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Abstract 8 

The growing demand for high-quality dried foods has driven the integration of conventional drying 9 

techniques with non-thermal energy sources. Furthermore, ultrasonic pretreatment has gained 10 

considerable attention because it can operate at ambient temperatures while preserving the 11 

physicochemical and sensory characteristics of the product. This study aims to investigate the 12 

combined effects of ultrasound and infrared drying on the drying kinetics of mallow (Malva 13 

sylvestris) leaves, along with their quality attributes (particularly color characteristics and 14 

rehydration ratio), thermodynamic parameters, and specific energy consumption. 15 

Fresh mallow leaves were pretreated with ultrasound (0, 5, 10 min) and subsequently dried in an 16 

infrared dryer at 40, 45, and 50 °C until a final moisture content of 10% (wet basis). The results 17 

showed that color difference (ΔE: 8.15–97.74) and browning index (80.37–144.40) increased with 18 

increasing drying temperature and decreasing ultrasound pretreatment time, while chroma values 19 

(23.40–29.24) decreased. The effective moisture diffusivity of mallow leaves increased with 20 

increasing drying temperature and longer ultrasonic pretreatment duration, ranging from 2.39×10⁻⁷ 21 
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to 8.68×10⁻⁷ m²·s⁻¹. Furthermore, the activation energy decreased from 86.32 to 73.73 kJmol⁻¹ as 22 

the ultrasonic pretreatment time increased. Thermodynamic analysis revealed that increasing 23 

drying temperature and ultrasonic exposure time reduced both enthalpy and entropy, whereas 24 

Gibbs free energy showed the opposite trend, increasing under the same conditions. The lowest 25 

specific energy consumption (SEC = 33.81 kWhkg⁻¹) was observed at the highest drying 26 

temperature (50 °C) combined with the longest ultrasound pretreatment duration (10 min). This 27 

research demonstrates that ultrasound pretreatment improves drying efficiency and quality in 28 

infrared-dried medicinal herbs.  29 

Keywords: Infrared drying; Mallow; Rehydration ratio; Thermodynamic properties; Ultrasound.  30 

Practical Applications 31 

This research demonstrates that ultrasound pretreatment prior to infrared drying significantly improves 32 

both the efficiency and quality of dried mallow leaves, a nutrient-rich medicinal herb. These benefits 33 

stem from ultrasound-induced microstructural changes that accelerate moisture removal without 34 

excessive heat exposure, thereby protecting heat-sensitive bioactive compounds. By reducing drying 35 

time and energy consumption while better preserving bioactive compounds, the approach offers a 36 

scalable, cost-effective solution for food processors. The identified optimal conditions (specific 37 

ultrasound durations and drying temperatures) provide practical guidelines for industry to enhance 38 

product quality, extend shelf life, and meet consumer demand for minimally processed, healthy foods. 39 

These findings are directly transferable to drying operations for other leafy vegetables and herbs. 40 

Nomenclature 41 

M Moisture content (kg/kg dry matter, d.b.) R universal gas constant (8.314 J.(mol .K)-1) 

Me balance humidity Deff effective moisture diffusivity (m2.s-1) 
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Mt moisture in time Ea Activation energy (kJ.mol-1) 

M0 initial mass of the matter  ΔS Entropy (kJ.mol-1) 

Mf mass of the dry matter Mdb Dry Basis Moisture Content 

dt+t moisture content ΔH Enthalpy (kJ.mol-1) 

T temperature (K°) ΔG Gibbs free energy (kJ.mol-1) 

Mt+Δt moisture in t + dt hp Planck constant (0.6262×10-34 J.s-1) 

MR moisture content Kb Boltzmann constant (1.3806×10–23 J.K-1) 

DR drying ratio SECInf specific energy consumption for the infrared dryer 

(kW.h.kg-1) 

t time (s) SECUlt specific energy consumption for the ultrasound 

device (kW.h.kg-1) 

Δt difference between two time scale (s) SECTotal total specific energy consumption in an infrared 

dryer with ultrasonic pretreatment (kW.h.kg-1) 

L thickness (m) ∆W power consumption before, and after drying kW.h 

k line slope π pi number 

 42 

1.  INTRODUCTION 43 

Mallow (Malva sylvestris L.), belonging to the Malvaceae family, is an herbaceous species that 44 

may grow as an annual, biennial, or short-lived perennial. This plant is widely distributed 45 

throughout Iran, except in the central desert regions, and represents one of the ten native Malva 46 

species reported in the country. Due to its medicinal importance, mallow has been widely 47 

recognized in traditional medicine, and its leaves and flowers are listed in several authoritative 48 

pharmacopoeias for their therapeutic applications (Eghbal et al., 2021; Shokufeh & Gholam Ali, 49 

2016). The plant is rich in essential vitamins such as A, B, and C and contains a variety of bioactive 50 

compounds that contribute to its diverse pharmacological activities, including anti-inflammatory, 51 

antiseptic, antibacterial, antifungal, and antiviral effects. Traditionally, mallow has been used to 52 

relieve inflammation of the respiratory, urinary, and gastrointestinal systems and to treat skin 53 

irritations, insect bites, and symptoms associated with the common cold. Owing to these nutritional 54 
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and therapeutic properties, mallow has attracted increasing attention as a valuable medicinal and 55 

functional plant (Ahmad et al., 2020; Khalid & Saleem, 2018). Notably, mallow leaves contain the 56 

highest concentration of total phenolic compounds among the different plant parts, which is closely 57 

associated with their strong antioxidant capacity. However, similar to many green leafy vegetables, 58 

freshly harvested mallow leaves are highly perishable due to their high moisture content, which 59 

significantly limits their shelf life and marketability. Postharvest losses of such nutrient-rich crops 60 

may reach 25–30%, largely as a result of seasonal overproduction, limited storage facilities, and 61 

inadequate on-site processing infrastructure (Gutti et al., 2012). Therefore, the development of 62 

effective preservation strategies is essential not only to extend product availability beyond the 63 

harvest period but also to maintain the phytochemical stability, sensory properties, and nutritional 64 

quality of the leaves.  Among the various preservation methods, drying remains one of the oldest 65 

and most widely used techniques for stabilizing agricultural products and medicinal plant 66 

materials. Nevertheless, conventional drying methods often expose plant tissues to prolonged 67 

thermal stress, which can degrade heat-sensitive bioactive compounds and adversely affect product 68 

quality. Consequently, increasing research attention has been directed toward integrating 69 

innovative technologies with drying processes to enhance efficiency while minimizing quality 70 

deterioration (Babiker et al., 2018). In this context, ultrasound-assisted pretreatment has emerged 71 

as a promising non-thermal strategy for improving drying performance. Ultrasound typically 72 

operates at ambient temperatures and relies on acoustic cavitation—the formation, growth, and 73 

implosive collapse of microscopic bubbles in a liquid medium—which generates localized 74 

mechanical effects within plant tissues. These effects can induce significant microstructural 75 

modifications, including the formation of microchannels and partial disruption of cell walls, 76 
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thereby facilitating internal moisture migration and accelerating mass transfer during subsequent 77 

drying (Fernandes et al., 2008). 78 

The mechanical effects generated by acoustic cavitation produce a sponge-like phenomenon within 79 

plant tissues, which enhances internal mass transfer pathways while largely preserving the 80 

biochemical composition and structural integrity of the product (Mason, Paniwnyk, & Lorimer, 81 

1996). In recent years, numerous studies have highlighted the effectiveness of ultrasound 82 

pretreatment in improving the drying performance of herbal and plant-based materials. For 83 

instance, Song et al. reported that a combined ultrasound–blanching pretreatment significantly 84 

accelerated the hot-air drying of perilla leaves, enhanced effective moisture diffusivity, and 85 

reduced color degradation (ΔE) compared with conventional blanching (Song et al., 2021). 86 

Similarly, Oladejo et al. demonstrated that ultrasound-assisted convective drying of sour tea 87 

markedly shortened drying time while better preserving the nutritional quality of the product 88 

(Oladejo et al., 2023). In another study, Bennaceur et al. observed that ultrasound pretreatment, 89 

coupled with elevated drying temperatures, reduced the drying duration of henna leaves and 90 

increased the effective moisture diffusivity coefficient (Bennaceur et al., 2021). 91 

Beyond process efficiency, a comprehensive understanding of thermodynamic parameters—92 

particularly enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG)—is essential for the rational 93 

design and optimization of drying systems. These parameters provide valuable insights into the 94 

energetic requirements of moisture removal, the nature of water–food interactions, and the 95 

physicochemical transformations occurring within the food matrix during drying (Öztekin et al., 96 

2022). Entropy, for instance, reflects the degree of disorder and mobility of water molecules within 97 

the product structure, thereby indicating the strength and nature of water–solid interactions. In 98 

contrast, Gibbs free energy serves as a thermodynamic indicator for assessing the spontaneity and 99 
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feasibility of moisture removal and associated physicochemical reactions during drying. As 100 

highlighted by Wanderley et al., variations in Gibbs free energy can be used to determine whether 101 

moisture transfer processes occur spontaneously under given drying conditions (Wanderley et al., 102 

2023). 103 

Despite the growing body of research on ultrasound-assisted drying technologies, studies 104 

specifically addressing the application of ultrasound pretreatment prior to infrared drying of Malva 105 

sylvestris leaves remain scarce. In particular, limited attention has been given to the combined 106 

effects of ultrasound exposure and infrared temperature on drying kinetics, thermodynamic 107 

characteristics, and key quality attributes such as color stability and rehydration capacity. 108 

Therefore, the present study aims to systematically investigate the influence of ultrasound 109 

pretreatment duration (0, 5, and 10 min) and infrared drying temperature (40, 45, and 50 °C) on 110 

the drying kinetics of mallow leaves. Additionally, the study evaluates effective moisture 111 

diffusivity, thermodynamic parameters (activation energy, enthalpy, entropy, and Gibbs free 112 

energy), and quality attributes including color parameters and rehydration ratio. The findings are 113 

expected to provide valuable insights for the development of energy-efficient and 114 

quality-preserving drying strategies for medicinal and aromatic plant materials. 115 

In this study, we have expanded the discussion of prior studies on ultrasound-assisted drying, 116 

infrared drying, and their combinations in food and medicinal plant processing. For example, 117 

recent work on infrared drying of pretreated Ginkgo seed slices demonstrated that ultrasound 118 

pretreatment can significantly improve mass transfer, drying rate, moisture diffusivity, and specific 119 

energy consumption, while reducing drying time, thereby confirming the feasibility of sequential 120 

ultrasound–infrared processing for commercial applications (Boateng & Yang, 2021). In addition, 121 

recent review studies have highlighted the growing interest in novel physical-field drying 122 
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techniques for medicinal herbs, including infrared and acoustic/ultrasonic approaches, while also 123 

noting that process-specific thermodynamic interpretation and energy analysis remain 124 

insufficiently addressed in many plant-based systems. Based on this literature, the novelty of the 125 

present study has been clarified as follows:  126 

• the simultaneous evaluation of drying kinetics, color quality, rehydration behavior, 127 

thermodynamic parameters, and specific energy consumption in mallow leaves.  128 

• the specific focus on a high-moisture medicinal leafy matrix, which is less frequently 129 

investigated than fruits or seeds.  130 

• the integration of ultrasound pretreatment with infrared drying under controlled 131 

experimental conditions. 132 

• and the use of response surface methodology to identify not only optimum conditions but 133 

also a practical operating window. 134 

 135 

These additions make clear that the main contribution of the study is not merely the application of 136 

ultrasound-assisted infrared drying, but the quantitative linkage of pretreatment intensity, drying 137 

behavior, energy demand, and thermodynamic evolution in mallow leaves. 138 

2.  MATERIALS AND METHODS 139 

2.1. Drying procedure  140 

Fresh mallow (Malva sylvestris L.) plants used in this study were collected from agricultural areas 141 

located in the vicinity of Urmia, West Azerbaijan Province, Iran. The plant material was formally 142 

identified by Dr. Abolfazl Akhoundzadeh Yamchi, Department of Biosystems, Urmia University. 143 

A voucher specimen was deposited in the public herbarium of Urmia University (Herbarium code: 144 
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HUK62) under the accession number HUK-2156. The collection permit was obtained from the 145 

[relevant authority, e.g., Natural Resources and Watershed Management Organization of West 146 

Azerbaijan Province under permit number 1404/382/91. All collection activities complied with 147 

national and local regulations. The species Malva sylvestris L. is not listed as endangered under 148 

the IUCN Red List or CITES appendices. 149 

Immediately after harvesting, the plant material was manually inspected and cleaned to remove 150 

soil particles, damaged tissues, and other foreign materials. Subsequently, intact and pest-free 151 

leaves were carefully separated and selected for the experiments. To minimize microbial growth 152 

and physiological degradation prior to processing, the prepared samples were stored under 153 

refrigerated conditions at 4 °C until further use (Akhoundzadeh Yamchi, Yeganeh, & 154 

Kouchakzadeh, 2019). 155 

At the beginning of the experimental procedure, the initial moisture content of the mallow leaves 156 

was determined using the standard oven-drying method. Representative samples were dried in a 157 

forced-convection oven at 105 ± 1 °C until a constant weight was reached (Tagnamas et al., 2020). 158 

The moisture content was subsequently calculated and expressed on a dry basis (g water per g dry 159 

matter) according to Equation (1) (Khallaf & El-Sebaii, 2022). Based on these measurements, the 160 

average initial moisture content of the fresh mallow leaves was determined to be 2.2 ± 0.1 kg water 161 

per kg dry matter. 162 

O f

db

f

M M
M

M

−
=  

(1) 

Drying experiments were performed using a laboratory-scale infrared dryer (Model GC400, Grok 163 

Iran Engineering and Design Co., Iran) designed for the dehydration of medicinal and aromatic 164 

plant materials. The dryer is equipped with a localized radiant heating system, high thermal 165 
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efficiency, and a programmable control unit that allows accurate regulation of temperature and 166 

relative humidity. Infrared heating was supplied by four near-infrared (NIR) halogen lamps, each 167 

rated at 250 W, arranged to provide relatively uniform irradiation over the sample surface and to 168 

ensure controlled effects on drying behavior and final product quality. 169 

Before drying, mallow leaves were subjected to ultrasound pretreatment at three exposure times: 170 

0 min (control), 5 min, and 10 min. An airborne ultrasonic system (Zagros Ultrasound Co., Iran), 171 

operating at 20 kHz with a nominal power output of 20 kW, was used to promote moisture 172 

migration through acoustic cavitation and microstructural alterations within the leaf tissue. For 173 

each experimental run, approximately 50.0 ± 0.1 g of pretreated leaves were spread uniformly in a 174 

thin layer on a perforated stainless-steel tray (25 × 25 cm) and placed 20 cm below the infrared 175 

lamps. 176 

The sample mass was monitored throughout drying using a high-precision digital balance with an 177 

accuracy of ±0.001 g, connected to a computer for automatic data acquisition at 20-min intervals. 178 

Prior to each run, the dryer was preheated to reach stable operating conditions and minimize 179 

thermal fluctuations during the experiment. Drying trials were carried out at three air temperatures 180 

(40, 45, and 50 °C), and each treatment combination was performed in triplicate. The drying 181 

process was continued until the sample moisture content reached approximately 10% on a wet 182 

basis. Moisture content and drying rate were then calculated using Equations (2) and (3), 183 

respectively (Rostami Gharkhloo, Sharifian, Rahimi, & Akhoundzadeh Yamchi, 2022; Sharifian, 184 

Gharkhloo, Yamchi, & Kaveh, 2023). 185 

 186 
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0

e t

t

m m
MR

m m

−
=

−
 

(2) 

t dt tM M
DR

t
+ −

=


 (3) 

In these equations, Mt represents the moisture content (% w.b.) at drying time t, M0 denotes the 187 

initial moisture content (% w.b.), and Me corresponds to the equilibrium moisture content (% w.b.). 188 

Moreover, Mt and Mt+Δt indicate the moisture contents measured at times t and t+Δt, respectively. 189 

To evaluate color alterations induced by the drying process, five mallow leaves were randomly 190 

selected from each treatment in both fresh and dried states. Color measurements were performed 191 

using a portable digital colorimeter (CR-400, Konica Minolta, Japan). The analysis was conducted 192 

under all experimental conditions, including infrared drying temperatures of 40, 45, and 50 °C 193 

combined with ultrasound pretreatment durations of 0 min (control), 5 min, and 10 min. Color 194 

parameters were recorded in the CIELAB color space, expressed as L* (lightness; 0 = black and 195 

100 = white), a* (green [–] to red [+]), and b* (blue [–] to yellow [+]) (Rostami Gharkhloo et al., 196 

2022). Prior to each set of measurements, the colorimeter was calibrated using the 197 

manufacturer-supplied black and white standard tiles to ensure measurement accuracy and 198 

repeatability. Based on the measured L*, a*, and b* values, chroma (C), total color difference (ΔE), 199 

and browning index (BI) were subsequently calculated using Equations (4)–(7), following the 200 

procedure described by Qing et al. (2023). 201 

 202 

 203 

( )2 2C a b= +
 

(4) 
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( ) ( ) ( )2 2 2* * * * * *
0 0 0E L L a a b b = − + − + −

 

(5) 

* *

* * *

1.75

5.645 0.3012

a L
X

L a b

+
=

+ −  

(6) 

( )100 0.31

0.17

X
BI

 −
=

 

(7) 

 204 

2.2. Rehydration ratio (RR) 205 

The rehydration capacity of dried mallow leaves was determined following the procedure reported 206 

by Doymaz (2017). For each treatment, approximately 2.5 g of dried sample was immersed in 207 

300 mL of distilled water and subjected to rehydration at two temperatures: 25 °C (ambient 208 

conditions) and 65 °C (elevated temperature). The rehydration process was allowed to proceed for 209 

300 min to ensure sufficient water absorption by the dried tissues. 210 

At the end of the rehydration period, the samples were carefully removed from the water and gently 211 

blotted with absorbent paper to eliminate excess surface moisture. The rehydrated samples were 212 

then immediately weighed using a digital analytical balance. The rehydration ratio (RR), which 213 

reflects the ability of the dried material to absorb water and recover its structure, was subsequently 214 

calculated according to Equation (8), as described by Chikpah et al. (2022). 215 

1

2

W

W
RR =  

(8) 

where W1 represents the weight of the rehydrated sample (g) and W2 denotes the weight of the dry 216 

sample (g). 217 

2.3. Effective Moisture Diffusion Coefficient (Deff) 218 
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The determination of effective moisture diffusivity is a key component in modeling the drying 219 

kinetics of food and other hygroscopic materials, since it is strongly influenced by both the drying 220 

temperature and the moisture content (or relative humidity) of the material. Moisture migration 221 

during the falling-rate period of drying can be adequately described using Fick’s second law of 222 

diffusion under unsteady-state conditions. Therefore, Fick’s second law, expressed in Equation 223 

(9), was applied to model the internal moisture transfer during the drying process (Öztekin et al., 224 

2022). 225 

 226 

eff eff eff

M M M M
D D D

t x x y y z z

          = + +              
 

(9) 

Fick’s second law of diffusion is widely acknowledged as an appropriate mathematical framework 227 

for characterizing moisture migration during the falling-rate drying period of agricultural products. 228 

To analytically solve the diffusion equation, several standard simplifying assumptions were 229 

adopted: the material was modeled as an infinite slab with one-dimensional mass transfer, the 230 

initial moisture distribution was assumed to be uniform, and internal moisture diffusion within the 231 

solid matrix was designated as the primary resistance to mass transfer, thereby neglecting external 232 

convective resistance (Crank, 1979). Consequently, the effective moisture diffusivity (Deff) was 233 

determined by applying the diffusion solution for a slab geometry, as delineated in Equations (10)–234 

(12) (Tagnamas et al., 2020). 235 

( )
( )2 2

2 2
0

2 18 1
exp

2 1 4
eff

n

n D t
MR

n L






=

 +
 = −
 +  


 

(10) 

2

2 2

8
exp

4
effD t

MR
L




 
= −  

 
 

(11) 
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2

24
effD

k
L


=

 

(12) 

 236 

where MR denotes the moisture ratio of Mallow leaves (d.b.), L  represents the half-thickness of 237 

the sample (m), and Deff  is the effective diffusion coefficient (m².s-1). 238 

2.4. Activation energy and thermodynamic characteristics 239 

The drying kinetics of hygroscopic plant materials are fundamentally governed by their intrinsic 240 

moisture-binding characteristics. In this context, activation energy (Ea) serves as a critical 241 

parameter for quantifying the energy barrier associated with moisture desorption. 242 

Thermodynamically, it represents the minimum energy input required to initiate the removal of 243 

one mole of water from the material matrix under conditions of constant moisture content and 244 

chemical composition (Fang et al., 2009). 245 

The temperature sensitivity of the effective moisture diffusivity (Deff) is traditionally characterized 246 

using the Arrhenius relationship, as expressed in Equation (13) (Okunola et al., 2023). By applying 247 

a logarithmic transformation to this expression (Equation 14), a linear relationship is established. 248 

Consequently, plotting ln(Deff) against the reciprocal of absolute temperature (1/T) yields a linear 249 

plot; the slope of this line (K) is subsequently utilized to calculate the activation energy, as detailed 250 

in Equation (15) (Kalantari et al., 2023). 251 

( )0 exp
273.15

a
eff

E
D D

R T

 
= −  + 

 

(13) 

0ln ln a
eff

E
D D

RT
= −

 

(14) 
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aE
K

R

 =  
   

(15) 

where Ea denotes the activation energy (kJ·mol⁻¹), D0 represents the pre-exponential factor or the 252 

effective moisture diffusivity at infinite temperature (m²·s⁻¹), T is the absolute drying temperature 253 

(K), and R is the universal gas constant (8.314 J·mol⁻¹·K⁻¹). Furthermore, to provide a 254 

comprehensive understanding of the drying energetics, the fundamental thermodynamic 255 

parameters — specifically the changes in entropy (ΔS), Gibbs free energy (ΔG), and enthalpy (ΔH) 256 

— were determined. These parameters were calculated based on the derived activation energy (Ea) 257 

and the absolute temperature using Equations (16)–(18), following the methodology established 258 

by EL-Mesery et al. (2022) and Rashid et al. (2022). 259 

RTEH a −=
 

(16) 












=

B

p

KT

hk
TRG ln

 

(17) 

T

GH
S

−
=

 

(18) 

 260 

where ΔH represents the enthalpy change (kJ·mol⁻¹), ΔS denotes the entropy change 261 

(kJ·mol⁻¹·K⁻¹), and ΔG corresponds to the Gibbs free energy change (kJ·mol⁻¹). In addition, hp 262 

represents Planck’s constant (6.626 × 10⁻³⁴ J·s), while kb denotes Boltzmann’s constant (1.381 × 263 

10⁻²³ J·K⁻¹). 264 

2.5. Specific Energy Consumption (SEC) 265 

In ultrasound-assisted infrared drying, the specific energy consumption (SEC) is defined as the 266 

total amount of energy required to remove one kilogram of water from mallow leaves. Therefore, 267 
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improving the economic efficiency of the drying process is closely associated with minimizing the 268 

SEC. The total energy input during the drying process consists of two main components: (1) the 269 

electrical energy consumed by the infrared dryer and (2) the energy supplied by the ultrasound 270 

generator during the pretreatment stage. Accordingly, the specific energy consumption associated 271 

with infrared drying (SECInf) was calculated using Equation (19), following the approach reported 272 

by Li et al. (2022). 273 

inf

0 e

W
SEC

M M


=

−
 (19) 

 274 

where ΔW denotes the total electrical energy consumption for drying (k.Wh), and M0 and Me 275 

represent the initial and final masses of the samples (kg), respectively. The ultrasound power was 276 

calculated according to Equation (20). (Jafari & Zare, 2017). 277 

 278 

cosUP UI=   (20) 

 279 

where U (V) represents the applied voltage, I (A) the current supplied to the ultrasonic generator, 280 

and cosϕ the power factor, assumed to be 0.8. The energy consumption of the ultrasound device 281 

was calculated using Equation (21) (Abdoli, Zare, Jafari, & Chen, 2018). 282 

 283 

0

.
Ult

e

UP t
SEC

M M
=

−
 (21) 

 284 
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where SECUlt denotes the specific energy consumption of the ultrasonic device (kWh·kg⁻¹), M0 285 

and Me refer to the initial and final sample masses (kg), respectively, and the overall specific 286 

energy consumption is obtained from Equation (22).( Abdoli et al., 2018; Jafari & Zare, 2017) 287 

Total Inf UltSEC SEC SEC= +  (22) 

3.  where SECTotal denotes the overall specific energy consumption of a drying system 288 

incorporating ultrasound pretreatment (kWh.kg⁻¹). 289 

2.6. Statistical Analysis 290 

All experiments were performed in three replicates, and the results were expressed as mean ± 291 

standard deviation. Data were analyzed using one-way analysis of variance (ANOVA). To 292 

determine the significance of differences between the means of the treatments, Tukey’s post-hoc 293 

test was applied at a significance level of p<0.05. All statistical procedures were carried out using 294 

SPSS software (version 26.0). 295 

We have clarified the statistical analysis section in greater detail. The experimental data were 296 

analyzed using analysis of variance (ANOVA) to determine the significance of the effects of 297 

drying temperature and ultrasound pretreatment time, as well as their interaction, on the measured 298 

responses. Because the study involved two independent factors—drying temperature and 299 

ultrasound pretreatment duration—a two-way ANOVA was the appropriate statistical approach 300 

for evaluating: 301 

• the main effect of drying temperature, 302 

• the main effect of ultrasound pretreatment time, 303 

• and the interaction effect between the two factors. 304 
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When significant differences were detected, a post hoc mean comparison test was used to separate 305 

group means. In this Study, we have specified the exact multiple-comparison procedure used in 306 

the study and indicated the significance level applied. We also clarified that statistical analysis was 307 

employed to assess the reliability of differences among treatment combinations for drying time, 308 

SEC, color parameters, rehydration ratio, effective moisture diffusivity, and thermodynamic 309 

parameters. 310 

 311 

4.  Results and Discussion 312 

Figure 1 depicts the drying kinetics of mallow leaves subjected to infrared drying at three 313 

temperature levels (40, 45, and 50 °C) in combination with different ultrasound pretreatment 314 

durations (0, 5, and 10 min). As illustrated, both increasing the drying temperature and prolonging 315 

the ultrasound pretreatment markedly shortened the overall drying time. The reduction in drying 316 

duration at elevated temperatures can be explained by several interacting mechanisms. Higher 317 

temperatures reduce the latent heat required for water evaporation and simultaneously increase the 318 

kinetic energy of water molecules within the plant matrix. These effects enhance the internal–319 

external temperature gradient and intensify heat and mass transfer, thereby accelerating moisture 320 

removal during the drying process (Beigi, 2019). In addition, longer ultrasound pretreatment 321 

promotes structural modifications within the mallow leaf tissue through the formation of 322 

microchannels and microscopic disruptions in cell walls. Such structural changes facilitate the 323 

migration of intracellular moisture toward the surface, ultimately enhancing evaporation and 324 

further reducing the total drying time. 325 
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The influence of ultrasound pretreatment on the drying rate of mallow leaves is presented in Figure 326 

2. Increasing the duration of ultrasound pretreatment led to a noticeable enhancement in the drying 327 

rate, primarily due to its facilitative effect on moisture release from the leaf matrix. As shown in 328 

the figure, the drying rate reached its maximum during the initial stage of the process. This 329 

behavior is attributed to the presence of abundant free moisture on the surface of the fresh leaves, 330 

which can evaporate rapidly when exposed to thermal energy. Consequently, the initial portion of 331 

the drying curve exhibits a steep slope, reflecting a rapid rate of moisture removal. As the drying 332 

process proceeds, however, the rate gradually decreases and moisture removal becomes 333 

progressively slower. This pattern indicates that a significant proportion of moisture loss occurs 334 

during the early stages of drying, when surface evaporation dominates the process (Öztekin et al., 335 

2022; Tiliwa et al., 2022). In the later stages, the drying mechanism shifts to the falling‑rate period. 336 

At this point, most of the readily available surface moisture has already evaporated, and further 337 

moisture removal becomes governed primarily by internal diffusion. The increasing resistance to 338 

moisture migration from the interior of the tissue to the surface consequently results in a 339 

pronounced decline in the drying rate (EL‑Mesery et al., 2022). 340 

Figure 3 presents the total drying time of mallow leaves under different infrared drying 341 

temperatures (40, 45, and 50 °C) combined with varying ultrasound pretreatment durations. The 342 

longest drying time was observed for samples dried at 40 °C without ultrasound pretreatment 343 

(control), whereas the shortest drying duration occurred at 50 °C with a 10 min ultrasound 344 

pretreatment. This outcome clearly demonstrates the synergistic effect of higher infrared 345 

temperature and ultrasound pretreatment in accelerating moisture removal and improving the 346 

overall efficiency of the drying process. 347 

 348 
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FIGURE 1 Drying kinetic curves of mallow leaves at different drying temperatures and 349 

ultrasound pretreatment durations. 350 

 351 

FIGURE 2 Drying rate curves of mallow leaves at different drying temperatures and ultrasound 352 

pretreatment durations. 353 

 354 

FIGURE 3 Three-dimensional response surface plots showing the effects of drying temperature 355 

and ultrasound treatment duration on the drying time of mallow leaves. 356 

 357 

The results of the analysis of variance (ANOVA) revealed that both drying temperature and 358 

ultrasonic pretreatment duration exerted statistically significant effects on drying time at the 1% 359 

probability level (p<0.01p < 0.01p<0.01). Moreover, the interaction between these two factors was 360 

also significant, indicating that their combined influence on drying behavior was not merely 361 

additive. 362 

An increase in drying temperature or extension of ultrasonic pretreatment duration individually 363 

resulted in a pronounced reduction in total drying time. From a mechanistic perspective, higher 364 

infrared temperatures intensify the thermal driving force for moisture evaporation, while 365 

ultrasound pretreatment induces microstructural alterations—such as cell wall disruption and the 366 

formation of microscopic channels—that reduce internal mass transfer resistance. The concurrent 367 

action of enhanced thermal gradients and improved moisture diffusivity within the plant matrix 368 

appears to generate a synergistic effect, thereby accelerating water removal and significantly 369 

shortening the drying process (Table 1). 370 
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 371 

Table 1 Analysis of variance for the drying time of mallow leaves at different drying 372 

temperatures and ultrasound pretreatment durations. 373 

 374 

 375 

Color is widely recognized as one of the most important quality attributes influencing consumer 376 

perception and acceptance of food products. As a primary visual indicator of freshness and quality, 377 

the preservation of natural color during processing is essential, since any noticeable discoloration 378 

may negatively affect product appeal. In this context, the total color difference (ΔE) is commonly 379 

used to quantify the extent of color change relative to the fresh material. In the present study, the 380 

average values of chroma, browning index (BI), and total color difference ranged from 23.40 to 381 

29.24, 80.37 to 144.40, and 8.15 to 97.74, respectively, depending on the applied drying 382 

conditions. 383 

As illustrated in Figure 4, chroma values gradually decreased with increasing drying temperature 384 

and shorter ultrasound pretreatment durations. In contrast, both ΔE and the browning index 385 

increased under these conditions, indicating more pronounced color degradation at higher 386 

temperatures and in the absence of sufficient ultrasound pretreatment. The lowest levels of color 387 

change and browning were recorded at 40 °C with 10 min of ultrasound pretreatment, suggesting 388 

that this combination of parameters provides more favorable conditions for preserving the natural 389 

color of mallow leaves. 390 

The development of browning during drying can largely be attributed to enzymatic oxidation and 391 

non-enzymatic reactions such as the Maillard reaction, both of which contribute to the formation 392 
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of brown pigments. These reactions are strongly temperature dependent, and elevated temperatures 393 

accelerate the formation of darker compounds during thermal processing (Macedo et al., 2020). In 394 

contrast, the highest chroma value was observed at 40 °C with 10 min of ultrasound pretreatment, 395 

indicating a better retention of color saturation and visual intensity under relatively mild drying 396 

conditions. Chroma reflects the purity and vividness of color; therefore, higher chroma values 397 

generally correspond to less pigment degradation and improved preservation of natural plant 398 

pigments (Zzaman et al., 2021). The decline in chroma at higher drying temperatures is likely 399 

associated with the thermal degradation of heat-sensitive pigments, particularly carotenoids and 400 

chlorophyll derivatives present in mallow leaves (Figure 5). 401 

 402 

FIGURE 4 Effect of ultrasound pretreatment prior to infrared drying on the color change of 403 

mallow leaves. 404 

FIGURE 5 Three-dimensional response surface plots showing the effects of drying temperature 405 

and ultrasound treatment duration on the color change of mallow leaves. 406 

 407 

The rehydration ratio (RR) is considered one of the most important quality indicators of dried 408 

foods, as it reflects the ability of the dehydrated material to absorb water and partially recover its 409 

original structural and physicochemical properties after drying. Moreover, RR provides valuable 410 

insight into the extent of cellular disruption and tissue damage induced during the dehydration 411 

process (Ayala-Aponte et al., 2021). 412 

Figure 6 illustrates the mean rehydration ratio values of dried mallow leaves as affected by drying 413 

temperature, rehydration water temperature, and ultrasound pretreatment duration. The highest RR 414 

was obtained for samples dried at 50 °C, rehydrated in distilled water at 65 °C, and pretreated with 415 
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ultrasound for 10 min. This finding indicates that the combined application of relatively higher 416 

drying temperatures and prolonged ultrasound pretreatment improved the rehydration behavior of 417 

the dried tissue. Ultrasound treatment likely enhanced the formation of microscopic channels and 418 

porous structures within the leaf matrix, thereby facilitating subsequent water penetration during 419 

rehydration. In addition, drying at higher temperatures may have promoted the development of a 420 

more open internal structure with lower resistance to moisture absorption, as previously reported 421 

for similar plant materials (Lin et al., 2023). 422 

In contrast, the lowest rehydration ratio was observed in samples dried at 40 °C, rehydrated at 423 

25 °C, and subjected to no ultrasound pretreatment (control treatment). The inferior rehydration 424 

performance under these conditions may be attributed to restricted water diffusion at lower 425 

rehydration temperatures together with reduced tissue porosity and partial structural collapse 426 

caused by the absence of ultrasound-induced microstructural modification (Izli & Polat, 2019). 427 

As shown in Figure 7, the rehydration capacity of mallow leaves at 65 °C was substantially higher 428 

than that obtained at 25 °C. Elevated rehydration temperatures enhance molecular mobility and 429 

improve water diffusion into the dried matrix by increasing cell wall permeability and softening 430 

plant tissues. These effects collectively facilitate faster and more extensive moisture absorption, 431 

resulting in improved rehydration performance (Doymaz, 2017). 432 

 433 

 434 

FIGURE 6 Effect of ultrasound pretreatment prior to infrared drying on the rehydration ratio of 435 

mallow leaves. 436 

 437 
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FIGURE 7 Three-dimensional response surface plots showing the effects of drying temperature 438 

and ultrasound treatment duration on the rehydration ratio of mallow leaves. 439 

 440 

Figure 8 illustrates the effect of drying temperature and ultrasound pretreatment duration on the 441 

average effective moisture diffusivity (Deff) of mallow leaves during infrared drying. The results 442 

clearly demonstrate that both increasing the drying temperature and prolonging the ultrasound 443 

pretreatment significantly enhanced the effective moisture diffusivity. This behavior can be 444 

explained by the intensified internal moisture migration resulting from higher thermal energy and 445 

the structural alterations induced by ultrasound treatment. Elevated temperatures increase 446 

molecular mobility and reduce the viscosity of liquid water within the plant matrix, thereby 447 

facilitating moisture movement toward the product surface. Simultaneously, ultrasound 448 

pretreatment promotes the formation of microscopic channels and capillary pathways within the 449 

leaf tissue, which reduce internal resistance to mass transfer and accelerate moisture diffusion 450 

(Beigi, 2019). 451 

Consistent with this mechanism, samples subjected to ultrasound pretreatment exhibited higher 452 

Deff values compared with the untreated control samples. As presented in Figure 9, the highest 453 

effective moisture diffusivity was obtained at a drying temperature of 50 °C combined with a 454 

10 min ultrasound pretreatment. Under these conditions, Deff values ranged from 2.39×10−7 to 455 

8.68×10−7 m²·s⁻¹. These results fall within the typical range reported for agricultural and 456 

plant-based materials, where effective moisture diffusivity generally varies between 10−12 and 10−7 457 

m²·s⁻¹ depending on the product type, structure, and drying conditions (Jha & Sit, 2020). 458 

 459 
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FIGURE 8 Effect of ultrasound pretreatment prior to infrared drying on the effective moisture 460 

diffusivity (Deff) of mallow leaves. 461 

 462 

FIGURE 9 Three-dimensional response surface plots showing the effects of drying temperature 463 

and ultrasound treatment duration on the effective moisture diffusivity (Deff) of mallow leaves. 464 

 465 

The activation energy (Ea) associated with moisture diffusion was determined using the Arrhenius 466 

relationship by plotting ln(Deff) against the reciprocal of absolute temperature (1/T). The value of Ea was 467 

subsequently calculated from the slope of the resulting linear regression. Activation energy represents the 468 

minimum energy required to initiate moisture migration from the internal structure of a material during the 469 

drying process and is therefore an important indicator of the resistance to moisture transport within the 470 

product matrix. For most food materials, reported activation energy values typically range between 12.7 471 

and 110 kJ·mol⁻¹ (Chikpah et al., 2022). 472 

In the present study, mallow leaves dried by infrared radiation at temperatures between 40 and 473 

50 °C, combined with ultrasound pretreatment durations ranging from 0 to 10 min, exhibited 474 

activation energy values between 86.32 and 73.73 kJ·mol⁻¹ (Figure 10). Notably, a gradual 475 

decrease in Ea was observed with increasing ultrasound pretreatment duration. This trend indicates 476 

that ultrasonic pretreatment facilitates moisture diffusion by inducing microstructural 477 

modifications within the leaf tissue, such as the formation of microscopic channels and partial 478 

disruption of cell walls. These structural changes reduce internal mass transfer resistance, allowing 479 

moisture to migrate more readily toward the surface during drying. Consequently, the energy 480 
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barrier associated with moisture movement is lowered, leading to a reduction in the activation 481 

energy required for water removal. 482 

 483 

 484 

FIGURE 10 Activation energy plot for the infrared drying of mallow leaves under different 485 

ultrasound pretreatment conditions. 486 

 487 

Table 2 summarizes the thermodynamic parameters, including enthalpy change (ΔH), entropy 488 

change (ΔS), and Gibbs free energy change (ΔG), determined for mallow leaves subjected to 489 

different infrared drying temperatures and ultrasound pretreatment durations. The results revealed 490 

that both ΔH and ΔS decreased progressively with increasing drying temperature (40–50 °C) and 491 

longer ultrasound exposure times, whereas ΔG exhibited an increasing trend under the same 492 

conditions. 493 

From a thermodynamic perspective, the enthalpy change (ΔH) reflects the energy required to 494 

remove bound water molecules from the food matrix and is therefore associated with the strength 495 

of water–solid interactions. Higher ΔH values indicate stronger moisture binding within the 496 

cellular structure, requiring greater energy input for moisture evaporation during drying (da Silva 497 

et al., 2020). In agreement with this interpretation, samples dried at lower temperatures exhibited 498 

comparatively higher ΔH values, suggesting that more energy was needed to disrupt the stronger 499 

interactions between water molecules and the plant matrix at reduced thermal conditions (Figure 500 

11). As drying progressed and moisture content decreased, the remaining water became 501 
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increasingly bound to the solid structure, thereby increasing the energetic requirement for its 502 

removal. 503 

Entropy change (ΔS) provides insight into the degree of molecular disorder and the mobility of 504 

water molecules within the product matrix, thereby reflecting the nature of water–solid interactions 505 

during drying (de Oliveira et al., 2013; Yogendrarajah et al., 2015). In the present study, the decline 506 

in ΔS with increasing drying temperature and prolonged ultrasound pretreatment closely paralleled 507 

the trend observed for ΔH. This behavior suggests a reduction in molecular randomness and lower 508 

mobility of residual moisture as the drying process advanced. Furthermore, the negative entropy 509 

values obtained in this study may indicate reduced translational and rotational freedom associated 510 

with the formation of activated complexes during moisture diffusion. Such behavior has also been 511 

linked to structural rearrangements and physicochemical changes occurring within biological 512 

materials during dehydration (Alves et al., 2021; Öztekin et al., 2022). 513 

The Gibbs free energy change (ΔG) is commonly used to evaluate the thermodynamic spontaneity 514 

of the drying process, which fundamentally involves water evaporation as a physicochemical 515 

transformation. A negative ΔG value indicates that the process proceeds spontaneously, whereas 516 

positive values imply that continuous external energy is required to sustain moisture removal 517 

(Sarpong et al., 2022). In the current study, ΔG values ranged from 60.15 to 62.89 kJ·mol⁻¹ across 518 

all experimental conditions involving drying temperatures of 40–50 °C and ultrasound 519 

pretreatment durations of 0–10 min. The consistently positive ΔG values confirm that infrared 520 

drying of mallow leaves is a non-spontaneous process and therefore depends on a continuous 521 

supply of external thermal energy to maintain moisture evaporation. 522 

 523 

 524 
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Table 2 Thermodynamic properties of mallow leaves during infrared drying with ultrasound 525 

pretreatment. 526 

 527 

 528 

FIGURE 11 Three-dimensional response surface plots showing the effects of drying 529 

temperature and ultrasound treatment duration on the thermodynamic properties of mallow 530 

leaves. 531 

 532 

The specific energy consumption (SEC) associated with the infrared drying of mallow leaves under 533 

different experimental conditions is presented in Figure 12. The results indicate a clear influence 534 

of both drying temperature and ultrasound pretreatment duration on the overall energy requirement 535 

of the process. As anticipated, the lowest SEC value was recorded at the highest drying temperature 536 

(50 °C) combined with the longest ultrasound pretreatment duration (10 min), highlighting the 537 

beneficial role of these parameters in improving the energy efficiency of the drying operation. 538 

An increase in drying temperature resulted in a noticeable reduction in SEC. This behavior can be 539 

attributed to the effective mode of heat transfer associated with infrared radiation, which penetrates 540 

directly into the product matrix and promotes rapid internal heating. Such direct energy transfer 541 

enhances moisture migration from the interior of the leaf tissue toward the surface, thereby 542 

accelerating evaporation and substantially reducing the total drying time. As a consequence, the 543 

overall energy consumption required to remove a unit mass of water decreases under higher 544 

temperature conditions (Lin et al., 2023). 545 
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In addition, samples subjected to ultrasound pretreatment consistently exhibited lower SEC values 546 

compared with untreated control samples. This improvement can be linked to the structural 547 

modifications induced by ultrasonic waves. Acoustic cavitation generates microscopic bubbles 548 

that collapse violently within the liquid medium, producing localized mechanical forces and 549 

pressure fluctuations. These phenomena lead to the formation of microchannels and increased 550 

porosity within the plant tissue. The resulting structural alterations reduce internal mass transfer 551 

resistance and facilitate more efficient moisture transport during drying. Consequently, moisture 552 

removal occurs more rapidly, leading to a measurable reduction in the overall energy demand of 553 

the drying process. 554 

 555 

 556 

FIGURE 12 Specific energy consumption during infrared drying of mallow leaves with 557 

ultrasound pretreatment. 558 

Figure 13 presents the optimization of the independent variables, namely drying temperature and 559 

ultrasound pretreatment time, based on their combined effects on key response variables including 560 

drying time, specific energy consumption (SEC), effective moisture diffusivity (Deff), color 561 

attributes, rehydration ratio (RR), and the thermodynamic parameters (enthalpy, Gibbs free energy, 562 

and entropy) of dried mallow leaves. During the optimization procedure, all response variables 563 

were assigned equal importance and weight in order to identify a balanced set of processing 564 

conditions that simultaneously improve product quality and process efficiency. 565 

Based on the defined optimization criteria, Figure 14 illustrates the predicted solutions 566 

corresponding to the highest desirability values. In desirability-based optimization, values 567 
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approaching 1 indicate more favorable and optimal operating conditions. The results show that 568 

applying the optimized processing parameters leads to a product characterized by reduced drying 569 

time, lower specific energy consumption, minimized color deterioration, and lower enthalpy and 570 

entropy values, while simultaneously maximizing effective moisture diffusivity (Deff), rehydration 571 

capacity (RR), and Gibbs free energy. 572 

According to the model predictions, the optimal conditions for drying mallow leaves were 573 

identified as infrared drying at a temperature of 49.27 °C combined with an ultrasound 574 

pretreatment duration of 10 min. Under these optimized conditions, the predicted values for drying 575 

time, SEC, Deff, color parameters (ΔE, BI, and chroma), rehydration ratio at 65 °C and 25 °C, 576 

enthalpy, Gibbs free energy, and entropy were 61.88 min, 33.81 kWh·kg⁻¹, 7.7×10−7 m²·s⁻¹, 577 

(13.46, 106.1, and 4.54), (4.6 and 4.50), 37.77 kJ·mol⁻¹, 62.74 kJ·mol⁻¹, and −77.39 kJ·mol⁻¹, 578 

respectively. 579 

 580 

FIGURE 13 Numerical optimization of drying time, specific energy consumption, color change, 581 

rehydration ratio, enthalpy, Gibbs free energy, and entropy for mallow leaves dried by infrared 582 

drying with ultrasound pretreatment. 583 

The overall desirability value obtained for the selected optimal conditions was 0.713. Although 584 

the specific combination of a drying temperature of 49.27 °C and an ultrasound pretreatment time 585 

of 10 min was identified as the optimum point based on the highest desirability score, the 586 

desirability surface presented in Figure 13 indicates the existence of a broader optimal region 587 

around this point. Within this region, different combinations of drying temperature and sonication 588 

time are predicted to yield comparatively high and practically acceptable response values. 589 
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This behavior is consistent with the fundamental principles of response surface methodology 590 

(RSM), in which the optimization outcome is generally interpreted not only as a single numerical 591 

point, but also as a feasible operating window. The presence of such an optimal region is expected 592 

because the fitted response functions are continuous and are influenced by experimental 593 

variability, model uncertainty, and approximation errors. Therefore, from a practical processing 594 

perspective, the identified optimum should be regarded as a robust operating condition rather than 595 

an isolated point. This interpretation agrees with RSM theory, which emphasizes the identification 596 

of reliable and applicable process ranges for industrial or laboratory implementation (Keramat 597 

et al., 2025; Myers et al., 2016). 598 

 599 

FIGURE 14 Optimized desirability values for input variables, response variables, and overall 600 

desirability of mallow leaves dried by infrared drying with ultrasound pretreatment. 601 

 602 

 603 

Our results showed that increasing drying temperature and ultrasound pretreatment duration 604 

significantly reduced SEC. This trend is consistent with the fundamental principle that ultrasound 605 

pretreatment can alter tissue microstructure, create microchannels, and reduce internal resistance 606 

to moisture migration, thereby shortening drying time and lowering the energy required per unit 607 

mass of removed water. Similar behavior has been reported in infrared drying of pretreated 608 

agricultural products, where ultrasound-assisted pretreatment improved drying performance and 609 

reduced energy demand (Boateng & Yang, 2021). 610 
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From a practical standpoint, the significance of these findings is twofold. First, reducing SEC is 611 

economically important because drying is one of the most energy-intensive unit operations in food 612 

and medicinal herb processing. Second, lowering SEC while preserving quality attributes is 613 

especially valuable for heat-sensitive medicinal plants such as mallow, where excessive thermal 614 

exposure may compromise pigments, bioactive compounds, and rehydration behavior. 615 

A more detailed discussion emphasizing that the observed SEC reduction is not only a process 616 

advantage but also a sustainability-relevant outcome. The revised discussion now situates the 617 

present results within the broader context of energy-efficient dehydration technologies and the 618 

ongoing transition toward low-energy postharvest processing systems. 619 

 620 

5.  Conclusions 621 

Increasing the drying temperature (40–50 °C) and ultrasound pretreatment duration (0–10 min) 622 

significantly reduced drying time and specific energy consumption (SEC), while simultaneously 623 

enhancing effective moisture diffusivity (Deff) and rehydration capacity. In contrast, color quality 624 

parameters (chroma, ΔE, and browning index) were better preserved at lower drying temperatures 625 

combined with longer ultrasound exposure, suggesting that ultrasonic pretreatment mitigates 626 

thermal degradation of pigments during infrared drying. 627 

The results further indicate that ultrasound pretreatment duration and infrared drying temperature 628 

jointly influence the thermodynamic characteristics of the dehydration process. Increasing 629 

sonication time and drying temperature reduced the activation energy of moisture diffusion 630 

(Ea=73.70–86.31 kJ·mol⁻¹), reflecting a lower energetic barrier for water removal. 631 

Thermodynamic analysis also showed decreasing trends in enthalpy and entropy with increasing 632 
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temperature and ultrasound exposure, whereas Gibbs free energy exhibited an increasing trend, 633 

confirming the non‑spontaneous nature of the drying process while indicating improved energy 634 

efficiency under intensified processing conditions. 635 

Overall, the findings demonstrate that ultrasound‑assisted infrared drying enhances mass transfer, 636 

improves process efficiency, and helps maintain the quality attributes of dried mallow leaves. The 637 

integration of ultrasound pretreatment with infrared drying therefore represents a promising and 638 

energy‑efficient strategy for processing heat‑sensitive medicinal herbs such as mallow. 639 

Future studies should investigate the applicability of this approach to other leafy medicinal plants 640 

and evaluate its performance under pilot‑ or industrial‑scale infrared drying systems. Such 641 

investigations would further clarify the scalability and robustness of ultrasound‑assisted drying 642 

technologies in sustainable food and herbal processing applications. 643 
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1 

Figure caption 

FIGURE 1 Drying kinetic curves of mallow leaves at different drying temperatures and 

ultrasound pretreatment durations. 

FIGURE 2 Drying rate curves of mallow leaves at different drying temperatures and ultrasound 

pretreatment durations. 

FIGURE 3 Three-dimensional response surface plots showing the effects of drying temperature 

and ultrasound treatment duration on the drying time of mallow leaves. 

FIGURE 4 Effect of ultrasound pretreatment prior to infrared drying on the color change of 

mallow leaves. 

FIGURE 5 Three-dimensional response surface plots showing the effects of drying temperature 

and ultrasound treatment duration on the color change of mallow leaves. 

FIGURE 6 Effect of ultrasound pretreatment prior to infrared drying on the rehydration ratio of 

mallow leaves. 

FIGURE 7 Three-dimensional response surface plots showing the effects of drying temperature 

and ultrasound treatment duration on the rehydration ratio of mallow leaves. 

FIGURE 8 Effect of ultrasound pretreatment prior to infrared drying on the effective moisture 

diffusivity (Deff) of mallow leaves. 

FIGURE 9 Three-dimensional response surface plots showing the effects of drying temperature 

and ultrasound treatment duration on the effective moisture diffusivity (Deff) of mallow leaves. 



2 

FIGURE 10 Activation energy plot for the infrared drying of mallow leaves under different 

ultrasound pretreatment conditions. 

FIGURE 11 Three-dimensional response surface plots showing the effects of drying 

temperature and ultrasound treatment duration on the thermodynamic properties of mallow 

leaves. 

FIGURE 12 Specific energy consumption during infrared drying of mallow leaves with 

ultrasound pretreatment. 

FIGURE 13 Numerical optimization of drying time, specific energy consumption, color change, 

rehydration ratio, enthalpy, Gibbs free energy, and entropy for mallow leaves dried by infrared 

drying with ultrasound pretreatment. 

FIGURE 14 Optimized desirability values for input variables, response variables, and overall 

desirability of mallow leaves dried by infrared drying with ultrasound pretreatment. 
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FIGURE 1 Drying kinetic curves of mallow leaves at different drying temperatures and 

ultrasound pretreatment durations. 

FIGURE 2 Drying rate curves of mallow leaves at different drying temperatures and 

ultrasound pretreatment durations. 
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FIGURE 3 Three-dimensional response surface plots showing the effects of drying 

temperature and ultrasound treatment duration on the drying time of mallow leaves. 

FIGURE 4 Effect of ultrasound pretreatment prior to infrared drying on the color change of 

mallow leaves. 
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FIGURE 5 Three-dimensional response surface plots showing the effects of drying temperature 

and ultrasound treatment duration on the color change of mallow leaves. 

FIGURE 6 Effect of ultrasound pretreatment prior to infrared drying on the rehydration ratio of 

mallow leaves. 
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FIGURE 7 Three-dimensional response surface plots showing the effects of drying 

temperature and ultrasound treatment duration on the rehydration ratio of mallow leaves. 



7 

FIGURE 8 Effect of ultrasound pretreatment prior to infrared drying on the effective moisture 

diffusivity (Deff) of mallow leaves. 

FIGURE 9 Three-dimensional response surface plots showing the effects of drying 

temperature and ultrasound treatment duration on the effective moisture diffusivity (Deff) 

of mallow leaves. 
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FIGURE 10 Activation energy plot for the infrared drying of mallow leaves under different 

ultrasound pretreatment conditions. 
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FIGURE 11 Three-dimensional response surface plots showing the effects of drying 

temperature and ultrasound treatment duration on the thermodynamic properties of mallow 

leaves. 

FIGURE 12 Specific energy consumption during infrared drying of mallow leaves with 

ultrasound pretreatment. 
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FIGURE 13 Numerical optimization of drying time, specific energy consumption, color change, 

rehydration ratio, enthalpy, Gibbs free energy, and entropy for mallow leaves dried by infrared 

drying with ultrasound pretreatment. 
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FIGURE 14 Optimized desirability values for input variables, response variables, and overall 

desirability of mallow leaves dried by infrared drying with ultrasound pretreatment. 
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Tables caption 

Table 1 Analysis of variance for the drying time of mallow leaves at different drying 

temperatures and ultrasound pretreatment durations. 

Table 2 Thermodynamic properties of mallow leaves during infrared drying with ultrasound 

pretreatment. 

Table 1 Analysis of variance for the drying time of mallow leaves at different drying 

temperatures and ultrasound pretreatment durations. 

Source Sum of Squares df Mean Square F-value

Model 28333.33 2 14166.67 294.23**

Temperature 26666.67 1 26666.67 553.85**

Ultrasound pre- treatment 1666.67 1 1666.67 34.62**

Residual 288.89 6 48.15

Cor Total 28622.22 8

Table 2 Thermodynamic properties of mallow leaves during infrared drying with ultrasound 

pretreatment. 

Thermodynamic properties Temperature(ºk) U10 min U5min Control

Enthalpy (kJ.mol-1) 313.15 37.84±0.46c 39.37±0.47b 50.46±0.61a

318.15 37.80±0.45c 39.32±0.47b 50.41±0.60a

323.15 37.76±0.46c 39.28±0.48b 50.37±0.62a

Gibbs free energy (kJ.mol-1) 313.15 60.86±0.73a 60.76±0.73a 60.15±0.72a

318.15 61.87±0.74a 61.78±0.74a 61.16±0.73a

323.15 62.89±0.74a 62.79±0.77a 62.16±0.75a

Entropy(kJ.mol-1) 313.15 −73.50±0.88c −68.33±0.82b −30.97±0.37a

318.15 −75.66±0.91c −70.57±0.85b −33.76±0.41a

323.15 −77.76±0.93c −72.74±0.87b −36.47±0.42a

Values are expressed as mean ± standard deviation (n=5). Different letters in the same row indicate significant differences (p < 

0.05) according to Tukey’s test. 
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