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Featured Application: The ethanol-ultrasound pre-treatment has the potential to be applied be-
fore drying of plant tissue—as it was proven in the case of apple, carrot, pumpkin, etc. The treat-
ment may improve product quality and/or reduce drying time and energy consumption. Current
work proved that the carotenoid content and the rehydration ability were improved while the
colour remained unchanged which indicates the possibility to obtain a product with designed
properties. However, it is worth emphasizing that the biggest limitation in the industrial use of
the treatment is the price of ethanol which makes it necessary to develop solutions for recovery or
re-use of ethanol and optimize its amount. Therefore, the utilization of ethanol-ultrasound pre-
treatment in the industry is challenging and requires comprehensive studies concerning food
quality, the optimization of ethanol dose and an evaluation of the ethanol residue in the product.

Abstract: The purpose of this study was to investigate the effect of pre-treatment in ethyl alcohol for 5,
15, 60 and 180 s with the application of ultrasound on the course of convective drying and properties
of carrot tissue directly after the treatment and after the drying process. The treatment in ethanol
resulted in loss of mass, increase of dry matter, ethanol conductivity, extractivity of carotenoids with
a slight effect on the colour of carrot tissue after the treatment. The utilization of ultrasound during
immersion in ethanol contributed to additional increase of conductivity of ethanol, and extractivity
of carotenoids. The immersion in ethanol virtually did not affect the drying kinetics, which can
be explained by the increase of shrinkage of the tissue in relation to the untreated dried tissue.
Despite the lack of the influence on the drying course in the ethanol-immersed carrot, an increase
of the carotenoid content (up to 135%) and the rehydration ability (up to 19%) was noted with the
simultaneously unchanged colour of dried carrot in comparison to untreated dried material, which
indicates the possibility to improve the quality of dried carrot after immersion in ethanol.

Keywords: carrot; ethanol; ultrasound; drying; rehydration; colour; carotenoids

1. Introduction

Carrot is one of the most widely grown root vegetables around the world. Consump-
tion of carrots and carrot products is constantly increasing due to their richness in natural
nutrients, including carotenoids or dietary fibre [1,2]. Apart from being consumed in a fresh
form, the root is usually dried to extend the shelf life. The most commonly used convective
drying is a thermal process of simultaneous heat and mass exchange, the purpose of which
is to evaporate some of the water from the material into the surrounding air, which is both
the medium providing heat and carrying moisture away from the material. In general,
the aim is to ensure the microbiological stability of the food, which results in a significant
slowing down of many chemical reactions and even elimination of enzymatic changes
in the dry material [3]. The drying of vegetables is predominantly carried out by the means
of the convective method due to its simplicity, ease of process control and low costs of such
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dryers [4]. The disadvantages of this method, however, include high energy consumption
and relatively low quality of the dried product, in particular low rehydration ability, high
shrinkage and high losses of nutrients [5–7]. Considering the further use of dried carrot
as a component of, e.g., instant soups, seasoning mixes, etc., it is especially important to
select a processing method to provide a product characterizing by a good rehydration ratio,
high content of carotenoids and stable colour. Therefore, novel pre-treatment methods are
sought in order to reduce the negative aspects of convective drying.

One of such types of innovative processing is the use of ethyl alcohol as a dehydrating
substance, using it either during pre-treatment or during the drying process (drying in an
ethanol atmosphere). In principle, such enhancement of drying is to shorten the drying
time and also to increase the rehydration capacity and reduce the degradation of chemical
compounds. Literature indicates that the use of ethanol in the drying process shortened the
drying time and allowed for obtaining a product of high quality with a simultaneous large
loss of water from the tissue and thus a better structure [8–10]. Ethanol is an organic solvent
that is able to extract some components of cell walls and membranes, e.g., polyphenols,
lipids, or proteins and which maintain the cellulose, pectin, lignin, or hemicellulose in the
cell wall. Thus, the thickness of the cell wall may be reduced and the permeability may
increase [11,12]. Considering also that ethanol has both a lower boiling point and surface
tension than water, and the fact that ethanol mixes with the aqueous solution on the
surface of material, which increases the vapour pressure as well as the Marangoni effect,
the heat and mass transfer processes are accelerated [13,14]. Corrêa et al. [15] reported
that the most effective matter in reducing the drying time was to spread the ethanol over
the material in a thin layer than to dry in an ethanol atmosphere. These preliminary
studies have become a precursor to the use of ultrasound during immersion in ethanol as
a pre-treatment [9,11,16–18].

Ultrasound (US) is pressure wave causing vibration of air in the frequency range in-
audible for humans—from 18 kHz to 100 MHz. This mechanical wave may be propagated
through liquid or solid media by the means of series of alternating compression and rarefac-
tion [19,20]. The high intensity ultrasound (from 18 up to 100 kHz) is used for modification
of tissue structure (by disruption of the cells and microscopic channels’ formation) and ac-
celeration of mechanical or mass and/or heat transfer processes [21–25]. These effects can
be obtained due to “sponge effect”, cavitation phenomenon and the effects accompanying
cavitation, such as microstreaming or release of fountain of microbubbles [19].

Nowadays, the simultaneous pre-treatment in ethanol with the application of ultra-
sound has been studied, which may bring the benefits of both pre-treatments. As it was
reported, the immersion in ethanol with ultrasound was more effective in drying time
reduction than single ultrasound or ethanol treatments [9,16,17,26]. Costa Santos et al. [11]
reported around 50% reduction of carrot drying time subjected to ethanol-ultrasound
treatment for 30 min with enhanced rehydration ability of dried material and unchanged
carotenoid content. The drying time of scallion stalk treated by means of ethanol (75%)
with ultrasound (for 10 min) was reduced from 110 min (for control) to around 60 min [26].
Different studies reported a better rehydration ability, unchanged colour [26], decreased
content of polyphenols [9,17] and worse antioxidant capacity [17] after EtOH+US treatment
than the untreated dried material. The combined treatment was studied for different times
(5 s–30 min) in different concentrations of ethanol (30–99.8%), but usually a longer treat-
ment time (10–30 min) and higher concentrations (>95%) were investigated [9,11,16–18,26].
However, from the further utilization of ethanol-ultrasound pre-treatment in industry, it
seems reasonable to reduce the treatment time. Zubernik et al. [9] reported that even 15 s of
combined ethanol-ultrasound treatment caused a significant reduction of the drying time of
apple. They also noted a higher reduction of drying time when a longer ultrasound-ethanol
pre-treatment of apple was performed. The shortening of drying time was in the range
of 9.8–18.3% when treatment was carried out for 5–180 s, in comparison to the untreated
sample. However, prolongation of the treatment to 3 min caused significant degradation of
polyphenols (from 16% for 1 min up to 40% for 3 min EtOH+US treatment in relation to
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the untreated dried apple) due to extraction of polyphenols by ethanol. Therefore, the time
of treatment and the ethanol concentration should be adjusted to each material individu-
ally based not only on the energetic aspects but also on the quality of dried material and
obtaining the product with designed properties. Furthermore, the impact of ultrasound
depended on the applied frequency of ultrasound [24]. Therefore, optimization of the US
frequency during immersion in ethanol is required.

The aim of the study was to analyse the impact of pre-treatment in ethanol with
application of ultrasound on the drying kinetics and selected properties of carrot directly
before the treatments and after convective drying. The immersive treatment was carried
out in 96% of ethanol for various time (5–180 s) without and with ultrasound assistance of
different frequency (21 and 40 kHz).

2. Materials and Methods
2.1. Material

Carrot was selected as a research material because air-dried carrot usually is char-
acterized by poor rehydration ability, which limits its wider use. Carrot (var. Baltimore)
conventionally cultivated in Poland was purchased at a local market from one producer
(one batch delivered to the market). The carrot was delivered to the market the same day it
was purchased. In order to assure homogeneity of material, uniformly coloured roots with
a similar degree of maturity were selected and stored before the experiments in refrigerated
conditions (2–4 ◦C) for up to seven days. Defect-free roots of a maintained texture (turgor)
were taken out of the storage compartment, washed and left to reach ambient temperature.
Afterwards, the material was cut into 5-millimetre-thick slices and then peel-free cylindrical
discs with a diameter of 15 mm were cut out.

2.2. Immersion in Ethanol (EtOH) and Ultrasound-Assisted Immersion in Ethanol (EtOH+US)

The pre-treatment was carried out by immersion of carrot cylinders in 96% of ethanol
for varied time: 5, 15, 60 and 180 s. Slices of a mass of 30 g obtained from at least two
roots of carrot were flooded with approximately 60 mL of ethanol (the ratio of the material
weight to the volume of ethanol was set at 1:2). Full immersion of the slices was assured.
The treatment in alcohol was repeated twice for each treatment time.

The second variant of the pre-treatment in ethanol (96%) was performed with the
assistance of ultrasound of the frequency of 21 kHz and power of 300 W and 40 kHz with
power of 180 W in ultrasonic bath (MKD-3, MKD Ultrasonics, Warsaw, Poland). The same
time (5, 15, 60 and 180 s) and the same ratio of the mass of carrot to the volume of ethanol
(1:2) as for EtOH treatment were set. The experiment was carried out in two repetitions.

Carrot tissue not immersed in ethanol was the reference material for both EtOH and
EtOH+US treatments.

Before and after the pre-treatment with ethyl alcohol, EtOH, EtOH+US21 and EtOH+
US40 treatments, the changes of weight of the material, dry matter content, the conductivity
of ethanol, colour, as well as carotenoid content were measured. On the basis of this
preliminary research the parameters of 21 kHz and 300 W of US treatment were chosen for
further research. The material after this treatment was characterized by similar properties
in comparison to the intact sample. In dried carrot the following measurements were
performed: dry matter, water activity, colour, carotenoid content, shrinkage (volume
and density), rehydration ability and hygroscopic properties (kinetics of water vapour
adsorption).

2.3. Analysis of Changes in Raw Material Caused by Pre-treatments

The weight of the carrot before and after the pre-treatments was checked with an ac-
curacy of ± 0.001 g. Measurements were made for each repetition of the pre-treatment
in duplicate. On their basis, the average weight loss in relation to the initial weight was
calculated (%):

∆m = (mk − m0)/m0 × 100%, (1)
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where ∆m—relative mass change (%); mk—final weight of the treated slices (g); m0—initial
weight of the slices before processing (g).

The dry matter content of untreated, EtOH, EtOH+US-treated carrot was measured
according to AOAC [27], whereas the water activity—by the means of hygrometer AquaLab
CX-2 (Dekagon Devices Inc., Pullman, WA, USA) with accuracy of ±0.001 at a temperature
of 20 ◦C. The measurements were conducted thrice for each repetition of treatment.

Moreover, the changes of the electrical conductivity of ethanol solution as a result of
immersion of carrot during the treatment were measured by means of the Elmetron CX-505
conductometer (Zabrze, Poland) in four repetitions for each treatment.

2.4. Convective Drying

Air-drying of pre-treated and untreated carrot was carried out in a laboratory dryer
(Warsaw, Poland) at 70 ◦C and air velocity of 2 m/s. The discs of the carrot were put
in a single layer on sieves with a load of 2.9 kg/m2. The air flows parallel to the material
layer. During the process the mass of the material was recorded digitally every 1 min with
accuracy of ± 0.1 g (METTLER TOLEDO, AE 204S, Columbus, OH, USA). The drying was
stopped when the constant mass was reached. The experiments were performed in two
repetitions. The moisture ratio (MR) was calculated as follows [28]:

MR = Mt/M0, (2)

where Mt—moisture content during drying (kg H2O/kg d.m.) and M0—initial moisture
content (kg H2O/kg d.m.).

The differences in the drying kinetics were also presented in a table as a drying time
until samples obtained MR equal 0.02. Then, the dry matter content and the water activity
of dried carrot were measured in three repetitions.

2.5. Shrinkage

The volume and density of the carrot slices were measured by the ground sea sand
method. For this purpose, a weighted carrot slice was placed in a measuring cylinder and
covered with a known volume of sand. The volume of the slices was determined from the
difference in volume. The density ρ was calculated from the following formula:

ρ = m/(Vpp − Vpm), (3)

where Vpp—volume of carrot slices in sand (cm3); Vpm—the volume of sea sand (cm3).
Based on the volume of the material before and after drying, the shrinkage of the

material was calculated [29]:

S = (1 − (Vk/V0)) × 100%, (4)

where S—drying shrinkage (%); Vk—volume of dried slice (cm3); V0—volume of slice
before drying (cm3).

2.6. Rehydration Ability and Hygroscopicity

The rehydration ability of dried material was analysed in accordance with the method-
ology presented by Fijalkowska et al. [30]. For this purpose, the weight of two dried carrot
slices (with an initial weight of about 1 g) was measured before and after 1, 2 and 3 h of
rehydration in distilled water at a temperature of 20 ± 1 ◦C. After each rehydration time,
the material was filtered through a sieve and dried on filter paper before weighing. The test
was performed in duplicate.

The water vapour adsorption (hygroscopicity) of the dried carrot tissue was measured
by the desiccator method over saturated NaCl solution providing an environment with
a water activity of 0.75. The material which was previously weighed on an analytical
balance (METTLER TOLEDO, AE 204S, OH, USA) was placed in a desiccator and the
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weight changes over time at 0.5, 1, 3, 5, 24 and 72 h were measured. Measurements were
made at the temperature of 20 ± 2 ◦C in three repetitions. The results were expressed as
the relative water content (in relation to the initial value) during water vapour adsorption
(U) [28].

2.7. Colour

Colour was measured with a Konica Minolta CM-5 colorimeter (Konica Minolta,
Japan) using the CIE L*a*b* system with a standard observer setting of 2◦. The device was
equipped with a D65 light source. The measurement was performed in at least 10 replicates
for fresh, treated and dried material. For this purpose, carrot slices were placed on the
measuring area with a diameter of 3 mm, each time using different slices. Additionally, the
hue angle (h◦) and total colour change (∆E) were calculated based on the relationship [31]:

h◦ = tan−1 (b*/a*), (5)

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2, (6)

where L*—lightness; a*—chromatic coordinate characterizing the colour on a scale from red
(+a*) to green (−a*) (−); b*—chromatic coordinate characterizing the colour on a scale from
yellow (+b*) to blue (−b*) (−); ∆L*, ∆a*, ∆b*—difference in lightness, a* and b* coordinate
of the colour between the carrot tissue being determined and the fresh carrot tissue (−).

2.8. The Total Carotenoid Content (TCC)

The total carotenoid content was measured using spectrophotometric methods accord-
ing to the Polish Standard PN-EN 12136:2000 [32]. In brief, 0.7 g of homogenized sample
(m1), 20 mL of distilled water, 1 mL of Carrez I solution (VWR Chemicals BDH Prolabo,
Leuven, Belgium) were added to the probe, mixed and after 1 min 1 mL of Carrez II solution
(VWR Chemicals BDH Prolabo, Leuven, Belgium) was added and again mixed for 5 min.
The colourless solution was then decanted, and the 20 mL of acetone was added and mixed
in a vortex for 5 min. This step was repeated with 25 mL of petroleum ether and then again
with 20 mL of acetone, and at the end, 15 mL of distilled water was used. Then, 1 g of
anhydrous sodium sulphate was weighed into dry centrifuge tubes and the ether phase was
added from the separator. The separator was rinsed with 10 mL of petroleum ether and the
residue was poured into a centrifuge tube. It was thoroughly mixed and then centrifuged
for 5 min. The solution (V) was poured from above the sediment into a 50 mL volumetric
flask and made up to volume with petroleum ether solution. The absorbance was measured
at the wavelength λ = 450 nm in the Heλios Thermo Electron v. 7.03 spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The measurement was carried out
thrice for each material on independently prepared extracts. The total carotenoid content
was calculated from the formula:

ρ (C40H56) = A450 × 4.00 × (V/m1), (7)

where ρ (C40H56)—total carotenoids, in mg/kg of fresh matter (f.m.); A450—absorbance of
the petroleum ether extract; 4.00—average in the conversion factor determined on the
basis of the ring test, taking into account the average β-carotene absorption coefficient
in petroleum ether and dilutions made during the analysis; V—the volume of the extract
in petroleum ether (50 mL). The results were then calculated in mg/100 g d.m. (dry matter).

2.9. Statistical Analysis

The results were analysed using one-way analysis of variance ANOVA (Tukey’s test).
The level of significance was set at α = 0.05. The analysis was performed using the Statistica
13.1 software (TIBCO Software, Palo Alto, CA, USA). In addition, the significance of the
type of treatment or time on the studied variables was determined using a two-way analysis
of variance without repetitions by the means of F-test at the significance level of α = 0.05.
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The analysis was performed in MS Excel with Analysis ToolPak (Microsoft, the USA).
The results of the one-way ANOVA are presented in tables and figures by different letters,
whereas the results of two-way ANOVA are presented by indicating the significance (*) of
the influence of time or type of treatment (based on the p-values).

3. Results and Discussion
3.1. Changes in Raw Material Caused by Pre-Treatment in Ethanol Solution with and without
Ultrasound

The changes in raw material caused by pre-treatment in ethanol solution without
(EtOH) and with ultrasound (EtOH + US) are presented in Table 1. Both in the case of the
pre-treatment in ethanol and the treatment in ethanol with the use of ultrasound, there
was a weight loss in the carrot slices in the range of 2.22–8.97% when using alcohol alone,
5.38–14.05% for the EtOH+US21 treatment, and 6.95–14.84% for the EtOH+US40 treatment
(Table 1). The weight loss was mainly related to the reduction of the water content after
the treatments. In almost all cases with a longer time of treatment, the weight loss was
greater. Additionally, the application of ultrasound caused a further increase in weight loss.
The weight loss was greater when a higher frequency was used, which, with the greater
conductivity of the solution (Figure 1), may explain the greater leakage of water-soluble
components into the ethanol solution. The significance of the influence of both treatment
type and time on the relative weight loss was confirmed (p < 0.05; Table 1). This means
that the weight loss was caused by the treatment in ethanol, while sonication additionally
intensified these changes, probably as a result of partial damage to the structure. It is
well known that the sonication results in structural changes due to the influence of sound
waves on the material [2,24,30,33,34]. Similarly, Zhou et al. [26] noticed the increase of the
water loss in scallion slices immersed in ethanol, and sonication intensified the changes,
which means that the ultrasound cavitation and other mechanical effects of sonication
can intensify the migration between the tissue and medium. Furthermore, after carrot
treatment in ethanol and ethanol with sonication assistance for 30 min, Costa Santos
et al. [11] observed shrinkage of the cell wall in comparison to the fresh sample. As they
stated, the shrinkage has an impact on the permeability of the cell and it has an influence
on water loss with other compounds.

Table 1. Relative mass change (∆m) of carrot slices (%) in relation to the initial weight, dry matter content and water activity
changes of carrot tissue pre-treated without and with ultrasound; error bars indicate ± SD (standard deviation calculated
from four repetitions in the case of relative mass change and six repetitions in the case of dry matter content and water
activity).

Type of Pre-Treatment Relative Mass Change
∆m (%) Dry Matter Content (%) Water Activity

(-)

untreated - 9.70 ± 0.79 ab 0.953 ± 0.01 a
5 s EtOH 2.22 ± 0.49 d 9.19 ± 0.14 a 0.942 ± 0.05 a

15 s EtOH 4.50 ± 0.99 cd 10.34 ± 0.33 b 0.945 ± 0.01 a
60 s EtOH 5.50 ± 0.65 cd 10.70 ± 0.40 b 0.953 ± 0.01 a
180 s EtOH 8.97 ± 0.01 bc 12.29 ± 0.17 c 0.938 ± 0.01 a

5 s EtOH+US21 5.38 ± 1.38 cd 11.48 ± 0.29 b 0.956 ± 0.02 a
15 s EtOH+US21 6.43 ± 0.53 cd 11.50 ± 0.30 b 0.964 ± 0.01 a
60 s EtOH+US21 8.97 ± 3.32 bc 11.24 ± 0.52 b 0.960 ± 0.01 a

180 s EtOH+US21 14.05 ± 1.67 ab 10.66 ± 0.53 b 0.956 ± 0.23 a
5 s EtOH+US40 7.19 ± 0.20 cd 10.94 ± 0.30 b 0.947 ± 0.03 a
15 s EtOH+US40 6.95 ± 1.62 cd 11.05 ± 0.29 bc 0.963 ± 0.05 a
60 s EtOH+US40 9.23 ± 0.48 bc 11.06 ± 0.14 bc 0.962 ± 0.08 a

180 s EtOH+US40 14.84 ± 0.86 a 11.35 ± 0.17 bc 0.957 ± 0.04 a

The results of two-way ANOVA
pre-treatment type * - *
pre-treatment time * - -

a, b, etc.—different letters in each column indicate different homogeneous groups (one-way ANOVA, α = 0.05). The results of two-way
ANOVA indicate the significance (*) or insignificance (-) of the influence of the type and time of treatment (α = 0.05).
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Figure 1. Conductivity of the ethanol solution after carrot pre-treatment without and with ultrasound (21 and 40 kHz): a, b,
etc.—different letters indicate different homogeneous groups (one-way ANOVA, α = 0.05).

In fresh carrot (untreated), the dry matter content was 9.70 ± 0.79% (Table 1). Both
in the case of EtOH and EtOH+US treatments, the dry matter content of carrot slices in most
cases increased after treatment. The increase was of up to 27 and 19% for samples treated
in ethanol alone and in ethanol with the application of ultrasound, respectively. The two-
way analysis of variance did not reveal a significant influence of type nor time of treatment
(Table 1). Additionally, Zhou et al. [26] observed an increase in dry matter content in scallion
slices, when the immersion in ethanol was applied, and with the assistance of sonication
the value even increased. Changes in the dry mass content are related to two opposite
phenomena: the penetration of solvent into the material and dry matter components into
the environment [35,36]. In the case of the current research, the ultrasound treatment was
carried out in ethyl alcohol, which allowed to obtain the desired effect, i.e., increasing the
dry substance content, and thus water loss as a result of its partial, surface replacement by
alcohol. In the case of water activity, all samples did not differ significantly, however, the
two-factor analysis of variance showed the existence of a statistically significant effect of
the type of pre-treatment on the value of water activity in the material after treatment (p <
0.05; Table 1). Higher values were obtained in the case of EtOH+US in comparison to the
EtOH sample.

The conductivity of the ethanol solution after carrot pre-treatment with ultrasound
(EtOH + US), depending on the ultrasound frequency (21 and 40 kHz), in comparison
with the conductivity of the EtOH samples, is presented in Figure 1. This method of
measurement is mainly used to assess the properties of food products, their origin, quality
after pre-treatment, e.g., by evaluating tissue leakage after the blanching process [20]. Ethyl
alcohol, thanks to its properties, helps to extract substances from plant material. In carrot
tissue ethanol positively influenced extraction, especially of the substances with hydroxyl
groups in their structure [37]. Thus, the measurement of the electrical conductivity of
ethanol used during the pre-treatments allows the assessment of the degree of leaking out
of dissociating compounds from the carrot tissue.

The conductivity of pure ethanol was 0.75 ± 0.10 µS/cm. A significant (p < 0.05)
effect of both the treatment type and time on the conductivity of the ethanol solution was
proven (Figure 1). During all pre-treatments, the electrolyte losses from the plant material
to the surrounding medium was most intense in the first 5 s. With longer pre-treatment,
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increasing conductivity was observed, especially when ultrasound frequency of 40 kHz
was used. In the case of EtOH+US 21 and EtOH samples, the conductivity values were
similar in almost the entire process. It means that the use of a higher frequency and longer
time caused the higher compounds to leak from the carrot tissue. The different influence of
the two types of US frequencies proves the need to select processing parameters for a given
material. Ultrasound causes the phenomenon of cavitation, as a result of which there is
a local increase in pressure and temperature in the material, which destroys the structure of
plant tissue cells, making it easier for substances to leak from the tissue [38,39]. The highest
conductivity value (82.52 ± 2.30 µS/cm) was obtained after the longest treatment time
(180 s) for EtOH+US40. Thus, the increase in the conductivity value was over 19.3% with
respect to the conductivity value for the alcohol solution after the same treatment time
without US assistance (EtOH—66.60 ± 1.99 µS/cm).

Colour is one of the most important parameters for assessing the quality of raw
materials and food products. From the perspective of a potential consumer, colour is one
of the basic factors that influence the acceptability of a product [31,33]. Therefore, it is very
important to control colour changes after pre-treatments. This allows to check whether
the application of the treatment or process is useful for industrial purposes and allows to
maintain the colour of the raw material. Table 2 shows the changes in colour parameters of
carrot slices after pre-treatment in ethyl alcohol with or without ultrasound support. For the
fresh carrot, the L*, a * and b* parameters were equal to 40.6 ± 2.1, 12.3 ± 3.0, and 23.4 ± 3.8,
respectively. The fresh material has an orange colour with the hue angle (h◦) equal to 62.6
± 2.2. The treatment in the ethyl alcohol caused alteration of colour parameters. There was
a lack of any trend in the L* value changes and this parameter decreased at the beginning
of the treatment and after the longest time of treatment increased in comparison to fresh
sample. The sonication assistance resulted in a higher L* value. In the case of a* and b*
values, the treatment in alcohol resulted in most cases lowering of the value. Therefore, the
total colour difference, describing the colour changes in comparison to fresh material, was
characterized by value in the range of 5.4–12.3. According to Tiwari et al. [40] the value
higher than 2 indicates a visible change, which can be noted by an inexperienced observer
as a consumer. It means that all treatments with ethanol resulted in significant colour
modifications. Despite the changes in colour parameters, the majority of the parameters of
the preliminary treatments did not significantly affect the hue angle (h◦) of the researched
carrot slices. The h◦ values were in ranges from 61.1 to 67.2 (EtOH), 62.9–68.4 (EtOH+US21)
and 61.8–74.0 (EtOH+US40). Therefore, all values did not exceed 90◦, which means that
both fresh carrots and those subjected to preliminary treatments were characterized by
a red-orange colour.

Carotenoids are an important group of pigments naturally found in plants. The best-
known carotenoid is carotene, which has an orange colour. Carrots are a vegetable rich
in carotenoids, in particular, α- and β-carotene, which are precursors to vitamin A [11,41].
The scientific literature reported a wide range of the carotenoid content in carrot roots,
depending on the variety of the carrot, climatic aspects, soil conditions [42,43], year of
growth [43], extraction methods [44], and methods of processing [45]. The total content of
carotenoids in the edible part of carrot roots ranges from around 5.8 to 311 mg/100 g f.w.
(fresh weight) [2,43,46]. Thus, the content of pigments in the product affects its colour and it
has an impact on product acceptability. Figure 2 presents changes in the carotenoid content
in raw tissue (untreated) and after 60 and 180 s of treatment in ethanol with and without
sonication assistance. The samples subjected to a shorter time of immersion in ethanol (5
and 15 s) were not analysed due to the negligible effect on the total carotenoid content
in carrots. The content of carotenoids in raw carrot was 53.60 ± 4.78 mg/100 g d.m. (dry
matter), which referred to the content of 5.20 ± 0.46 mg/100 g f.w. It was thus practically
in the range reported in the literature. The application of the pre-treatment, consisting
of the immersion of raw carrot slices in EtOH for 60 and 180 s, resulted in an increase
of the carotenoid content by 15 and 52%, respectively. The use of ultrasonic waves with
a frequency of 21 (EtOH+US21) and 40 kHz (EtOH+US40) further increased the extractivity
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of carotenoids. During the 60 s of treatment at 21 kHz, the carotenoid content was higher
by 32%, and for the frequency of 40 kHz, by 44% compared to the raw material. In the
case of a treatment lasting 180 s, the carotenoid content was higher, in comparison to fresh
carrot, by 104% (EtOH+US21) and 144% (EtOH+US40). However, the two-factor ANOVA
did not confirm the significance of both factors (p > 0.05, Figure 2). A similar increase in the
content of active compounds as a result of sonication was obtained by Wiktor et al. [47]
in the case of apple tissue. The polyphenol content after sonication at the frequency of 21
and 40 kHz was from 27 to 145% higher in comparison to the raw tissue. The increase of
polyphenol content was observed with increasing the processing time and the frequency
from 21 to 40 kHz.

On the basis of the obtained results, it can be concluded that the use of immersion
in ethyl alcohol changed the structure [11,18] and increased the extractivity of carotenoid
from carrot tissue, especially with ultrasound application and the prolongation of the
processing time.

Table 2. Colour parameters (L*, a*, b*), hue angle (h◦) and total colour difference (∆E, in comparison to raw material) of
carrot tissue pre-treated without and with ultrasound; error bars indicate ± SD (standard deviation calculated from at least
10 repetitions).

Type of
Pre-Treatment L* (-) a* (-) b* (-) h (◦) ∆E (-)

untreated 40.6 ± 2.1 bcd 12.3 ± 3.0 ab 23.4 ± 3.8 ab 62.6 ± 2.2 ef -
5 s EtOH 41.5 ± 2.6 abcd 14.5 ± 3.2 a 26.0 ± 3.7 a 61.1 ± 2.7 e 5.8 ± 2.8 bc

15 s EtOH 38.2 ± 2.6 de 7.5 ± 2.6 ef 17.2 ± 2.4 ef 67.2 ± 4.6 bc 8.7 ± 3.3 bc
60 s EtOH 38.5 ± 2.2 de 8.4 ± 2.4 de 18.8 ± 3.4 cde 66.3 ± 3.1 bcd 6.6 ± 4.3 bc
180 s EtOH 41.9 ± 3.4 abc 9.8 ± 2.3 bcd 18.9 ± 3.0 cde 62.8 ± 2.3 ef 6.6 ± 3.0 bc

5 s EtOH+US21 41.1 ± 3.5 bcd 9.9 ± 2.5 bcd 19.0 ± 3.3 cde 62.9 ± 2.5 ef 6.7 ± 3.0 bc
15 s EtOH+US21 40.1 ± 3.9 bcd 8.4 ± 3.9 de 17.2 ± 4.2 ef 65.5 ± 3.7 bcde 9.4 ± 4.0 ab
60 s EtOH+US21 41.9 ± 3.9 abc 9.5 ± 4.0 bcd 19.4 ± 3.2 cde 65.4 ± 4.2 bcde 6.8 ± 2.8 bc

180 s EtOH+US21 43.2 ± 3.7 ab 7.3 ± 2.3 ef 18.0 ± 3.1 def 68.4 ± 3.7 b 8.9 ± 2.9 bc
5 s EtOH + US40 37.1 ± 1.9 e 4.5 ± 2.2 f 14.8 ± 2.8 f 74.0 ± 4.8 a 12.3 ± 3.5 a

15 s EtOH + US40 38.9 ± 2.3 cde 8.4 ± 3.3 de 18.1 ± 3.7 cdef 65.8 ± 3.7 bcde 7.3 ± 4.2 bc
60 s EtOH + US40 43.0 ± 3.9 ab 11.4 ± 3.2 abc 21.5 ± 3.7 bcd 61.8 ± 3.0 ef 5.4 ± 2.8 c

180 s EtOH + US40 44.7 ± 4.0 a 11.3 ± 3.5 bc 21.8 ± 3.4 bc 63.1 ± 3.7 def 7.1 ± 2.3 bc

The results of two-way ANOVA
pre-treatment type - - - - -
pre-treatment time - - - - -

a, b, etc.—different letters in each column indicate different homogeneous groups (one-way ANOVA, α = 0.05). The results of two-way
ANOVA indicate the significance (*) or insignificance (-) of the influence of the type and time of treatment (α = 0.05).
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Figure 2. The carotenoid content in raw carrot tissue pre-treated with and without ultrasound; a,
b, etc.—different letters indicate different homogeneous groups (α = 0.05), the results of two-way
ANOVA indicate the significance (*) or insignificance (-) of the influence of the type and time of
treatment (α = 0.05). In table—the increase in carotenoid content in relation to the untreated sample.

3.2. Effect of the Pre-Treatment on the Drying Process of Carrot Tissue

The pre-treatments in ethanol with and without ultrasound assistance, regardless of
the type of processing, virtually did not affect the kinetics of the convective drying of carrot
tissue, as shown in Figure 3. The drying of raw carrot slices, not subjected to any pre-
treatment, to a relative water content (MR) of 0.02, took around 101 min (Table 3). In the case
of EtOH treatment, the shortest processing time (5 s) caused reduction of the drying time
only by 1.5%. On the other hand, the extension of the processing time (15–180 s) resulted
in slightly longer drying (by 3.5–6.0%). Furthermore, the EtOH+US processing led to both
a slight reduction (by 2.5% in the case of 15 s) and a slight prolongation (by 3.5–6.5% for 5,
60 and 180 s) of the drying time in relation to the tissue not subjected to the treatment. It can
be summed up that despite the statistical differences, the immersion in ethanol practically
did not affect the drying time (changes around 6 min are marginal from the industrial
point of view), due to the increase of shrinkage of the tissue in comparison to untreated
dried sample (Table 4). However, other researchers observed a reduction in drying time,
when ethanol treatment was used. A shorter drying time about 48–50% [18] and about
34–53% [17] was reported during convective drying of pumpkin and apple, respectively,
but for longer pre-treatment time (15–30 min), with or without ultrasound. A similar effect
was noticed by Costa Santos et al. [11] for carrot subjected to 30 min ethanol pre-treatment,
with and without US assistance, where the drying time was shortened (in comparison to
control) of around 51 and 50%, respectively. While ethanol treatment lasted from 5 to 180 s
for apples, the reduction of drying time from 4.9 to 18.3% was noted [9]. This phenomenon
can be explained by ethanol entering the surface of the tissue, which caused the reduction
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of the water content at the beginning of drying. Furthermore, ultrasound facilitates the
process [11]. Moreover, Rojas et at. [16], who subjected potato to ethanol pre-treatment
with and without US followed by infrared drying, mentioned that the creation of the
microchannels might positively influence the drying time. Nonetheless, in the present
study, both the treatment in ethanol alone and with ultrasound assistance resulted in an
increase in the density of dried material (Table 4) and reduction of the volume, which is
discussed below. This means that the treatment in ethanol causes such changes in the
structure of carrots, which, contrary to the hypothesis concerning the acceleration of drying
with ethanol, limits the possibility of faster evaporation of water during drying. It is also
possible that US intensified the changes in the plant structure, therefore, the drying time
was even longer, with some exceptions.
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Table 3. Drying time to MR = 0.02, dry matter content, water activity of dried carrot tissue pre-treated without and with
ultrasound; error bars indicate ± SD (standard deviation calculated from three repetitions).

Type of Pre-Treatment Drying Time to MR = 0.02
(min)

Dry Matter Content
(%)

Water Activity
(-)

untreated 100.8 ± 0.3 c 94.05 ± 0.71 cd 0.274 ± 0.001 a
5 s EtOH 99.2 ± 0.3 d 95.11 ± 0.24 ab 0.256 ± 0.002 bc

15 s EtOH 106.5 ± 0.5 a 94.60 ± 0.32 abc 0.265 ± 0.001 ab
60 s EtOH 104.7 ± 0.8 b 94.23 ± 0.46 bcd 0.272 ± 0.001 a
180 s EtOH 106.8 ± 0.8 a 95.07 ± 0.30 abc 0.251 ± 0.001 c

5 s EtOH+US21 107.1 ± 0.1 a 92.19 ± 0.24 e 0.260 ± 0.007 abc
15 s EtOH+US21 98.3 ± 0.3 d 95.46 ± 0.08 a 0.250 ± 0.002 c
60 s EtOH+US21 104.2 ± 0.3 b 95.14 ± 0.18 ab 0.254 ± 0.006 bc

180 s EtOH+US21 104.5 ± 0.9 b 93.34 ± 0.33 d 0.261 ± 0.005 abc

The results of two-way ANOVA
pre-treatment type - - -
pre-treatment time - - -

a, b, etc.—different letters in each column indicate different homogeneous groups (one-way ANOVA, α = 0.05). The results of two-way
ANOVA indicate the significance (*) or insignificance (-) of the influence of the type and time of treatment (α = 0.05).

The shelf life of dried products depends on the obtained water activity level and the
storage conditions (ambient humidity, type of packaging). Water activity affects the course
of biological processes, in particular the development and ability to divide microorganisms.
It is assumed that microbiologically safe dried products have a water activity not exceeding
0.6 [48]. In all cases, the water activity of dried samples was below the limit (0.250–0.274;
Table 3). The dried untreated carrot contained 94.05 ± 0.71% of dry matter, whereas for
the ethanol-treated samples, it was in the range of 92.19–95.46%. The type and time of
treatment did not affect both dry matter content and water activity in dried carrots (p >
0.05, Table 3). Moreover, there was no correlation between the final water content after
drying and the water activity of dried materials (p = 0.255; r = −0.424).

Table 4. Shrinkage, density, rehydration rate (after 3 h of rehydration), hygroscopic properties (after 72 h above NaCl
solution) of dried carrot tissue pre-treated without and with ultrasound; error bars indicate ± SD (standard deviation
calculated from three repetitions).

Type of Pre-Treatment Shrinkage
(-)

Density
(g/cm3) Rehydration Rate (-) Hygroscopic

Properties (-)

untreated 65.3 ± 2.0 a 0.79 ± 0.10 a 5.35 ± 0.07 e 5.34 ± 0.02 bc
5 s EtOH 69.4 ± 3.9 a 0.80 ± 0.15 a 5.78 ± 0.02 cd 6.08 ± 0.12 a
15 s EtOH 70.8 ± 2.0 a 0.83 ± 0.21 a 5.27 ± 0.12 e 5.65 ± 0.16 b
60 s EtOH 69.4 ± 8.8 a 0.87 ± 0.03 a 5.49 ± 0.08 de 4.60 ± 0.03 d

180 s EtOH 70.8 ± 9.8 a 0.92 ± 0.29 a 6.01 ± 0.13 bc 5.30 ± 0.28 bc
5 s EtOH+US21 65.3 ± 5.9 a 0.84 ± 0.01 a 5.99 ± 0.11 bc 3.57 ± 0.04 e

15 s EtOH+US21 76.4 ± 5.9 a 0.99 ± 0.05 a 6.23 ± 0.03 ab 6.09 ± 0.18 a
60 s EtOH+US21 72.2 ± 7.9 a 1.02 ± 0.45 a 6.24 ± 0.11 ab 5.10 ± 0.11 c

180 s EtOH+US21 73.6 ± 2.0 a 1.06 ± 0.05 a 6.37 ± 0.08 a 3.82 ± 0.12 e

The results of two-way ANOVA
pre-treatment type - * * -
pre-treatment time - - - -

a, b, etc.—different letters in each column indicate different homogeneous groups (one-way ANOVA, α = 0.05). The results of two-way
ANOVA indicate the significance (*) or insignificance (-) of the influence of the type and time of treatment (α = 0.05).

3.3. Effect of the Pre-Treatment on the Properties of Dried Material

During pre-treatment and drying, the physical properties, i.e., volume and density
of the plant tissue, change. The volume changes depend mainly on the quality of the raw
material subjected to the process, as well as the method of processing [29]. Shrinkage and
density of dried carrot slices immersed in ethanol are summarized in Table 4. The shrinkage
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of the untreated dried carrot was 65.3 ± 2.0%, while the density was equal to 0.79 ±
0.10 g/cm3. Both in the case of EtOH and EtOH+US treatments, there were no significant
differences in these parameters of dried materials. Nevertheless, there was a noticeable
tendency regarding the shrinkage and density, which increased in most cases in comparison
to the untreated dried carrot. The higher shrinkage was observed for scallion stalk and
apple treated with ethanol (with and without sonication) [9,26]. Furthermore, the density
increased with the increasing time for both treatment variants in ethanol, and the two-
factor analysis of variance showed the significant influence of the type of treatment on the
material density (p = 0.022). The increased density was a result of the decreased volume of
the slices and increased shrinkage, along with the prolongation of the processing time and
the application of US. The increase in shrinkage, as a result of ultrasound treatment prior
to drying, was also noted by Nowacka et al. [25]. Similarly, Żubernik et al. [13] noticed
increase in shrinkage for apples immersed in ethanol before drying. On the other hand,
Funebo et al. [49] reported a reduction in shrinkage after treatment with ethyl alcohol in the
case of apples. However, it should be mentioned that the treatment was carried out under
different conditions, hence probably different trends.

Rehydration ability is an important physical property of dried products, as the amount
of water absorbed by dried material may affect the textural and visual properties [11,18,49].
A good rehydration capacity is especially important in the case of dried carrot tissue, due
to its further use in, e.g., soups. In conducted research, the dried untreated material was
characterized by a rehydration rate equal to 5.35 ± 0.07 (Table 4). EtOH treatment, especially
when it was combined with US, resulted in increased rehydration capacity, which was in the
range of 5.27–6.01 for EtOH (increase of up to 12%) and from 5.99 to 6.37 for EtOH+US
(increase of up to 19%). It was proven that type of treatment significantly influenced
(p < 0.05, Table 4) the rehydration ability, which was probably related to the increased
porosity of the material as a result of damage to the internal structure during sonication [30].
This means that the use of treatment in ethanol, especially when this treatment is supported
by the ultrasound, increases the possibility of re-absorption of water of dried carrots.
Funebo et al. [49] came to similar conclusions that the pre-treatment in ethanol improved
the rehydration properties and porosity of dehydrated apples. The authors explained the
higher rehydration capacity of apples treated with ethanol by changes in the microstructure,
including thinned cell walls, which swelled upon rehydration. The same results were
obtained for rehydrated pumpkin [18], carrot [11] and scallion stalk [26] when the material
was treated by ethanol with and without sonication. These changes were explained by the
better access of the ethanol molecules into the tissue, which improved the resistance of
plant cells to shrinkage during the drying.

Hygroscopic properties depend on chemical composition, structure, enzymatic and
chemical reactions. These properties in dried products can help in assessing changes in the
product during the drying process [30]. In general, the greater damage of the structure,
the worse is the water vapour adsorption capacity [28]. Changes in the water vapour
adsorption of dried carrots pre-treated in EtOH and EtOH+US are shown in Figure 4
and in Table 4. On the basis of Figure 4, it can be noted that the highest intensity of
water vapour adsorption for all tested samples took place within the first 24 h. The high
value of hygroscopic properties in the case of dried carrot subjected before drying to
5 s EtOH and 15 s EtOH+US may indicate slight changes in the internal structure and
preserved adsorption centres. It is worth mentioning that in the case of these materials,
the drying time was the shortest (less than for untreated carrot). There was no observed
trend in changes of hygroscopic properties depending on the time of treatment, both with
and without sonication (p > 0.05, Table 4). Żubernik et al. [13] also observed different water
vapour adsorption properties for dried apples immersed in ethanol. They recorded the
lowest relative water content after the longest treatment time (3 min), which was explained
by the increased shrinkage of apples dried after this treatment. However, it can probably
also be caused both by changes in the internal structure of dried carrots caused by ethanol
and different behaviour of the material during drying (e.g., structure collapse or shrinkage).
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It could be noticed that in most cases the material subjected to ethanol with US assistance
showed worse hygroscopic properties, which could be due to increased damage of the
structure. On the basis of the presented results, it can be concluded that with the selected
parameters of the pre-treatment, it is possible to influence the hygroscopic properties of
dried products. Reduced water vapour adsorption may increase the storage stability of
dried material.
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Table 5 shows the colour parameters of dried carrots, which were subjected to pre-
treatment in ethanol (EtOH) and ethanol-ultrasound (EtOH+US21). Dried carrot slices,
untreated before drying, had an L* value equal to 51.5 ± 4 and after the immersion treat-
ment in ethyl alcohol (EtOH), darkening of the dried carrots was observed. Whereas, the
sonication assistance did not significantly change the lightness of dried material in compar-
ison to the untreated dried carrot. The different effect of both treatments, with and without
ultrasound assistance, was confirmed by the two-way analysis of variance (p < 0.05, Table 5).
However, the treatment time did not have a significant effect (p > 0.05, Table 5). Nowacka
and Wedzik [2] noted that the sonication parameters influenced both the darkening of
dried sonicated carrots, as well as causing no changes in carrot colour, compared to those
not pre-treated. The lack of changes in the lightness of dried carrots treated with ethanol
and ultrasound means that there is a positive effect of this type of treatment on the colour
of dried carrots. The a* value of the untreated dried material was 17.6 ± 2.9 and for all
dried materials subjected to pre-treatments in ethanol, with and without sonication, no
statistical changes in red colour were noted. Similarly, Nowacka and Wedzik [2] did not
find a significant difference in the a* and b* value between the dried untreated carrot and
the dried one subjected to US for 10–30 min. On the other hand, in our research, in the case
of b* value and hue angle (h◦), a significant decrease was observed for almost all dried
samples subjected to both EtOH and EtOH+US pre-treatments, in comparison to control
(dried, untreated). It is worth noting that for both treatments the obtained values for hue
angle did not exceed 90◦ (ranged from 51.9 to 56.2), which means that the dried carrot
slices were still characterized by a red-orange colour. The pre-treatment, regardless of the
variant and its duration, significantly decreased the hue angle, which was probably related
to immersion of the material in ethanol.
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Table 5. Colour parameters (L*, a*, b*), hue angle (h◦) and total colour difference (∆E, in comparison to raw material) of
carrot tissue pre-treated in ethanol without (EtOH) and with ultrasound (EtOH+US21); error bars indicate ± SD (standard
deviation calculated from at least six repetitions).

Type of
Pre-Treatment L* (-) a* (-) b* (-) h (◦) ∆E (-)

untreated 51.5 ± 4.4 ab 17.6 ± 2.9 a 32.5 ± 2.3 a 61.7 ± 3.9 a 15.8 ± 2.9 ab
5 s EtOH 45.3 ± 3.3 c 21.3 ± 4.2 a 27.2 ± 3.1 b 52.3 ± 4.2 b 11.7 ± 4.1 bc

15 s EtOH 48.4 ± 3.5 bc 18.5 ± 2.8 a 26.3 ± 2.8 b 54.9 ± 3.5 b 11.3 ± 2.5 bc
60 s EtOH 45.0 ± 3.8 c 19.3 ± 3.0 a 25.7 ± 2.7 b 53.2 ± 2.4 b 9.7 ± 2.9 c
180 s EtOH 49.8 ± 4.8 abc 18.9 ± 4.6 a 27.9 ± 3.5 b 56.2 ± 3.9 ab 13.8 ± 3.5 abc

5 s EtOH+US21 51.6 ± 4.9 ab 21.0 ± 2.2 a 28.7 ± 3.4 ab 53.8 ± 2.0 b 15.6 ± 4.4 ab
15 s EtOH+US21 52.9 ± 4.6 ab 21.1 ± 3.1 a 26.9 ± 2.5 b 52.1 ± 3.8 b 16.1 ± 3.9 ab
60 s EtOH+US21 55.2 ± 4.7 a 20.4 ± 3.3 a 26.6 ± 1.6 b 52.6 ± 4.5 b 17.4 ± 4.5 a

180 s EtOH+US21 54.0 ± 4.2 b 22.3 ± 3.7 a 28.3 ± 3.3 b 51.9 ± 3.4 b 18.1 ± 3.8 a

The results of two-way ANOVA
pre-treatment type * - - - *
pre-treatment time - - * * -

a, b, etc.—different letters indicate different homogeneous groups (one-way ANOVA, α = 0.05). The results of two-way ANOVA indicate
the significance (*) or insignificance (-) of the influence of the type and time of treatment (α = 0.05).

The above changes in all colour parameters of dried carrots were calculated in com-
parison to the raw carrots and presented as the total colour difference (∆E). In the case of
processing in ethyl alcohol (EtOH), a significant colour change was demonstrated in re-
lation to the untreated dried material, except for the longest processing time. The total
colour difference ranged from 9.7 to 13.8. It is worth noting that in the case of US-assisted
treatment, ∆E ranged from 16.1 to 18.1 and was statistically identical to the control dried
sample. These results indicate a colour change (∆E > 5) noticeable by the eye of an inexperi-
enced observer, which can be due to different reflection of light source from fresh and dried
material. Similar results were obtained by Zhou et al. [26] for infrared-convective dried
scallion slices when the water and ethanol, with and without sonication assistance, were
used before drying. Treatment in ethanol of scallion slices without US resulted in lower ∆E
value in comparison to control (soak in distilled water) and sonicated sample in ethanol.

Convective drying is usually conducted at high temperatures [29,50], which can lead
to the degradation of many biologically active ingredients in food [11,51,52]. Carotenoids
are such ingredients in carrots [53]. The carotenoid content in dried carrot tissue pre-treated
in ethanol without (EtOH) and with the ultrasound of 21 kHz (EtOH+US 21) are presented
in Figure 5. The carotenoid content decreased after drying in comparison to fresh samples
(Figure 2). Dried carrots not subjected to pre-treatments were characterized by the content
of carotenoids of 21.00 ± 0.28 mg/100 g d.m. Compared to raw carrots, the retention
of these compounds after drying of untreated sample was 39%. Rawson et al. [54] re-
ported 28% retention of carotenoids after convective drying of carrots. The degradation of
carotenoid content during the processing of food products depends on the composition
of the product and the parameters of the drying process itself. Carotenoids are sensitive
to the action of oxygen, light, heating and enzymes, hence their losses during processing
can be significant [53,54]. However, in properly processed products, changes in carotenoid
content can be limited [55]. For example, when a carrot was dried at 40 ◦C the retention of
carotenoid content was 92% [56]. However, when the higher temperatures of 60, 70, 80 and
90 ◦C were used the retention was 17, 27, 30 and 36%, respectively [52].
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Figure 5. The carotenoid content in dried carrot tissue pre-treated in ethanol without (EtOH) and
with ultrasound (EtOH+US21); a, b, etc.—different letters indicate different homogeneous groups
(α = 0.05), the results of two-way ANOVA indicate the significance (*) or insignificance (-) of the
influence of the type and time of treatment (α = 0.05). In table—the increase in carotenoid content
in relation to the untreated dried sample.

As in the case of the material directly after processing in ethanol (Figure 2), as well as
in the case of dried carrots, increased content of carotenoids after treatment in ethanol was
observed (up to 135% increase in comparison to untreated dried carrot). This was linked to
the use of immersion in ethanol, and higher carotenoid content was obtained with longer
processing time (p < 0.05, Figure 5) and with sonication assistance. However, the second
factor did not affect significantly the obtained results (p > 0.05, Figure 5). The increased
carotenoid contents in relation to untreated dried material was in the range of 37–115%
and 43–135% in the case of EtOH and EtOH+US, respectively. Ultrasound caused thus
only a slight increase in carotenoid content in dried carrots in relation to the dried material
immersed in ethanol. These results are confirmed by the reports of Rawson et al. [54] and
Nowacka and Wedzik [2]. However, pumpkin subjected to 30 min of ethanol with US and
convective drying at 50 ◦C retained 100% of carotenoids, while control samples showed
23% degradation of carotenoid content [18]. Furthermore, Costa Santos [11] observed
unchanged carotenoid contents in dried carrots treated with ethanol for 30 min compared
to the untreated dried material. It should be, however, mentioned that in our study the
increased content of carotenoids after a shorter amount of time indicates the possibility of
obtaining product of designed properties when the pre-treatment parameters are adjusted.
Furthermore, it is worth mentioning that due to enhanced extractivity of carotenoids, the
immersion in ethyl alcohol with US assistance for 180 s resulted in limited degradation
of carotenoids (8%) in dried material when compared to fresh tissue. It can be therefore
stated that dried carrot subjected to EtOH+US treatment contained a similar amount of
carotenoids as raw root.
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4. Conclusions

The pre-treatment of carrots in ethanol contributed to the reduction of water content,
mass loss and an increase of carotenoid content in tissue as well as an increase of ethyl
alcohol conductivity due to partial, surface replacement of water by ethanol, leakage of
dissociating compounds from the tissue to alcohol and simultaneously increased extractiv-
ity of carotenoids from pre-processed carrots. The changes were more pronounced with
increasing pre-treatment time and with ultrasound application, especially when the fre-
quency of 40 kHz was used. The colour of ethanol-treated carrot was generally unchanged
in comparison to the fresh sample. This indicates a greater disruption of the structure
after sonication and thus a greater leakage of cellular contents into the ethanol solution
and an increased extractability of carotenoids caused by a higher ultrasound frequency.
Therefore, the US frequency of 21 kHz was selected for further investigation during the
drying process.

Despite a decrease of water content after treatment in ethanol (EtOH) and ethanol
with ultrasound (EtOH+US), both pre-treatments virtually did not change the drying time
in comparison to the untreated sample, which was probably due to increased tissue shrink-
age and partial breakdown of the structure during drying. The dried pre-treated in ethanol
carrot exhibited an increased rehydration rate (up to 19%) and total carotenoid contents
(up to 135%) with statistically identical total colour change as in the case of untreated dried
material. Longer pre-treatment time, in particular when ultrasound was combined with
ethanol treatment, caused additional increase of rehydration ability and carotenoid con-
tents. It can be therefore stated that ethanol-ultrasound (EtOH+US) treatment for a short
time (up to 3 min) creates the possibility of obtaining dried carrot with designed quality,
corresponding to both the specific requirements of the consumer and the industry.
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