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Abstract 
Ultrasound technology has gained increasing attention in the food sector 
as an effective tool to enhance product qual-ity and process efficiency. 
In osmotic dehydration (OD), ultrasound acts as a pretreatment that 
accelerates mass trans-fer by inducing cavitation and microstructural 
changes in plant tissues. This study aimed to evaluate the effect of ultra-
sound pretreatment on mass transfer during the osmotic dehydration of 
mamey (Mammea americana), a tropical fruit with limited prior research in 
this context. Fruit samples were exposed to ultrasound frequencies of 28, 
37, and 80 kHz for 20 and 30 minutes, followed by osmotic dehydration in 
50 °Brix sucrose syrup at 35 ± 1 °C  for 120 minutes. Statistical analysis 
(ANOVA, p < 0.05) showed that both frequency and the frequency–time 
interaction significantly affected water loss (WL) and weight reduction 
(WR), while pretreatment time alone was not significant. Treatments at 
37 kHz (T2: 20 min and T5: 30 min) achieved the highest mass transfer 
values, with WR = 31.87%, WL = 40.19%, and solid gain (SG) = 6.08%. 
In contrast, samples treated at 80 kHz showed reduced dehydration 
efficiency. These findings demonstrate that applying ultrasound at 37 kHz 
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for 20 minutes optimizes the osmotic dehydration of mamey by enhancing 
mass transfer efficiency. The results contribute to the understanding 
of ultrasound-assisted OD processes and support its application as a 
sustainable process intensification strategy for tropical fruit preservation.

Abbreviations

OD		  Osmotic dehydration, osmodehydration
SG		  Solid gain
WL		  Water loss
WR		  Weight reduction

Introduction
Currently there is a marked trend in the consumption 
of minimally processed foods preserving their 
nutritional content, a trend that is linked to the 
growing concern of consumers about the use of 
preservatives and additives in food. Re-garding 
the processing of fruits, these are acquired in their 
natural state, with no additional processes except 
washing, however, they are highly perishable, due 
to their high-water content, which makes them 
susceptible to the proliferation of microorganisms 
and the activation of enzymes that accelerate their 
deterioration.1 Therefore, the search for a method to 
preserve fruits for long periods of time, without losing 
their nutrients and without the use of preservation 
additives, is necessary. 

In this context, the different preservation methods 
come under consideration, with dehydration being 
the most suitable method according to the customer's 
expectations. This method allows the shelf life of 
the food to be extended by re-ducing its moisture 
content, preventing microorganisms from using it for 
deterioration.2 Conventional drying tech-niques such 
as hot-air drying entail high energy consumption 
because they require elevated temperatures and 
long processing times. Moreover, the use of high 
temperatures diminishes the nutritional and sensory 
quality of foods.3 An alternative that reduces energy 
use and shortens drying time is osmotic dehydration, 
a partial dehydration process that operates without 
high temperatures and can lower moisture content 
by up to 50 % within two hours.4

The action of immersing food in hypertonic 
solutions is called osmotic dehydration (OD), and 
is characterized as a mass transfer process where 

there is a loss of water (WL) and a gain of solids 
(SG) from the solution.5 Regarding process time, the 
highest mass transfer rates occur during the first two 
hours of processing, however, it has been shown that 
the longer the immersion time, the higher the water 
loss and solids gain.6,7 

For fruit processing the most commonly used 
osmotic agent is sucrose8 and it has been shown that 
increasing the con-centration and temperature of 
syrups results in increased mass transfer.7 However, 
it should be noted that it is recom-mended to use 
temperatures for syrups below 50°C, because above 
this temperature certain nutrients such as vitamins 
are lost.9 On the other hand, fruit immersion in syrups 
must have a proportion that allows maintaining high 
osmotic concentrations during the whole process, so 
fruit: osmotic solution ratios between 1:4 and 1:25 
have been studied; however, high ratios are not 
recommended since higher ratios tend to generate 
waste of the osmotic solution.10–12 An additional 
key factor in osmotic dehydration is the agitation 
of the solution, which prevents the development 
of diluted zones and helps to maintain a constant 
concentration throughout the process.13

In recent years, osmotic dehydration as a process 
has also developed to such an extent that several 
authors have pro-posed to use it together with 
methods such as ultrasound, vacuum pulses, high 
and low pressures, either before or dur-ing the 
process, in order to further improve mass transfer.14

The effect of ultrasound as a technique to assist 
the osmotic dehydration process has been studied 
in several fruits.15–18 This technology consists of 
the application of waves generated by mechanical 
vibrations with a frequency between 18 kHz and 100 
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kHz, which is the limit of sound that a human can 
perceive.19 These elastic waves generate cavitation 
when they propagate in the liquid medium in which 
the food to be treated is found.20 Cavitation refers 
to the generation and implosion of very small gas 
bubbles in the liquid medium when ultrasound waves 
impinge on it.21

 
On the other hand, ultrasound waves induce rapid 
alternating compressions and expansions in the 
treated material—an effect known as the “sponge” 
phenomenon; the stress generated by these waves 
can exceed the surface tension that retains water 
within the capillary structures of the food, thereby 
creating microchannels that facilitate moisture re-
moval.22

Studies on ultrasound assistance in osmotic 
dehydration have used distilled water as a medium 
to apply ultrasound di-rectly to the feed and then 
carry out dehydration by osmosis.23–25 Other authors, 
proposed to perform the treatment with an ultrasonic 
bath, also with distilled water, but during osmotic 
dehydration, in this way the application is indirect, 
i.e., the ultrasound is generated in the water and 
transferred to the osmotic solution contained in 
beakers.26,27

Although osmotic dehydration is a well-established 
technique for reducing water activity and extending 
shelf life, the limitation in process speed, particularly 
in perishable fruits such as mamey (Mammea 
americana), remains a key chal-lenge. While 
ultrasonic pretreatment has been shown to facilitate 
diffusion, the current literature has not quantified 
the influence of this treatment on the mass transfer 
coefficients (WL, WR, and SG) specific to mamey 
under osmotic dehydration conditions.

In this context, and considering the high perishability 
of mamey, the primary objective of this study is 
to rigorously evaluate the influence of ultrasonic 
pretreatment on improving mass transfer kinetics, 
quantifying Weight reduction (WR), Solid Gain (SG), 
and Water Loss (WL) during osmotic dehydration.

Materials and Methods
The experimental procedure is divided into two 
parts, the first part where ultrasound was applied 
to the mamey (Mammea americana) slices and the 
second part referred to the osmotic dehydration 

treatment. The methodology was obtained from the 
work of Quinde-Montero,28  with some modifications, 
obtaining the stages shown in Figure 1 and 
described below.      

Sample Preparation
Fresh Mammea americana fruits were purchased 
from a local market in Sullana, Peru. Only fruits at 
commercial maturity and free from over-ripeness, 
bruising, or visible defects were selected. The fruits 
were washed under running water to remove surface 
impurities and disinfected in a 50-ppm chlorinated 
water solution for 10 minutes. After disinfection, the 
peel was manually removed, and the edible pulp was 
cut into uniform cubes of 10 × 10 × 10 mm using a 
stainless-steel dicer to ensure geometric consistency 
among samples.

Control Sample
To ensure the validity and adequate interpretability 
of the experimental design, it was decided to 
include a Control Group (identified as T0). This 
group was established as the baseline reference for 
comparison, representing the conventional osmotic 
dehydration process without the application of any 
physical improvement techniques. The mamey 
samples intended for the control were prepared with 
the same geometric characteristics as the treatment 
groups and were osmotically dehydrated in a solution 
with a concentration of 50ºBrix for 120 minutes, 
strictly omitting the ultrasonic pretreatment.

The contrast between the kinetic results obtained 
by ultrasonic treatments and the T0 values was 
fundamental in quantifying the increase in process 
efficiency and conclusively attributing any observed 
improvement to the direct effect of pretreatment.

Ultrasound Pre-Treatment
Ultrasound pretreatment was carried out following 
the methodology described by Prithani and Dash,29 
using distilled water as the ultrasound transmission 
medium. Mammea americana samples were 
immersed in 600 mL glass beakers filled with 
distilled water and treated in an ultrasonic bath 
(model P30H, manufacturer Elma Schmidbauer 
GmbH, Germany) operating at frequencies of 28, 
37, and 80 kHz with an effective power of 90 W. 
Pretreatments were applied for 20 and 30 minutes 
at a constant temperature of 30 ± 1 °C, controlled by 
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the bath’s built-in thermostat. The temperature of the 
samples was recorded at the end of each treatment 

to monitor potential thermal effects generated by the 
ultrasound waves.

Fig. 1: Process flowchart illustrating ultrasound as a pretreatment before 
osmotic dehydration of mamey (Mammea americana) slices

Osmotic Dehydration
Immediately after pretreatment, the mamey cubes 
were transferred into 50 °Brix sucrose syrup 
maintained at 35 ± 1 °C using a fruit-to-syrup ratio 
of 1:4 (w/v). Osmotic dehydration was conducted 
for 120 minutes in sealed 300 mL glass jars, which 
were placed in a thermostatic water bath with gentle 
agitation every five minutes to minimize boundary 
layer resistance and prevent syrup dilution.

Mass transfer was evaluated based on water loss 
(WL), weight reduction (WR), and solid gain (SG), 
calculated according to Equations (1-3): 30

				    ...(1)

...(2)

...(3)

where M0 and Mf are the initial and final sample 
masses, H0 and Hf are the initial and final moisture 
contents, and S0 and Sf are the soluble solids (°Brix) 
before and after OD, respectively. Moisture content 
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was determined using a moisture analyzer (model 
MX-50, A & D Co., Japan), and soluble solids were 
measured with a handheld digital refractometer 
(model HI96801, HANNA, Italia).

Hot Air Drying
Following osmotic dehydration, samples were 
subjected to convective drying in a hot air tray dryer 
at 50 °C until reaching a final moisture content 
below 15%, in order to prevent microbial or fungal 
proliferation.31 The final moisture content was 
confirmed gravimetrically.

Statistical Analysis
The experimental design (Table 1) followed a 
completely randomized design (CRD) with a 2 × 3 
factorial arrangement, where ultrasound exposure 
time (20 and 30 min) and frequency (28, 37, 

and 80 kHz) were the independent factors. The 
response variables were WR, WL, and SG. Each 
treatment was performed in triplicate (n = 3). Data 
were analyzed using one-way ANOVA, and mean 
comparisons were performed using Tukey’s test 
(p < 0.05) with statistical software (SPSS version 
26.0.0.0., IBM Corp., USA).

Table 1: 2x3 experimental design

Treatment	 Time (min)	 Frequency (kHz)

T1	 20	 28
T2	 20	 37
T3	 20	 80
T4	 30	 28
T5	 30	 37
T6	 30	 80

 Fig. 2: Moisture of fresh and ultrasound-treated mamey

Table 2: Summary of WR, WL, and SG values in the 
different proposed treatments

Treatment	 WR (%)	 WL (%)	 SG (%)

No US	 28.66 ± 0.50d	 31.12 ± 1.77b, c	 2.74 ± 1. 12a

T1 (20 min-28 kHz)	 26.32 ± 1.04c, d	 34.55 ± 0.51d	 4.64 ± 0.65a, b

T2 (20 min-37 kHz)	 31.87 ± 1.61e	 40.19 ± 0.70e	 6.08 ± 0.20b

T3 (20 min-80 kHz)	 18.03 ± 1. 29a	 26.51 ± 1. 53a	 6.69 ± 1.04b

T4 (30 min-28 kHz)	 25.45 ± 1.04b, c	 33.94 ± 1.05c, d	 9.74 ± 0.80c

T5 (30 min-37 kHz)	 29.32 ± 0.43d, e	 38.18 ± 0.35e	 4.89 ± 0.35b

T6 (30 min-80 kHz)	 23.30 ± 1.31b	 30.39 ± 1.05b	 5.28 ± 0.58b
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Results 
Ultrasound Pretreatment
Mamey (Mammea americana) cubes were subjected 
to an ultrasonic bath at three ultrasound frequencies 
(28 kHz, 37 kHz and 80 kHz) and a power of 90 kW. 
It was observed that the use of ultrasound generated 
a weight gain between 2% - 6.1%, and thus a gain 
of water by the feed.

Figure 2 shows a comparison of the moisture 
content of fresh mamey (Mammea americana) 
and after being treated with ultrasound, where it 
can be observed that the first 12 samples from 
the treatments with 28 kHz and 37 kHz showed an 
increase in moisture compared to the fresh samples, 
while the last six samples from the 80 kHz treatment 
showed a slight decrease in moisture. Another 
behavior observed during ultrasound pretreatment 
was the increase in tempera-ture, reaching up to 
60ºC when frequencies of 80 kHz were used.

Osmotic Dehydration
Mamey samples without ultrasound pretreatment, 
were osmotically dehydrated at a concentration of 

50 ºBrix for 120 minutes, generated weight reduction 
(WR), water loss (WL) and solids gain (SG) values 
of 28.66%, 31.12%, 2.74%.

The analysis of variance (ANOVA) determined 
that the frequency factor and the Frequency-Time 
interaction were sig-nificant for weight reduction 
(WR) with p-values <0.05, while time, with a 
p-value of 0.313, was not significant. Addi-tionally, 
no significant differences were found between 
osmodehydrated samples without pretreatment 
and those pre-treated at a frequency of 37 kHz for 
30 minutes. 

Table 2 shows the average results obtained for the 
weight reduction (WR) variable during the osmotic 
dehydration process of mamey pretreated with 
ultrasound. The highest weight reduction of 31.87% 
were observed in the samples pretreated with 
ultrasonic baths at 37 kHz, while the lowest losses 
were obtained using the highest frequency of 80 
kHz at 18.03%. 

Fig. 3: Frequency-time interaction for weight reduction (WR).

Regarding time, for samples pretreated at 28 kHz 
and 37 kHz, it was observed that increasing the 
immersion duration to 30 minutes resulted in lower 

weight reduction, whereas for the sample pretreated 
at 80 kHz, increasing the time caused an increase 
in weight reduction (Figure 3).
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The analysis of variance (ANOVA) for water loss 
(WL) determined that the frequency factor and 
the Frequency-Time interaction were significant 
for water loss (WL) with p-values <0.05, while the 
time, with a p-value of 0.365, was not significant. 
Furthermore, it was found that there are no 
significant differences between osmodehydrated 
samples without pretreatment and those pretreated 
at a frequency of 37 kHz for 30 minutes.

Table 2 shows the average results obtained for 
the water loss (WL) variable during the osmotic 
dehydration process of mamey pretreated with 
ultrasound. The highest water losses of 40.19% 
were observed in samples pretreated with ul-trasonic 
baths at 37 kHz, while the lowest losses were 
obtained using the highest frequency of 80 kHz at 

26.51%. Re-garding time, for samples pretreated at 
28 kHz and 37 kHz, it was observed that increasing 
the immersion duration to 30 minutes resulted 
in lower water losses, whereas for the sample 
pretreated at 80 kHz, increasing the time caused 
an increase in water loss.

Figure 4 illustrates the interaction between frequency 
and time factors on water loss (WL). It is evident 
that the highest water losses occurred in samples 
pretreated with an ultrasonic bath at 37 kHz. 
Additionally, for samples treated at 28 kHz and 37 
kHz, increasing the ultrasound application time 
led to a decrease in the percentage of water loss. 
Converse-ly, for the 80 kHz treatment, increasing the 
pretreatment time caused an increase in the water 
loss percentage.

Fig. 4: Frequency-time interaction for Water Loss (WL)

The analysis of variance (ANOVA) for solid gain 
(SG) revealed that the factors frequency, time, 
and their interaction were significant, with p-values 
less than 0.05. Table 2 shows the average results 
obtained for the solid gain (SG) variable during the 
osmotic dehydration process of mamey pretreated 
with ultrasound. The highest solid gains of 9.74% 
and the lowest of 4.64% were observed in samples 
pretreated with ultrasonic baths at 28 kHz. Regarding 
time, for samples pre-treated at 28 kHz, increasing 
the immersion duration to 30 minutes resulted in 

greater solid gains, whereas for samples pretreated 
at frequencies of 37 kHz and 80 kHz, increasing the 
time led to a reduction in solid gain.

Figure 5 displays the graph illustrating the interaction 
between frequency and time factors on solid gain 
(SG). It shows that the highest solid gains were 
achieved in samples pretreated with an ultrasonic 
bath at 28 kHz. Conversely, for sam-ples pretreated 
at 37 kHz and 80 kHz, increasing the ultrasound 
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application time led to a decrease in the solid 
gain per-centage, while for the 28 kHz treatment, 

increasing the pretreatment time resulted in an 
increase in solid gain.

Fig. 5: Frequency-time interaction for Solid Gain (SG)

Discussion
Ultrasound Pretreatment
The results obtained from Mammea americana 
samples pretreated with ultrasound at 28 and 37 
kHz using distilled wa-ter as the medium showed an 
increase in water content and a decrease in solids. 
This behavior was also reported by Fernandes 
et al.32 and García-Noguera et al.33 in melon and 
strawberry treated at similar frequencies. This 
phenomenon can be explained by water diffusion 
into the tissue caused by the concentration gradient 
between the fruit and the aqueous medium,34 which 
favors water imbibition instead of dehydration during 
the initial stage.

In fruits with high initial moisture content (85–90%), 
ultrasound may cause water expulsion due to the 
so-called sponge effect, resulting from the cyclic 
compression and expansion of plant tissue.35 This 
explains the difference between compact fruits, 
where ultrasound promotes absorption, and highly 
porous fruits, where it induces water loss.36

The temperature rise observed after ultrasound 
treatment agrees with the findings of Fan et al.,37 

Kek et al.38 and Pan-telidou et al.39 According to 

Bermúdez-Aguirre and Barbosa-Cánovas40 and 
Luchese et al.,41 this thermal increase results from 
the conversion of acoustic energy into heat due to 
molecular friction caused by cavitation, which alters 
the diffu-sivity of water and solutes during osmotic 
dehydration.

Mass Transfer
Analysis of variance (ANOVA) showed that both 
frequency and the frequency–time interaction was 
significant for weight reduction and water loss (WR 
and WL) (p < 0.05), while treatment time alone 
was not significant (p > 0.05). This indicates that 
ultrasound frequency exerts a stronger influence 
than treatment duration, consistent with Luchese 
et al.,41 who observed similar behavior in cape 
gooseberry. Samples treated at 28 and 37 kHz 
exhibited higher WR and WL values compared with 
those treated at 80 kHz. This can be attributed to 
the greater cavitation intensity at low frequen-cies, 
where larger bubbles collapse releasing more 
energy and forming microchannels that facilitate 
water removal.14,42

At higher frequencies, cavitation becomes less 
intense and more energy is dissipated in the liquid 
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medium, reducing process efficiency.43,44 Authors like 
Garcia-Noguera et al.33 reported a similar trend in 
strawberries, where ultrasound at 25 kHz for 10–20 
minutes yielded higher WR and WL values, but 
prolonged exposure reduced these effects, likely 
due to tissue re-compaction. This behavior depends 
on the structural resistance of each fruit matrix.34,45

Regarding solid gain (SG), ultrasound-pretreated 
samples (4.64% < SG < 9.74%) showed a significant 
increase compared to non-pretreated samples 
(2.74%). This can be attributed to enhanced cell 
permeability induced by cavitation, which facilitates 
solute diffusion into the tissue.29,46 Similar findings 
were reported by Luchese et al.,41 Nowacka et al.,47 
demonstrating that ultrasound accelerates osmotic 
impregnation. However, Kek et al.38 suggested 
applying ultrasound after osmotic dehydration to 
obtain products with lower sugar content, indicating 
that the timing of ultrasound appli-cation influences 
mass transfer behavior.

Under similar process conditions (50 °Brix, 120 min), 
other studies, such as Corzo et al.48 and Lech et al., 
49 reported WR and WL values ranging from 20% to 
62%, depending on the fruit type. These differences 
confirm that results cannot be extrapolated among 
different species, since mass transfer during osmotic 
dehydration strongly depends on cell micro-structure 
and tissue composition.50,51

 
In conclusion, the improvement in mass transfer 
during ultrasound-assisted osmotic dehydration 
arises from a complex interplay of mechanical 
disruption, microstructural modification, and 
physicochemical enhancement of diffusion 
mechanisms. The technology provides a promising 
alternative to traditional osmotic treatments, offering 
higher effi-ciency, lower processing time, and the 
potential to preserve key sensory attributes.

Conclusion
The application of ultrasound as a pretreatment in 
the osmotic dehydration of Mammea americana 
significantly influ-enced the mass transfer behavior. 
Frequencies between 28 and 37 kHz enhanced both 
water loss and weight reduction, indicating that low-
frequency ultrasound effectively promoted cellular 
disruption and improved diffusional exchange. In 
contrast, treatment at 80 kHz resulted in a decline 

in dehydration efficiency, likely due to reduced 
cavitation intensity at higher frequencies. Regarding 
solid gain, all ultrasound-pretreated samples 
exhibited higher solute incorporation com-pared 
to the untreated control, confirming the ability of 
ultrasound to facilitate bidirectional mass transfer. 
Overall, the optimal parameters for enhancing 
osmotic dehydration of mamey were 37 kHz and 
20 minutes of ultrasound exposure, achieving a 
weight reduction (WR) of 31.87%, water loss (WL) 
of 40.19%, and solid gain (SG) of 6.08%.

These findings demonstrate that ultrasound 
pretreatment is an effective process intensification 
technique capable of improving osmotic dehydration 
efficiency while maintaining the structural and 
nutritional integrity of tropical fruits. The results 
contribute to a better understanding of how 
acoustic cavitation can be exploited to optimize 
food preservation methods, potentially reducing 
processing time and energy consumption in the 
food industry. Further studies are rec-ommended 
to evaluate the combined effect of ultrasound with 
other pretreatments such as pulsed vacuum or 
mild heating, as well as to investigate the influence 
of ultrasonic power, duty cycle, and solvent 
composition on mass trans-fer kinetics. In addition, 
microstructural and sensory analyses should be 
performed to better correlate physical modifi-cations 
with the quality attributes of the final product.
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