek et al., 2016; 374 

Levan et al., 2024).  375 

ΔS refers to the change in the degree of disorder or randomness of the system when the 376 

transition state is formed. A positive value of 145.03 J/molK suggests that the transition state 377 

is much more disordered than the initial state, which is characteristic of processes in which 378 

molecules pass from a more ordered state within the plant matrix to a more disordered state 379 

dissolved in the solvent (Gai et al., 2024). Furthermore, the literature indicates that ΔS is not 380 

only associated with disorder, but also with the ability of molecules to adopt different 381 

configurations and conformations, especially when methods such as ultrasound are used, 382 

which facilitate the breakdown of structures and the dispersion of extracted compounds 383 

(Bahloul et al., 2011; Alzeer, 2022). 384 

ΔG is a critical thermodynamic parameter that determines the feasibility and spontaneity of 385 

the extraction process, as it describes the energy barrier that must be overcome for the 386 

reaction or mass transfer to occur (Fayaz et al., 2020). The value obtained of -47.271 kJ/mol 387 

for the extraction of polyphenols from I. guayusa indicates that the process is 388 

thermodynamically favorable and spontaneous, implying that the transition state is 389 

significantly more stable than the reactants in their initial state (Cao, 2025). The negative 390 

value reflects that the energy required to overcome the activation barrier is compensated by 391 

the stabilization of the transition state. The combination of ultrasound assistance and 392 

temperature not only accelerates the reaction kinetics but also energetically favors the 393 

formation of the transition state, allowing extraction to occur efficiently without the need for 394 

external energy input. 395 

 396 

 397 
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Table 3. Thermodynamic parameters of activation in the extraction of total polyphenols from 398 

dried I. guayusa leaves with ultrasound assistance 399 

Parameter Value 
Activation energy (kJ/mol) 8.790 ± 1.211 
Enthalpy (kJ/mol) 3.925 ± 1.157 
Entropy (J/molK) 145.030 ± 3.122 
Gibbs free energy at 80 °C (kJ/mol) -47,271 ± 1.498 

 400 

Conclusions 401 

Ultrasound-assisted extraction of polyphenols from Ilex guayusa was shown to be an efficient 402 

process, directly influenced by extraction temperature and time. It was observed that 403 

increasing both parameters resulted in a higher concentration of total polyphenols. Five 404 

mathematical models were evaluated to describe the extraction behavior. The Power law 405 

model was identified as the most suitable for representing the kinetics of the experimental 406 

data, outperforming other models in terms of statistical fit. Analysis of the parameters of this 407 

model indicated that increasing the temperature improved the extraction rate. Although other 408 

models also showed a good fit to the experimental data, the Power law model stood out for 409 

its superiority, making it a robust predictive tool for optimizing the extraction process at an 410 

industrial level. The thermodynamic parameters revealed that extraction was an endothermic 411 

and spontaneous process, with low activation energy typical of diffusion-dominated systems. 412 

The positive entropy value indicated an increase in molecular disorder during extraction, 413 

favored by ultrasonic cavitation. These results underscore the advantage of ultrasound in 414 

reducing energy consumption compared to conventional methods. 415 
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