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ABSTRACT  21 

The aim of this work was to evaluate the feasibility of using power ultrasound to improve 22 

the atmospheric freeze-drying of mushroom, as interesting alternative to vacuum freeze-23 

drying, considering not only kinetic effects but also the final quality. For that purpose, 24 

mushroom slices (Agaricus bisporus) were dried (-10 ºC and 2 m/s) with (24.6 and 12.3 25 

kW/m3; 21.9 kHz) and without ultrasound application. The application of ultrasound 26 

significantly influenced the drying kinetics, increasing the effective diffusivity up to 280 27 

% and shortening drying time up to 74 %. As for the quality parameters (color, texture, 28 

rehydration and cell damage), no remarkable influence of the ultrasound application was 29 

observed. Therefore, the application of power ultrasound during the atmospheric freeze-30 

drying of mushroom might be considered as an interesting technology providing that it 31 

significantly increased the process kinetics without greatly affecting the quality of the final 32 

product 33 

Keywords: dehydration, moisture, effective diffusivity, drying time, quality.34 



INTRODUCTION 35 

Drying, one of the oldest food preservation techniques, makes it easier to handle food 36 

products and allows for a relatively low-cost storage [1]. One of the most widely used 37 

methods for drying vegetables and fruits is hot air convective drying [2]. However, the 38 

quality of the dehydrated products obtained is usually poor and it is characterized by a 39 

lower content of vitamins and other nutrients [3]. In addition, the high temperatures used 40 

induce structural changes [2]; these are more intense in high porosity products, such as 41 

the mushroom, whose porosity is between 25 and 50% according to Paudel et al. [4]. All 42 

these facts, coupled both with the fact that consumers are demanding greater product 43 

quality requirements and also the need to reduce the impact industry has on the 44 

environment, have led to more interest being shown in the development of alternative 45 

drying technologies [5].   46 

As for the product quality, the vacuum freeze drying (VFD) process is probably the 47 

benchmark process because it preserves the nutritional characteristics of dried food 48 

products very well [6]. Nevertheless, the high processing cost, both from an energetic 49 

and economic point of view, and the difficulty of continuous operation constitute its main 50 

drawback. Atmospheric freeze drying (AFD) is an interesting alternative to reduce 51 

manufacturing costs, since it could combine the advantages of both vacuum freeze 52 

drying (high product quality) and convective drying (relative low process costs) [3]. 53 

However, it is a very slow process [7]. Therefore, the application of other technologies 54 

as additional sources of energy, such as ultrasound, could be interesting as a means of 55 

contributing to an intensification of the atmospheric freeze-drying process [2].   56 

Unlike other non-conventional technologies, such as microwave, radio frequency or 57 

infrared radiation, ultrasound effects are not thermal but mainly mechanical. This avoids 58 

the risk of overheating the product with the consequent reduction in the final product 59 

quality [8]. Acoustic vibrations generate a succession of compressions and expansions 60 



of the material that produces a mechanical stress, similar to what happens to a sponge 61 

that is repeatedly squeezed and relaxed. Then, it is easier for the internal moisture to 62 

flow out to the surface of the sample [9]. As far as the ultrasound application during the 63 

AFD is concerned, several studies have shown a significant increase in the drying rate, 64 

reducing the processing time from 35 to 90% in products, such as apple [10], salted cod 65 

[11], eggplant [12] or carrot [13]. The magnitude of the ultrasound effects on convective 66 

drying can be influenced by process variables, such as drying temperature, air velocity, 67 

applied ultrasonic power and product structure [9]. Moreover, the viability of the 68 

ultrasound application should be evaluated by not only considering the kinetics of the 69 

process but also the quality of the dried product, since ultrasound is able to produce 70 

changes in the quality parameters, such as texture or color [11].  71 

The button mushroom (Agaricus bisporus) is a widely cultivated and consumed fungus 72 

because of its nutritional characteristics and typical umami flavor. The cultivated 73 

mushroom is a highly perishable product with a short shelf life due to browning, opening 74 

umbrella and even decay. Therefore, a significant proportion of the production is usually 75 

dehydrated to expand the uses the mushroom can be put to [14]. In fact, the consumption 76 

of dehydrated mushrooms has increased in recent years, either as a dehydrated product 77 

itself or as an ingredient of numerous industrial products, such as creams or dehydrated 78 

soups. In this sense, physical properties of dried products, such as rehydration capacity 79 

or color, must also be taken into account. For these reasons, it is important to study the 80 

processes related to how this product is obtained. 81 

The main aim of this work was to evaluate the feasibility of using power ultrasound to 82 

improve the AFD of mushroom, considering not only the kinetic effects but also its 83 

influence on some quality attributes.  84 

 85 



MATERIALS AND METHODS 86 

Sample preparation 87 

The mushrooms (Agaricus bisporus) were purchased from a local market (Valencia, 88 

Spain). To ensure the homogeneity of raw material, the mushrooms chosen were 89 

collected and packed the day before processing. Mushroom slices (6 mm thick) were 90 

obtained using a household mandolin. Twelve samples were randomly placed in a 91 

custom sample holder which was wrapped in plastic film and place inside a freezer 92 

(Liebherr mod. SGN 3063) where were fast frozen at -32 ºC. After that samples were 93 

maintained at -18 ± 1ºC until processing (24 h).  94 

Moisture content  95 

The moisture content was measured by placing ground samples in a vacuum oven at 96 

70ºC and 200 mmHg until constant weight, following the AOAC standard method no. 97 

934.06 [15]. The moisture measurements were taken in fresh, dried and rehydrated 98 

samples.  99 

Atmospheric freeze-drying experiments  100 

Atmospheric freeze-drying experiments were carried out in an ultrasound-assisted 101 

convective drier with air recirculation (Figure 1), previously described in the literature [8]. 102 

The equipment consists of a drying chamber excited by a piezoelectric transducer (21.9 103 

kHz) where the samples are placed. Air-velocity and temperature are controlled by 104 

means of PID control algorithms.  105 

The drying experiments were carried out at a constant temperature of -10ºC and an air 106 

velocity of 2 m/s, without (0 kW/m3, AFD-0) and with ultrasound application. When 107 

ultrasound was applied, two different power levels were tested: 12.3 and 24.6 kW/m3 108 

(AFD-12.3 and AFD-24.6, respectively). At least four replicates were performed for each 109 



drying condition tested. All of the experiments were considered to be finished when the 110 

samples lost 85% of their initial weight. The drying kinetics was determined from the 111 

initial moisture content of the mushroom slices and the sample weight measurements 112 

during drying.  113 

Vacuum freeze-drying experiments  114 

Mushrooms samples were dried by vacuum freeze-drying (VFD) in a freeze drier (model 115 

LYOQUEST-55; Azbil Telstar Technologies S.L.U., Terrassa, Spain). The freeze-drying 116 

conditions were as follows: a condenser temperature of -50 ± 10 ºC and a pressure of 6 117 

Pa. A total of 60 mushroom slices were dried and used for quality parameter 118 

measurement as a quality reference.  119 

Quality parameters  120 

Color 121 

The surface color of fresh, dried and rehydrated mushroom samples was determined by 122 

measuring the CIELAB space color parameters L* (lightness/darkness), a* 123 

(redness/greenness) and b* (yellowness/blueness) with a CM-2500d colorimeter (Konica 124 

Minolta, Japan). The readings were taken in triplicate at two different points on each 125 

mushroom slice in fresh, dried (12 slices for each drying experiment) and rehydrated (5 126 

slices per drying condition tested) samples. In the case of vacuum freeze drying 127 

experiments, color measurements were carried out in 18 randomly selected samples. 128 

The measurements were taken using a D65 illuminant reference system, at an 129 

observation angle of 10º and considering the excluded specular component (SCE). 130 

Furthermore, the total color difference (Eq. 1), browning index (Eq. 2) and Chroma (Eq. 131 

4) were calculated to describe the color change during processing. The total color 132 

difference (ΔE*) denotes the color change in the reference material and is expressed as: 133 



∆𝐸𝐸∗ = �(𝐿𝐿𝑡𝑡∗ − 𝐿𝐿0∗ )2 + (𝑎𝑎𝑡𝑡∗ − 𝑎𝑎0∗)2 + (𝑏𝑏𝑡𝑡∗ − 𝑏𝑏0∗)2    Eq. 1 134 

Where subscript “t” refers to the color of the treated sample values and “0” to the color 135 

of the fresh sample, used as the reference.  136 

The Browning Index (BI) was calculated using Eq. 2 [16]: 137 

BI = 100 × 𝑋𝑋−0,31
0,17

         Eq. 2 138 

where 139 

𝑋𝑋 = (𝑎𝑎∗+1,75×𝐿𝐿∗)
(5,645×𝐿𝐿∗+𝑎𝑎∗−3,012×𝑏𝑏∗)

       Eq. 3 140 

Chroma (C*) is a measurement of the color saturation; thus, high values indicate highly 141 

saturated colors. The C* value was calculated as follows [17]: 142 

𝐶𝐶∗ = �(𝑎𝑎∗2 + 𝑏𝑏∗2)         Eq. 4 143 

Texture 144 

The texture of the fresh and rehydrated samples was determined by performing a texture 145 

profile analysis (TPA) using a texture analyzer (TA-XT2, SMS, United Kingdom). Double 146 

compression tests were performed up to 50% deformation of the original sample height, 147 

using a test-speed of 2 mm/s. An aluminum cylindrical probe of 50 mm diameter was 148 

used and at least 5 replicates were performed for each drying experiment. The test was 149 

carried out at room temperature. 150 

From the resulting force-time curve, four parameters were obtained. Hardness (N) is the 151 

force necessary to attain a given deformation and is calculated as the peak force during 152 

the first compression cycle. Cohesiveness is the strength of the internal bonds and is 153 

calculated as the ratio (A2/A1) of positive force area obtained during the second 154 



compression (A2) and the obtained during the first compression (A1). Elasticity is the rate 155 

at which a deformed material goes back to its previous condition after deforming force is 156 

removed and is calculated as the distance of the detected height during the second 157 

compression divided by the original compression distance. Finally, chewiness is the 158 

energy required to masticate a solid food product to state ready for swallowing and is 159 

calculated as the product of hardness, cohesiveness and elasticity [18].  160 

Rehydration 161 

Rehydration experiments were carried out for each drying condition tested by immersing 162 

five dried mushroom slices into distilled water at 25 ± 1 ºC under constant agitation. 163 

Every 10 seconds, the samples were removed from the water, superficially blotted with 164 

tissue paper to remove the surface water and weighed. Rehydration was extended until 165 

a constant value was reached (3 consecutive measurements with a weight variation of 166 

under 0.05 g). Four replicates were performed for each atmospheric freeze-drying 167 

condition tested and six for vacuum freeze-drying experiments. The rehydration time, 168 

final moisture content and rehydration kinetics were obtained for each kind of sample. 169 

Cell damage 170 

The cell damage caused by the drying treatment was determined by electrolyte leakage 171 

measurement, which is based on the principle that damage to the cell membranes 172 

causes a leak of solutes into the apoplastic water [19]. For this purpose, two mushroom 173 

slices from each drying experiment carried out, fresh or dried, were incubated at 25 ± 1 174 

ºC in 25 mL deionized distilled water in a 250 mL beaker for 24 h. After that, the liquid 175 

conductance was measured using a conductivity meter (COND 7, LabProcess, Spain). 176 

The procedure used was modified from the used by Gómez-Galindo et al. [20]. In the 177 

present study, the relative parameter that permit the comparison between treatments is 178 



obtained by dividing the conductivity measured in the liquid over the dry matter of the 179 

samples used for each test.  180 

Water activity 181 

The water activity of the dried mushroom slices was measured using an AW SPRINT 182 

TH500 equipment (Novasina, Switzerland) at a temperature of 25 ± 1 ºC.  183 

Drying and rehydration modelling 184 

A diffusion model was used to mathematically quantify the drying and rehydration 185 

kinetics (Eq. 5). This model considers the internal transport of moisture by diffusion as 186 

the only mechanism that describes drying or rehydration kinetics and has been widely 187 

used to mathematically describe both kind of processes [21,22]. The influence of external 188 

resistance to transport was neglected, assuming that the moisture content of the surface 189 

reached equilibrium at the beginning of the operation. It was also assumed that the 190 

samples exhibited infinite slab behavior and, therefore, the flux of moisture during the 191 

process occurred in a single direction. It was considered that the effective moisture 192 

diffusivity was constant throughout the operation [23] and that the sample was isotropic 193 

and homogeneous. However, this latter condition, considered mainly in hot air-drying 194 

processes, is not accomplished under atmospheric freeze-drying conditions. In this case, 195 

the solid is composed of two main layers: a dried outer layer that expands during drying 196 

and a frozen inner core that shrinks. Therefore, the solid is neither homogeneous nor 197 

isotropic and then, under atmospheric freeze-drying conditions, the theoretical diffusional 198 

model becomes an empirical one. Even so, this model has been previously used under 199 

these conditions with acceptable fitting results [24] and permits the comparison of 200 

different treatment kinetics. 201 

∂𝑊𝑊(𝑥𝑥,𝑡𝑡)
∂𝑡𝑡

= 𝐷𝐷𝑒𝑒
∂2𝑊𝑊(𝑥𝑥,𝑡𝑡)
∂𝑥𝑥2

                  Eq. 5 202 



Where W is the local moisture content (kg water/kg dry matter, d.m.); De is the effective 203 

moisture diffusivity (m2/s); t is the time (s); and x is the direction of the water transport 204 

(m). Eq. 5 was solved by considering that the initial sample moisture was uniform at the 205 

beginning of the process and the moisture transport was symmetrical on both sides of 206 

the symmetry plane of the mushroom slices (Eq. 6): 207 

∂𝑊𝑊(0,𝑡𝑡)
∂𝑥𝑥

= 0         Eq. 6 208 

As the external resistance to moisture transport was neglected, the drying and 209 

rehydration kinetics were controlled solely by the diffusion transport of internal moisture 210 

(Eq. 7).  211 

𝑊𝑊(𝐿𝐿, 𝑡𝑡) = 𝑊𝑊𝑒𝑒𝑒𝑒         Eq. 7 212 

Where L is the thickness of the sample and Weq is the equilibrium moisture content (kg 213 

water/kg d.m.). When modelling the drying process, this equilibrium moisture content 214 

was calculated from the desorption isotherm for mushroom, reported by Guizani et al. 215 

[25]. In the case of rehydration, the equilibrium moisture was experimentally measured. 216 

The analytical solution of the model was integrated for the sample volume (Eq. 8). The 217 

resulting model was used to predict the evolution of the moisture sample content during 218 

the operation.   219 

𝑊𝑊 = 𝑊𝑊𝑒𝑒𝑒𝑒 + �𝑊𝑊0 −𝑊𝑊𝑒𝑒𝑒𝑒� �2∑
1

λn2𝐿𝐿2
e−𝐷𝐷𝑒𝑒𝜆𝜆𝑛𝑛2 𝑡𝑡∞

n=0 �    Eq. 8 220 

Where W0 is the initial moisture content of the samples and λn the eigenvalues that fulfill 221 

the condition λnL= (2n+1) · π/2. 222 



The model was fitted to the experimental data by identifying the effective diffusivity (De) 223 

that minimizes the sum of the squared differences between the experimental and 224 

calculated moisture content. For that purpose, the Generalized Reduced Gradient 225 

optimization available in the Solver tool of Microsoft Excel TM (Microsoft Corporation, 226 

Seattle, USA) was used.  227 

The percentage of explained variance (Eq. 9) was used to quantify the goodness of the 228 

model fitting. 229 

VAR (%) = �1 − 𝑆𝑆𝑥𝑥𝑥𝑥2

𝑆𝑆𝑦𝑦2
� · 100       Eq. 9 230 

Where S2
xy is the standard deviation of the estimation and S2

y is the standard deviation 231 

of the sample.  232 

Statistical analysis  233 

An analysis of variance (ANOVA) was carried out and the Least Significant Difference 234 

(LSD) intervals were determined using the Statgraphics Plus 5.1 software (Statistical 235 

Graphics Corporation, Warrenton, USA) to establish whether the different ultrasonic 236 

power levels applied significantly (p<0.05) influenced both the kinetics and the quality 237 

parameters of the dried mushroom. 238 

RESULTS 239 

Experimental drying 240 

The average initial moisture content of the mushrooms used in this work was 10.48 ± 241 

0.90 kg water/kg dry matter (d.m.). After the different AFD experiments, the average final 242 

moisture content of the dried samples reached 0.12 ± 0.05 kg water/kg d.m., while for 243 

vacuum freeze-dried samples it was 0.07 ± 0.01 kg water/kg d.m. Every dehydrated 244 

sample exhibited water activity values of under 0.6 to ensure their stability. 245 



Ultrasound application significantly increased (p<0.05) the drying rate and reduced the 246 

drying time. This reduction was dependent on the ultrasonic power applied (Figure 2). 247 

Thus, the time required to obtain a moisture content of 0.75 kg water/kg d.m. was 248 

reduced by 58.5% when 12.3 kW/m3 was applied if compared to experiments without 249 

ultrasound application: from 84 ± 10 to 35 ± 10 hours. When the highest ultrasound power 250 

tested was applied (24.6 kW/m3), the reduction was 74.2%, requiring a drying time of 251 

only 22 ± 4 hours. The figures of standard deviation of drying time show the variability of 252 

the experimental results that can mainly be attributed to the raw matter. 253 

Modeling the drying process 254 

The mathematical modeling made it possible to quantify the influence of ultrasound 255 

application on the mass transfer. The proposed model exhibited an adequate fit to the 256 

experimental data, since the values of the percentage of explained variance obtained 257 

were above 98% in every case. Moreover, the trend of the experimental and calculated 258 

data was very similar (Figure 2). Thus, the hypothesis of neglecting the external mass 259 

transfer resistance was adequate in the drying conditions tested.  260 

The results of the modeling showed that the values of the effective diffusivity (De) 261 

identified by the model increased significantly (p<0.01) as the applied ultrasound power 262 

increased. Thus, when 12.3 kW/m3 ultrasound power was applied, De was 159.2% higher 263 

than the value obtained in the experiments without ultrasound application: from 2.7 ± 0.5 264 

to 7 ± 2 · 10-11 m2/s. On the other hand, when the highest ultrasound power tested (24.6 265 

kW/m3) was applied, the increase was more significant (280.6%), reaching an average 266 

value of 10.3 ± 0.4 · 10-11 m2/s. 267 

Previous studies indicate that the influence of ultrasound on the identified effective 268 

diffusivity is related to the mechanical effects. Thus, the repeated compression and 269 

expansion in both the air-solid interface and in the structure of the product produced by 270 



ultrasound generates the process known as the "sponge effect" [26, 8] At microscopic 271 

level, the product could be likened to a sponge that is being tightened and relaxed 272 

repeatedly. The stress generated facilitates the exit of liquid and vapor from the inner 273 

parts of the sample to its surface during the compression phase. The forces involved in 274 

this process may be higher than the surface tension that holds the water molecules inside 275 

the capillaries of the sample and mechanical stress can create microchannels that make 276 

mass exchange with the outside even easier [27]. 277 

Influence of ultrasound application on the dried mushroom quality  278 

Color  279 

The results showed that in general, it can be stated that drying produced some effects 280 

on the color of mushrooms (Table 1). Thus, drying decreased (p<0.05) the luminosity of 281 

the dried samples (L*) and increased their yellowness (b*). On the contrary, the 282 

parameter a* was not significantly (p<0.05) affected by the drying. The application of 283 

ultrasound during AFD produced a greater decrease in parameter L* (p<0.05) and an 284 

increase in the figure of a*, which leads to an appearance of red tones. As regards 285 

parameter b*, the ultrasound application did not generate significant changes in this color 286 

variable. The ultrasound power lever used did not significantly influence the increase in 287 

these three parameters.  288 

The total color difference between dried and fresh samples (Table 1) showed that the 289 

AFD generated a slight color change, similar to that produced by VFD. The ultrasound 290 

application during AFD significantly increased the total color difference (p<0.05).  291 

As concerns the Browning Index, the atmospheric freeze-dried samples with ultrasound 292 

application exhibited significantly higher values compared to those dried without 293 

ultrasound assistance (Table 1). The ultrasound power level used did not affect the 294 

Browning Index results. Similar results were obtained by Santacatalina et al. [28] in the 295 



case of the ultrasonically assisted atmospheric freeze drying (-10 °C) of apple. These 296 

authors attributed the darkening of the dried samples to a possible thermal effect 297 

generated by ultrasound on the surface of the sample. On the other hand, the Chroma 298 

results showed no significant differences between the samples dried using the different 299 

drying methods tested (Table 1).  300 

As to the influence of rehydration on the sample color, while dried mushroom slices 301 

maintained a relatively similar color to that of the fresh mushrooms, the rehydrated 302 

samples exhibited a significant darkening, as can be observed in Figure 3. Thus, the 303 

Browning Index measured in the rehydrated samples was much higher (346 ± 184) than 304 

the value of the dried mushroom slices (28.01 ± 8 for AFD-0). This darkening took place 305 

regardless of the drying method used. The phenomenon could be related to enzymatic 306 

reactions, specifically to the activation of the enzyme polyphenoloxidase. The enzyme is 307 

kept latent in the dried slices and activated during product rehydration [29]. Ahmad-308 

Qasem et al. [30] obtained a similar effect on freeze dried apple. These authors pointed 309 

out that the freeze drying does not inactivate these compounds that act against elements 310 

prone to be oxidized at the moment in which the water content is recovered. Therefore, 311 

it would be desirable to carry out pre-treatments, such as blanching for the purposes of 312 

inactivating the enzymes.  313 

In any case, Chroma showed that the vacuum freeze-dried and subsequently rehydrated 314 

slices had a significantly (p<0.05) more saturated color (43 ± 5) than those that had been 315 

atmospheric freeze-dried (23 ± 4). This could be explained by the vacuum conditions of 316 

the process, which could contribute to an effect on the microstructure of the mushroom 317 

that would help to release more oxidative compounds.  318 

 319 

 320 



Texture  321 

The influence of the drying conditions applied in the instrumentally determined textural 322 

parameters of the rehydrated mushroom samples was also addressed. The results 323 

showed that the hardness value of the rehydrated samples was much lower than that of 324 

the fresh samples, regardless of the drying method used (Table 2). This may probably 325 

be due to the degradation of the structure generated by both the previous freezing of the 326 

samples and the drying operation, which prevents the initial structural condition from 327 

being reached after the rehydration. The differences found between the samples dried 328 

using the different drying methods tested, although significant (p<0.05), were small 329 

compared to the large changes observed with respect to the initial texture of the fresh 330 

mushroom. In any case, the AFD-24.6 samples presented lower hardness values than 331 

the AFD-12.3 and AFD-0 ones. Ozuna et al. [11] obtained similar results in the low-332 

temperature drying of salted cod. These authors attributed this fact to the mechanical 333 

effects caused by the application of ultrasound that affect the internal structure, softening 334 

the product. Then, the higher the power applied the greater the ultrasonic effects. In 335 

contrast, the VFD samples showed the highest hardness value, which could be attributed 336 

to the better maintenance of a rigid structure during drying.  337 

The chewiness of the rehydrated mushroom slices behaved similarly to the hardness 338 

(Table 2). On the contrary, the cohesiveness and the elasticity significantly (p<0.05) 339 

increased in line with the amount of ultrasonic power applied (Table 2). For both 340 

parameters, the values obtained in the case of vacuum freeze-dried samples were lower, 341 

the difference being significant (p<0.05). This may be attributed to a rupture of the 342 

rehydrated sample during the first compression of the test so that the sample did not 343 

recover its initial height.  344 

 345 



Rehydration  346 

The rehydration operation cannot be considered as simply the opposite of the drying 347 

process. Irreversible structural changes are generated during food drying and this may 348 

affect the rehydration capacity of the samples, preventing the dried product from 349 

recovering all the moisture content it possessed when fresh. Thus, the rehydration 350 

capacity is dependent on the degree of cellular and structural alteration [31]. In this 351 

sense, the time needed for the dried samples to reach a moisture content of 2.5 kg water 352 

/ kg d.m. differed significantly depending on the drying conditions considered (Table 3). 353 

Thus, the rehydration of the vacuum freeze-dried samples was faster than that of the 354 

AFD-0 samples. On the other hand, ultrasound application during AFD lengthened the 355 

rehydration time; the higher the ultrasonic power tested, the longer the time. This could 356 

be explained by some effects that ultrasonic waves exerted on the structure of the 357 

mushroom slices, making rehydration difficult. Even so, it must be highlighted that, as a 358 

general rule, rehydration was a rapid process that took less than 220 seconds in every 359 

case studied. 360 

After rehydration, the final moisture content achieved by the AFD samples was not 361 

significantly different (p<0.05), regardless of the application of ultrasound or the acoustic 362 

power applied (Table 3). However, this value was significantly higher (p<0.05) in the case 363 

of the VFD samples. This could be attributed to both the lower drying temperature and 364 

the vacuum action that could limit the collapse of the structure and then facilitate the 365 

subsequent rehydration. 366 

The rehydration of plant tissues is made up of three simultaneous phenomena: water 367 

absorption, swelling and solute leaching [31]. Therefore, during rehydration there is not 368 

only a positive flow of water into the sample, but also a less important flow of soluble 369 

solids from the material to the soaking water. This latter flow was not considered in the 370 

modelling and it was assumed that the increase in the weight of the samples during 371 



rehydration was only due to the increase in their water content. Therefore, in this case, 372 

the rehydration kinetics was determined from the moisture content of the samples at the 373 

beginning of the rehydration and the variation of the weight of the samples during the 374 

process. The rehydration kinetics was modeled using the same model that was used to 375 

model the drying experiments and the effective diffusivity of rehydration (Der) was 376 

identified. 377 

The fitting of the model to the rehydration experimental data of AFD samples was 378 

satisfactory since the percentage of explained variance was above 98%. Moreover, as 379 

can be observed in Figure 4, the calculated data followed a similar trend to the 380 

experimental. On the contrary, the percentage of explained variance obtained for VFD 381 

samples was relatively low. In this case, the rehydration occurred in 10 ± 1 seconds and 382 

it is likely that different transport mechanisms other than diffusion were also significant. 383 

As regards the effective rehydration diffusivity values identified for AFD samples, no 384 

significant differences (p<0.05) were found between treatments. Therefore, the 385 

application of ultrasound during AFD was found to have no influence on the rehydration 386 

kinetics (Table 3). 387 

Cell damage  388 

The cell damage induced by processing was estimated from the measurement of the 389 

conductivity of a solution in contact with different dried samples for 24 h, as explained in 390 

the materials and methods section. As can be observed in Figure 5, the treatment 391 

significantly increased the measured conductivity compared to the fresh samples. This 392 

means a great impact on cell damage. However, an important part of the generated cell 393 

damage can be attributed to the fact that the sample freezes prior to drying. This can be 394 

observed in the conductivity value obtained for samples that were only frozen and 395 

thawed (Figure 5, THAWED bar). This value represents 82% of the total cell damage 396 



generated by the atmospheric freeze-drying without ultrasound application (AFD-0) and 397 

60% in the case of the vacuum freeze drying (VFD) (Figure 5). This cell damage could 398 

be explained by the growth of ice crystals during freezing that break, push or compress 399 

the cells [32]. 400 

The influence of ultrasound application during AFD on cell damage depended of 401 

ultrasonic power considered. Thus, while the differences between AFD-0 and AFD-12.3 402 

samples were not significant (p<0.05), AFD-24.6 samples showed a significantly 403 

(p<0.05) higher figure of conductivity (Figure 5). The mechanical stress produced by 404 

ultrasound can affect the cell structure and the higher the ultrasonic power applied the 405 

greater the effect. 406 

The cell damage of VFD samples was similar to those found for AFD-24.6. This fact can 407 

be related with the shrinkage of samples during drying. Thus, while it was observed a 408 

slight shrinkage of AFD samples, VFD ones preserve the initial volume of fresh samples. 409 

In this case, the vacuum applied during drying can prevent the shrinkage and this effect 410 

can induce the some cracks in the AFD sample structure due to its difficulty adapting to 411 

the loss of water. This idea agree with the fact VFD develop a structure more rigid and 412 

porous than AFD that allow a faster rehydration process, and provide samples with lower 413 

elasticity and cohesiveness how it is showed by the obtained rehydration and texture 414 

data.  415 

CONCLUSIONS 416 

The application of power ultrasound during the atmospheric freeze drying of mushrooms 417 

significantly shortened the process; the more ultrasonic power applied, the shorter the 418 

drying time. As regards the influence on quality parameters, ultrasonically assisted 419 

atmospheric freeze-drying produced dried samples with a lower degree of luminosity, 420 

higher red tones and a similar rehydration rate. The rehydrated samples presented lower 421 

values of hardness and chewiness but greater cohesiveness and elasticity. The degree 422 



of cellular damage was similar to that in the vacuum freeze-dried samples. All these 423 

differences became greater as the amount of ultrasonic power applied increased but, 424 

even though they were significant, they were not important in absolute values. Therefore, 425 

ultrasound represents an interesting means of significantly increasing the drying rate 426 

without producing important effects on the final quality of mushrooms. 427 
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FIGURE CAPTIONS 535 

Figure 1. Ultrasonically assisted atmospheric freeze drier. A. Fan; B. Temperature 536 

sensor, Pt-100; C. Temperature and relative humidity sensor; D. Anemometer; 537 

E. Ultrasonic transducer; F. Vibrating drying chamber; G. Sample holder; H. 538 

Retreating pipe; I. Vertical displacement mechanism; J. Weighting module; K. 539 

Heat exchanger; L. Electric resistance; M. Desiccant material trays; N. 540 

Computer, O. Amplifier; P. Resonance dynamic control. 541 

Figure 2. Experimental and model calculated drying kinetics (-10ºC and 2 m/s) of 542 

mushroom slices, atmospheric freeze-dried without (AFD-0) and with 543 

ultrasound application (21.9 kHz) at different power levels (AFD-12.3 and 544 

AFD-24.6 at 12.3 and 24.6 kW/m3 respectively). 545 

Figure 3. Fresh mushroom slices, dried by atmospheric freeze-drying without (AFD-0) 546 

and with ultrasound application, at 12.3 (AFD-12.3) and 24.6 kW/m3 (AFD-547 

24.6), and dried by vacuum freeze-drying (VDF). 548 

Figure 4. Experimental and model calculated rehydration kinetics of mushroom slices 549 

dried by atmospheric freeze-drying without (AFD-0) and with ultrasound 550 

application (AFD-12.3 and AFD-24.6; 12.3 and 24.6 kW/m3 respectively)) and 551 

by vacuum freeze drying (VFD).  552 

Figure 5. Influence of the treatment on the conductivity of a solution in contact with 553 

samples for 24 h as a measurement of cell damage. Average values and LSD 554 

intervals for fresh, thawed, atmospheric freeze-dried without (AFD-0) and with 555 

(AFD-12.3 and AFD-24.6) ultrasound application and vacuum freeze-dried 556 

mushroom slices (VFD).   557 
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TABLE CAPTIONS 559 

Table 1. CIELAB space color parameters L*, a* and b* of the fresh (F), atmospheric 560 

freeze-dried without (AFD-0) and with (AFD-12.3 and AFD-24.6) ultrasound 561 

application (12.3 and 24.6 kW/m3 respectively) and vacuum freeze-dried 562 

mushroom slices (VFD). Total color difference (ΔE*) from fresh values, 563 

browning index (BI) and Chroma (C*). Mean values and standard deviation. 564 

Equal letters in the same raw indicate homogeneous groups obtained from 565 

LSD intervals (p<0.05). 566 

Table 2. Textural parameters of fresh samples (FRESH), rehydrated after atmospheric 567 

freeze-drying without (AFD-0) and with (AFD-12.3 and AFD-24.6) ultrasound 568 

application (12.3 and 24.6 kW/m3 respectively) and by vacuum freeze-drying 569 

(VFD). Mean values and standard deviation. Equal letters in the same column 570 

indicate homogeneous groups obtained from LSD intervals (p<0.05). 571 

Table 3. Rehydration time (t), final moisture content achieved (xwf) and rehydration 572 

identified effective diffusivity (Der) of atmospheric freeze-dried mushroom 573 

slices without (AFD-0) and with (AFD-12.3 and AFD-24.6) ultrasound 574 

application (12.3 and 24.6 kW/m3 respectively) and vacuum freeze-dried 575 

mushroom slices. Mean values and standard deviation. Equal letters in the 576 

same raw indicate homogeneous groups obtained from LSD intervals 577 

(p<0.05). 578 
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Figure 1. Ultrasonically assisted atmospheric freeze drier. A. Fan; B. 581 
Temperature sensor, Pt-100; C. Temperature and relative humidity sensor; D. 582 
Anemometer; E. Ultrasonic transducer; F. Vibrating drying chamber; G. Sample 583 
holder; H. Retreating pipe; I. Vertical displacement mechanism; J. Weighting 584 
module; K. Heat exchanger; L. Electric resistance; M. Desiccant material trays; 585 
N. Computer, O. Amplifier; P. Resonance dynamic control.  586 
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Figure 2. Experimental and model calculated drying kinetics (-10ºC and 2 m/s) of 593 
mushroom slices, atmospheric freeze-dried without (AFD-0) and with ultrasound 594 
application (21.9 kHz) at different power levels (AFD-12.3 and AFD-24.6 at 12.3 595 
and 24.6 kW/m3 respectively). 596 
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 602 

Figure 3. Fresh mushroom slices, dried by atmospheric freeze-drying without 603 
(AFD-0) and with ultrasound application, at 12.3 (AFD-12.3) and 24.6 kW/m3 604 
(AFD-24.6), and dried by vacuum freeze-drying (VDF).   605 
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 613 

Figure 4. Experimental and model calculated rehydration kinetics of mushroom 614 
slices dried by atmospheric freeze-drying without (AFD-0) and with ultrasound 615 
application (AFD-12.3 and AFD-24.6; 12.3 and 24.6 kW/m3 respectively)) and by 616 
vacuum freeze drying (VFD). 617 

 618 
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 632 

Figure 5. Influence of the treatment on the conductivity of a solution in contact 633 
with samples for 24 h as a measurement of cell damage. Average values and 634 
LSD intervals for fresh, thawed, atmospheric freeze-dried without (AFD-0) and 635 
with (AFD-12.3 and AFD-24.6) ultrasound application and vacuum freeze-dried 636 
mushroom slices (VFD). 637 
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Table 1. CIELAB space color parameters L*, a* and b* of the fresh (F), 639 
atmospheric freeze-dried without (AFD-0) and with (AFD-12.3 and AFD-24.6) 640 
ultrasound application (12.3 and 24.6 kW/m3 respectively) and vacuum freeze-641 
dried mushroom slices (VFD). Total color difference (ΔE*) from fresh values, 642 
browning index (BI) and Chroma (C*). Mean values and standard deviation. Equal 643 
letters in the same row indicate homogeneous groups obtained from LSD 644 
intervals (p<0.05).  645 

 FRESH AFD-0 AFD-12.3 AFD-24.6 VFD 
L*         82 ± 2a 72 ± 4b 57 ± 2c 61 ± 1c 71 ± 4b 
a*        -0.3 ± 1a 0.05 ± 1a 4.1 ± 0.9b 4 ± 3b 2.1 ± 0.5a,b 
b* 11.2 ± 0.7a 16 ± 6b 16 ± 2b 16 ± 3b 17 ± 1a,b 
ΔE* - 15 ± 4a 24 ± 4b 24.3 ± 0.8b 8 ± 3a 
BI 15 ± 4a 21 ± 8a,b 37 ± 7c 34 ± 8c 29 ± 4b,c 
C* 12 ± 1a 14 ± 4a,b 16 ± 2b 16 ± 3b 17 ± 1b 

 646 

 647 

Table 2. Textural parameters of fresh samples (FRESH), rehydrated after 648 
atmospheric freeze-drying without (AFD-0) and with (AFD-12.3 and AFD-24.6) 649 
ultrasound application (12.3 and 24.6 kW/m3 respectively) and by vacuum 650 
freeze-drying (VFD). Mean values and standard deviation. Equal letters in the 651 
same column indicate homogeneous groups obtained from LSD intervals 652 
(p<0.05). 653 
 654 

 Hardness (N) Cohesiveness Elasticity Chewiness (N) 
FRESH 242 ± 27a 0,66 ± 0,03a 0,79 ± 0,06a 131 ± 23a 
AFD-0 12 ± 9b 0,64 ± 0,03a 0,86 ± 0,06a 6 ± 4b 
AFD-12.3 13 ± 5b 0,65 ± 0,02a 0,88 ± 0,02b 7 ± 3b 
AFD-24.6 5 ± 3c 0,72 ± 0,05b 0,95 ± 0,03c 3 ± 2c 
VFD 25 ± 8d 0,59 ± 0,03c 0,70 ± 0,06d 10 ± 3d 

 655 

 656 

Table 3. Rehydration time (t), final moisture content achieved (xwf) and 657 
rehydration identified effective diffusivity (Der) of atmospheric freeze-dried without 658 
(AFD-0) and with (AFD-12.3 and AFD-24.6) ultrasound application (12.3 and 24.6 659 
kW/m3 respectively) and vacuum freeze-dried mushroom slices. Mean values 660 
and standard deviation. Equal letters in the same row indicate homogeneous 661 
groups obtained from LSD intervals (p<0.05). 662 

 AFD-0 AFD-12.3 AFD-24.6 VFD 
t (s) 67 ± 6a 132 ± 31b 183 ± 31c 10 ± 1d 

xwf (kg water/kg d.m.) 6 ± 1a 6.6 ± 0.4a 5.7 ± 0.2a 8 ± 2b 
Der (10-8 m2/s) 7 ± 1a 5.0 ± 0.8a 6.3 ± 0.6a 32 ± 9b 

 663 

 664 


