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A B S T R A C T

Ultrasound was combined with ethanol to improve different aspects of carrot convective drying, evaluating both
processing and product quality. The ultrasound in water treatment resulted in cellular swelling and small impact
on texture. Differently, the ultrasound in ethanol and ethanol treatments modified both carrot microstructure
(cell wall modifications of parenchymatic tissue) and macrostructure (shrinkage and resistance to perforation).
Pre-treatments with ultrasound in ethanol and ethanol improved the drying kinetics, reducing the processing
time (~50%) and the energy consumption (42–62%). These pre-treatments also enhanced rehydration, whose
initial rate and water retention were higher than the control. In addition, the carotenoid content was preserved
after drying, for all the treatments. Any impact on shrinkage was observed. A mechanistic discussion, based on
structural modification (microstructure and macrostructure) and physical properties of water and ethanol, was
provided. As conclusion, this work not only described positive aspects of combining the technologies of ultra-
sound and ethanol as pre-treatments to convective drying, but also proposed mechanisms to explain the phe-
nomena.

1. Introduction

Drying is an important operation in the food industry, producing
safe and stable food products, and also reducing post-harvest losses.
This operation allows for obtaining various products such as snacks,
soups and dried fruits [1], which can be consumed directly or after
rehydration.

Drying has numerous advantages in food preservation. However,
conventional convective drying is a long process, which also presents a
high energy consumption [2]. Moreover, the long processing time, as-
sociated with high temperatures, can result in undesirable changes,
such as nutrient degradation or poor rehydration capacity.

Therefore, different strategies are being studied to enhance food
drying, including the application of pre-treatments [3]. In this context,
both ethanol and ultrasound can be used as a promising alternative in
food processing.

The pre-treatment with ultrasound has been studied in different
products, while the studies using pre-treatments with ethanol are now

increasing. However, the combination of both approaches (conducting
ultrasound processing with ethanol) was only recently proposed. Rojas
et al. [4] conducted a work combining ethanol and ultrasound
(Ethanol + US) pre-treatments to convective drying of pumpkin. The
combined treatment reduced the drying time and the energy con-
sumption during processing, improved the rehydration and avoid car-
otenoid degradation. The same combination (Ethanol + US) was also
proposed prior to apple convective drying [5], with smaller processing
time (3 min). They obtained significative reduction of drying time, al-
though the combination did not minimize the degradation the phenolic
compounds. The combination Ethanol + US was also evaluated on
melon, with two ethanol concentrations (50 and 100%) and convective
drying at 60° C. The treatment with a higher concentration of ethanol
obtained shorting drying time, but there was degradation of phenolic
compounds, ascorbic acid and carotenoids, when compared to dry
samples without treatment and fresh melons [6]. However, in all woks,
the authors did not evaluate the product structure nor performed the
pre-treatment using water in the ultrasonic bath. Moreover, the three
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works evaluated homogeneous vegetables, while it would be interesting
to study a matrix with different structures.

Three other works employed the combination Ethanol + US, but as
pre-treatment to different drying techniques, whose mechanisms are
different from convective drying. These pre-treatments were evaluated
prior to the infrared drying of potatoes [7] and garlic [8], reducing the
drying time. However, the rehydration properties of potatoes were
impaired due to the structure modification associated with its compo-
sition, while allicin losses were registered in the garlic samples. The
Ethanol + US combination was also investigated in pulsed vacuum
drying of apple, reducing the drying time and liberating free amino
acids [9]. These different results reinforce the need to evaluate other
structures and quality parameters by using these pre-treatments.

Therefore, although being promising, the combination of ethanol
and ultrasound (Ethanol + US) technologies as pre-treatments to con-
vective drying still needs to be better understood. Particularly, its effect
on product structure, the subsequent impact on processing, and how
different tissues are affected by those pre-treatments still must be better
described. Based on this context, the present work was proposed.

Carrot was selected as a food matrix for drying, not only due to its
commercial importance, but also as this vegetable can be consumed
both directly dried (as a health-claim snack or composing other pro-
ducts, such as cereal bars, breakfast cereals, granola, cookies, etc) or
after rehydration (as in soups, puree, creams or cakes, among other
possibilities). In addition, carrots present an appreciated nutritional
composition, due to its high carotenoid content, which is interesting in
this study as a quality parameter. Moreover, carrots exhibit two distinct
structural regions (cortex and core) with parenchymatic tissue and two
vascular tissues (xylem and phloem), representing a typical anisotropy
of food matrix. Their complex structure can provide an important op-
portunity to describe the mechanisms of mass transfer during drying
under a more realistic perspective.

Consequently, the present work studied the effect of ethanol pre-
treatment along with ultrasound on carrot structure and convective
drying, also evaluating the energy consumption, and quality parameters
(evaluated through the texture, shrinkage, rehydration kinetics and
carotenoid retention).

2. Material and methods

The experimental flowchart is described in Fig. 1. This work de-
scribed ethanol and/or ultrasound pre-treatments to carrot convective
drying and their influence on drying and rehydration kinetics, micro-
structure, texture, shrinkage and carotenoid content. Carrot was chosen
by being a widely consumed vegetable, with good nutritional value (in
special related with its carotenoid content), and the product can be
consumed directly dried or rehydrated (such as in soups). Moreover, it
is constituted by two different fibrous parts (demonstrated on Figs. 1
and 2), which make its study interesting from a structural point of view:
the core, which is the internal and softer pulp; and the cortex, which is
the external and harder pulp.

2.1. Sample preparation

Carrots (Daucus carota) free of injuries and homogeneous in colour
were obtained in a local market of Piracicaba-SP, being stored at ~ 6 °C
before processing. The carrots were cut in 5 mm slices (cutter Britânia,
Brazil), totalling 32 slices per treatment. The slices were then submitted
to different treatments.

2.2. Pre-treatments

In order to better understand the effect of ethanol and ultrasound on
carrots, the following pre-treatments were applied: Ethanol (E);
Ethanol + Ultrasound (Ethanol + US); Water + Ultrasound
(Water + US); and Control. Ethanol pre-treatment evaluates only the

effect of ethanol. It is impossible to isolate the pure ultrasound effect
since a fluid must transmit the waves through a liquid until the solid
product in the ultrasonic bath. Therefore, water was used in the treat-
ment Water + US to closely evaluate the ultrasound effect. The effect of
the two technologies combination was observed in the Ethanol + US
pre-treatment. Control is a sample that did not undergo any pre-treat-
ment before drying, being only cut to standard size and dried under the
same conditions as the other treatments.

The carrot slices were submerged in ethanol (99.8% v/v) for 30 min
(Ethanol). The ethanol and ultrasound action time were chosen based
on the work Rojas et al. [4] that obtained the highest drying time re-
duction with combination Ethanol + US for 30 min. After the immer-
sion time, the samples were removed from ethanol, which was drained,
and the samples were superficially dried with absorbent paper.

Ultrasound was applied in an ultrasonic bath (Q13/25, Ultronique,
Brazil; frequency of 25 kHz) at 20 °C (± 1 °C), using ethanol (99.8% v/
v) or water, for 30 min. To certify the maintenance of the temperature
during the ultrasonic pre-treatment (20 °C), an auxiliary thermostatic
water bath (ColdLab CL 16–40 - Brazil) and a heat exchanger re-
circulating a cold solution of ethanol/water were used. Moreover, the
good practices described by Vinatoru [10] were applied. The actual
delivered volumetric power was 23.9 and 25.7 W/L (calculated through
the calorimetric method according to [11]) for water and ethanol, re-
spectively. After ultrasound processing, the samples were removed from
ethanol or water, and their surfaces were drained and superficially
dried with absorbent paper.

2.3. Structural analysis

Microstructural evaluation was carried out using the optical L1000
microscopy model (Bioval, Curitiba, Brazil) with 20 W halogen lamp
and a portable camera of 5 megapixels. The carrots slices were cut into
20 μm dishes using a handheld microtome (Ancap, São Paulo, Brazil)
and observed with 10-fold magnification lens. For better observing, a
blue dye of 0.1% toluidine was used. Then, the microstructure was
verified on the in natura sample and pre-treated samples. The images
were captured after securing a representative field. The images were
captured in core and cortex of carrot.

2.4. Texture analysis

Ethanol and ultrasound may act differently on the cortex and core
regions of carrot due to different composition and structure of tissues
and cells, which are distributed along carrot length. Therefore, this
work analysed the effects of pre-treatments at the macrostructural level
through texture analysis. For this, it was considered both the core and
cortex in order to understand and describe the mechanism in materials
with different structures such as carrots.

Texture analysis was performed in the in natura carrot slices and
those after the pre-treatments. Texture was assessed by a penetration
test using a texture analyser (TA.XT Plus, Stable Micro Systems Ltd.,
Surrey, UK) with a 50 kgf load cell (490.3 N). A cylindrical probe of
2 mm diameter was used to penetrate the thickness of the samples at a
constant rate of 1 mm/s until the distance of 3 mm. The curve force (N)
versus penetration (mm), was used to describe the texture. The analysis
was performed with five carrot slices for each treatment, considering
both the core and cortex. Each slice was perforated 4 times in the core
and 4 times in the cortex. Illustrative scheme of the analysis is described
in Fig. 1.

2.5. Drying

Convective drying was conducted in a tray dryer (UOP8MKII,
Armfield®, England) at 40 °C with air velocity of 1 m/s. This tem-
perature was selected in order to minimize carotenoid degradation,
once a decrease of 52.5 and 57.8% were observed in the carotenoid
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content of dried carrots at 50 and 70 °C respectively [12]. The carrot
slices were placed on perforated metal trays, allowing the hot air flows
through all their surfaces. Samples remained in the dryer until constant
weight. The sample mass was recorded continuously through the UOP8-
MKII-306 software (Armfield®), without the need to withdrawal of
samples.

The moisture at each time was obtained by the mass balance, con-
sidering the initial (of in natura samples) and final (after drying)
moistures, which were obtained after completely drying crushed carrots
at 105 °C with the aid of moisture analyser (MX-50, A & D Company,
Tokyo, Japan). It is important to highlight the sample “moisture” is a
lumped parameter that includes both volatile liquids: the remaining
water and the absorbed ethanol [13].

The drying curves were elaborated according to the dimensionless
moisture (MR) during the processing time, calculated according to Eq.
(1) where Mt is the moisture (% d.b.) content during the drying process
time (t), Me (% d.b.) is the equilibrium moisture and Mp (% d.b.) is the
carrot moisture after pre-treatment. In the case of the Control sample,
Mp (% d.b.) is equal to the in natura carrots moisture.

= −
−

MR t M M
M M

( ) t e

p e (1)

Drying kinetics was evaluated using the Page Model (Eq. (2)), where
k (h-n) is the drying rate parameter and n is the dimensionless shape
parameter. According to Simpson et al., [14] interpretation of Page
Model, the parameter k is associated with the “diffusion coefficient”
and sample geometry, while the parameter n describes the “diffusion
type”: n > 1 is related with super diffusion, while n < 1 is related
with sub diffusion. When n ≠ 1, mechanisms other than diffusion are
important; for example, the “super diffusion process” (n > 1) may
indicate the importance of capillarity [13].

= −MR t kt( ) exp( )n (2)

2.6. Estimative of the total energy consumption

An estimative of the total energy consumption (TEC) (Eq. (3))
during processing (including pre-treatment and drying) was calculated

Fig. 1. Illustrative diagram of sample preparation and analyses.
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according to Motevali et al.[2]; Onwude et al. [15] and Rojas et al. [4].
It is important to mention this approach does not consider the strict
energy consumption during processing, being an estimative of the

energy consumption by considering the performed pre-treatments. Even
so, it is useful for comparison purposes. The total energy consumption
(TEC, Eq. (3)) was calculated considering 1 kg of in natura sample (m)

Fig. 2. Carrot microscopic tissues of the core and cortex from the Control, Ethanol, Ethanol + US and Water + US pre-treated samples.
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and the two terms: EPT represents the energy consumption during pre-
treatments (Eq. (4)), and ED represents the energy consumption during
convective drying (Eq. (5)).

= +TEC E E
m

PT D
(3)

=E W V t. .PT P (4)

where W is the US actual volumetric power (W/L - determined by the
calorimetric method depending on whether water or ethanol was used),
V is the volume of water or ethanol (L) used in the US bath, tP is the
time of pre-treatment.

=E A v ρ Cp T t. . . . Δ .D a a D (5)

Where A is the cross-sectional area of drying (m2), ρ is the ambient air
density (25 °C), Cp is the specific heat capacity (J/kg‧K) of ambient air,

TΔ is the temperature difference between the ambient air and drying
air, v is the air velocity (m/s), and tD is the drying time needed to the
samples reach a moisture 20%w.b. For the calculations, the initial
sample mass, the histories of temperature and air velocity were con-
sidered for each treatment and drying process replicate.

2.7. Shrinkage

The shrinkage of carrot slices was measured after pre-treatments
and also after drying. Carrot slices radial area was used as the shrinkage
evaluation parameter. For this, carrot slices with standard dimensions
(5 mm thick and 3.5 cm diameter) were used.

The in natura samples and those after pre-treatments were circular;
so, the area formula of a circle was used to calculate their area. The
diameter was verified with the aid of a digital calliper.

After drying, the samples lose their circular shape, so it is not pos-
sible anymore to calculate the area by considering a circular shape.
Therefore, the projected areas were measured by image analysis. The
dried samples were placed on a dark (black) surface near to a scale
reference. Their images were captured at the same distance and then
processed in ImageJ version 1.52a (National Institutes of Health, USA)
software. The accurate photos have been converted to grayscale (8
bits). With the help of the command “set scale” and a ruler close to the
samples, the scale was defined. Then the images were converted to
binary scale using the “threshold” command. For the results, we used
the command “Analyse”, which provides a response window with the
area of the calculated samples. For visualization and better under-
standing of the results, the deformation was expressed as shrinkage
ratio (%).

Shrinkage assessment was divided into three ratios, in order to
evaluate the deformation during pre-treatment, during drying and also
the whole process treatments: (1) Ratio between the area after pre-
treatments (before drying) and the initial area (of in natura sample); (2)
Ratio between final area (after drying) and the area after pre-treatments
(before drying); and (3) Ratio between final area (after drying) and the
initial area (of in natura sample), considering each treatment.

2.8. Rehydration kinetics

The rehydration process was conducted at 25 ± 1 °C (water bath
MA 095 / CFRE, Marconi). The dried carrot slices were submerged in
distilled water (4 g of dried product with 20%w.b moisture was used
with 1 L of distilled water). The sample moisture over the rehydration
time was calculated by mass balance, considering the carrot initial
moisture obtained with the moisture analyser, as described before.

For this, the samples were taken from the water, drained and dried
superficially, weighed, and then returned to the water again. This step
was performed every 5 min for the first 25 min, then every 10 min until
130 min, and then every 30 min until reaching constant mass.

The rehydration data were fitted using the Peleg Model (Eq. (6))

(Peleg, 1979), where M(t) is moisture content in dry basis (d.b., g
water/g dry matter) at time t (min), M0 is initial moisture content
(d.b.), and k1 (min·d.b−1) and k2 (d.b−1) are parameters related with
the water absorption rate and quantity: the reciprocal of k1 represents
the maximum water absorption rate (at the beginning of rehydration),
and the reciprocal of k2 is associated with the water retention capacity.

= +
+

M t M t
k k t

( )
.0

1 2 (6)

2.9. Total carotenoid content

Prolonged exposure to hot air may cause nutrient degradation
during drying. Therefore, the present work evaluated the carotenoid
content over the proposed treatments in comparison with the in natura
carrot in order to evaluate the nutritional quality. To avoid errors due
to lack of homogeneity between samples and also to avoid over-drying
effects, all treatments were dried to the final moisture of 20% (in wet
basis). This value has been selected as a reference as the maximum
moisture value recommended for dehydrated fruits and vegetables
[17].

After drying with the different pre-treatments, the samples were
rehydrated for 8 h at 25 °C and the total carotenoid content was mea-
sured according to the methodology described by Potosí-Calvache et al.
[18] with modifications.

About 0.25 g of sample was weighed and transferred to aluminium-
coated glass tubes in order to protect the samples from light and
oxygen. Then, 21 mL of ethanol:hexane (4:3) solution was added
(ethanol 99.8% from Scientific Exodus, São Paulo, Brazil and hexane
98.5% from Labsynth, São Paulo, Brazil). Samples were triturated with
the solution for 1 min using a rotor–stator homogenizer (Superohm, São
Paulo, Brazil) and the probe was washed with an additional 21 mL of
ethanol:hexane solution, which was reserved. The tube with sample and
solvent was then stirred in a thermal bath at 250 rpm and 25 °C for
30 min (DUBNOFF MA 095 / CFRE, Marconi, Brazil). Then, the solvent
was separate from the sample and transferred to other vessel protected
from light and oxygen. After this, the decanted residue was mixed with
the solution used for washing the homogenizer probe in a tube that was
stirred for 30 min at the same conditions. Subsequently, the solvent was
removed from the residue and added to the vessel containing the sol-
vent from the first extraction. 5 mL of distilled water was added to this
vessel, manually stirred and allowed to stand for 5 min to separate the
phases (aqueous phase and hexanoic phase). The volume of the hex-
anoic phase was noted for subsequent calculation of carotenoid content.

After obtaining the phase of interest (the hexanoic phase), its ab-
sorbance was read at 450 nm (FEMTO 600S, São Paulo, Brazil) using
hexane for calibration. The carotenoid content of the extracts was cal-
culated by Eq. (7) and expressed as β-carotene equivalents (µg)/ g of
sample. Where 536.85 g/mol is the molecular weight of β-carotene, V is
the volume (mL) of the hexanoic phase, m (g) is the mass of the used
sample, and 137.4 mM−1 is the extinction coefficient for β-carotene in
hexane.

⎜ ⎟
⎡
⎣
⎢

⎛
⎝

⎞
⎠

⎤
⎦
⎥ = × ×

×
cc

μg
g

A V
m

536. 85
137. 4

450

(7)

2.10. Experimental design, regressions and statistics

The experiments were performed with three replicates. Results were
analysed by analysis of variance (ANOVA) and differences among
treatments were determined using the Tukey test at a 5% significance
level using Statistica 7® software (Statsoft, USA).

The parameters of each model were iteratively adjusted to the ex-
perimental data by minimizing the sum of squared errors (SSE in Eq.
(8)) between the experimental and the predicted values. A generalized
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reduced gradient algorithm was used, implemented in the ‘Solver’ tool
of software Excel 2016 (Microsoft, USA). The different initial guesses of
the parameters were evaluated to detect possible convergence to local
optima.

∑= −
=

SSE PRETICTED EXPERIMENTAL(( ) ( )
I

X
I1
2

(8)

3. Results and discussion

3.1. Effect of treatments on carrot microscopic and macroscopic structure

Fig. 2 shows the carrot structure before and after the different pre-
treatments. The carrot has three main structures: Parenchyma, Phloem
and Xylem. These tissues are distributed in both the core and cortex
regions of the vegetable (Figs. 1 and 3 shows the description for “core”
and “cortex”).

The parenchyma is the predominant cellular tissue in the roots. It is
composed by cells of polyhedral shape, being the fundamental filling
tissue present throughout the root in which other tissues are found,
such as the vascular (xylem, Fig. 2, B, and phloem, Fig. 2, C) tissue [19].
However, the structure of the parenchyma tissue can vary even in the
same vegetable. In carrots, the parenchyma presented walls rich in
elongated chromoplast at the cortex (Fig. 2, A), and larger cells in the
core close to the phloem (Fig. 2, D) and xylem (Fig. 2, E).

According to Evert, Ray and Franklin [19] the xylem is responsible
for nutrient transport and storage, and the phloem is the main nutrient
conducting tissue. In carrots, Smith and Ho [20] reported the core re-
gion in carrots is mainly composed by vascular tissue, while the cortex
region is predominantly parenchymal tissue, which in fact can be seen
in Fig. 2. This confirms the difference between these two regions.
Therefore, the objective of the following discussions is to describe and
explain the structural changes that occurred with the use of pre-treat-
ments in the tissues presented in both the core and on the cortex of the
carrot.

The pre-treatments induced structural changes evidenced in some
carrot tissues.

No structural changes were evidenced in the xylem (Fig. 2, B) and
the phloem vessels (Fig. 2, C), in any of the treatments, which can be
associated to its more rigid and compact structure. Smith and Ho [20]
described that carrot xylems have a second lignified cell wall, which
makes the xylem tracheal elements stronger than the parenchyma. A
similar result was reported by Rojas; Augusto [21] in pumpkin.

After the treatments with Ethanol and Ethanol + US, the cortical
parenchyma showed a slight shrinking of the cell wall when compared
to the fresh sample (Control). Although cellular organization was
maintained, this change on cell wall can be important to change its
permeability – as discussed further. On the other hand, the parenchyma
tissue next to the phloem (Fig. 2, D) and xylem (Fig. 2, E) at the core,
obtained higher wrinkle levels of the cell wall, which became thinner
and disorganized, losing their polyhedral shape. The changes in par-
enchyma cells can be associated with the loss of water, air and other
compounds during the treatments with ethanol, altering the cells
structure. This effect was also observed by [13] in pumpkin par-
enchyma

Canteri et al. [22] studied the composition of the cell wall and
membrane of different vegetables, including carrots. They demon-
strated that ethanol could extract polyphenols, some proteins and lipids
from the cell wall and/or membrane. However, ethanol was not able to
extract cellulose, lignin, pectin or hemicellulose from the cell wall.
Consequently, this can help to explain the results here obtained. Once
the main structural components of the cell wall are not extracted, but
some components of the cell membrane and cell wall can be, the gen-
eral structure of the cells is maintained but reducing the thickness. It
may have contributed to the improvement of mass transfer (which can
be seen in Fig. 6). However, although ethanol probably changes the cell
wall and membrane composition, the measurable loss of solids in car-
rots were negligible.

Unlike the observed in the Ethanol and Ethanol + US treatments,
the Water + US treatment resulted in parenchyma cells swelling, at
both the core and cortex, due to water inlet (Fig. 2, A). Xylem and
phloem vessels can assist the transport and migration of water into the
cells. These structures are responsible for transporting water and nu-
trients in the living carrot. However, Rojas; Augusto [21] demonstrated
that water can be transported by capillarity in pumpkin xylem vessels
during both drying and rehydration (https://youtu.be/o5vbxs1G81s).
According to the authors, the water passes through the xylem vessels,
from which begins to be distributed firstly through intercellular spaces,
then diffuses through the walls and membranes into the cells.

Another factor associated with water migration into cells is the use
of ultrasound, which improves mass transfer [23] due to direct and
indirect effects [24].

The “sponge effect” is produced by mechanical waves passing
through the product, and it helps to keep the microchannels un-
obstructed and favours the migration of water into the solid

Fig. 3. Resistance to puncture (Force (N) × Distance (mm)) of each carrot region (cortex and core) after pre-treatments. The shaded area in each treatment indicates
the standard deviation.
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[13,23,25–27].
Moreover, it is widely described (but rarely demonstrated) in the

literature that ultrasound treatments form new micro-channels in the
product due to acoustic cavitation. However, this phenomenon could
not be evidenced in carrots during pre-treatments with Ethanol + US
and Water + US (Fig. 2), which can also explain the low influence of
ultrasound treatments on drying time reduction (as it will be discussed
on Section 3.2). The carrot has a stiffer or compact structure in com-
parison with other vegetables (such as potato [28] and melon, [29] for
example), which may have contributed to little or no visible micro-
channel formation in the evaluated conditions. Moreover, the pro-
nounced formation of microchannels may be associated with the level
of power employed. Wang et al. [23] evaluated the use of ultrasound in
a probe system as a pre-treatment of carrots and found that increasing
the nominal power from 1800 to 3600 W/L resulted in a greater effect
on the carrot structure, with the formation of microchannels. However,
it is difficult to compare our results once only the nominal power was
reported by Wang et al. [23] (and the difference between the nominal
and actual delivered power can be in the order of 90–95% - [30].
Moreover, although interesting and valuable approach, the ultrasonic
probe system has important drawbacks from an industrial point of view,
such as high cost and wearing, and it is not suitable for scale produc-
tion. Therefore, further studies are still needed to understand the effect
of ultrasound conditions on the structure of different vegetables.

Structural differences and modifications can be manifested on
macroscopic changes. Consequently, the texture was evaluated to
complement the discussion of structural changes. Fig. 3 shows the
texture, through a puncture assay, of carrot core and cortex after the
different pre-treatments. Despite the high standard deviation range in
all conditions, a qualitative discussion can be carried out.

In general, the graphics demonstrate the differences between the
core and cortex regions of carrot. When compared to the cortex, the
core region is less resistant, evidenced by the lowest time and force
necessary to penetration for all conditions, except for – the Water + US
treatment. The core region contains larger parenchymal cells (see
Fig. 2, D) while the outer part of the cortex has smaller parenchymal
cells (see Fig. 2, A) with a large amount of plastids containing car-
otenoids, which can explain the observed differences. It confirms the
description of Zdunek e Umeda [31] which demonstrated that less en-
ergy is needed to fracture a tissue made up of larger cells.

In the texture curves, there was an increase in force as the probe
exerts pressure on the cortex. At this stage, the cortex is deformed ac-
cording to the applied force, but there is no perforation. This phase ends
when the probe penetrates the first layers of tissue causing an

irreversible rupture. The rupture occurs after ~1.25 mm for the Control
and Water + US treatments, and ~2.8 mm for the treatments with
ethanol (Ethanol and Ethanol + US). After rupture, the force exerted to
maintain penetration in the cortex is approximately constant, which
demonstrates the same profile of the layers of tissue along with its
thickness. On the other hand, the behaviour in the pre-treatments with
Ethanol and Ethanol + US indicates the first layers of tissue are more
resistant than the adjacent layers, that is why the applied force in-
creases until the rupture. The greater resistance of the first layers of
tissue is caused by the superficial dehydration of the samples when
using ethanol, forming a more resistant tissue external layer. This can
be confirmed in the work of [13] where they demonstrated that ethanol
only reachs the initial layers of tissue.

Therefore, in the cortex, the use of ultrasound had not changed the
texture profile (since the treatment Water + US is similar to the
Control, and the Ethanol + US is similar to the Ethanol), and the effect
of ethanol on the carrot structure was higher than those of ultrasound.

Similar trend and behaviour were observed in the core. However,
unlike the cortex, the Water + US treatment presented a more rigid
structure than the Control. This may be associated with the migration of
water to the cell during this pre-treatment, as demonstrated in Fig. 2D,
the consequent increase in cell turgor contribute to a greater resistance
of the tissue to perforation. The predominant absorption of water by the
core can be associated with the presence of phloem and xylem vessels,
which help the transport and migration of water into the cell. After the
initial deformation, the core tissue broke at ~0.7 mm for Water + US
treatment, ~0.9 mm for the Control and ~2 mm for Ethanol and
Ethanol + US. After the rupture, the force exerted to maintain pene-
tration into the core is approximately constant for Water + US similar
to the Control, being slightly decreased in Ethanol and Ethanol + US –
indicating dehydration and compactness in the surface layer of the
samples that include ethanol during the pre-treatment.

Shrinkage was also investigated since it is another macroscopic
characteristic which is correlated with microscopic structural mod-
ifications. Fig. 4 shows the visual appearance of carrot slices under
different conditions: fresh and pre-treated (with ethanol and/or ultra-
sound) carrots before and after drying.

The shrinkage percentage of carrot slices are shown in Fig. 5, con-
sidering the changes due to only pre-treatment (Fig. 5A), only drying
(Fig. 5B), and the whole process (Fig. 5C).

Fig. 5A corresponds to the ratio between the area after pre-treat-
ments (before drying) and the initial area (from the in natura sample).
This allows us to visualize the radial shrinkage behaviour of carrot
slices during pre-treatments. All treatments showed different shrinkage

Fig. 4. Shrinkage of pre-treated and Control carrot slices, after pre-treatment and drying.
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rates when compared to each other (p < 0.05). At this stage, the
Ethanol treatment had about 12% shrinkage, already the Ethanol + US
stands out with the greatest shrinkage, about 22%, this shrinkage levels
could be explained because water and air has already been removed

during the pre-treatment. On the other hand, the Water + US had a
small (4%) increase in its area due to water absorption (which was also
evidenced in microscopy and texture analyses).

Fig. 5B corresponds to the ratio between the area after drying and
the area after pre-treatments, which indicates the behaviour of the
carrot slices during drying. It is possible to verify that the treatment
with Ethanol + US presents a lower shrinkage (70%) during drying,
when compared to the Control (78%) and other pre-treatments (75 and
77% were obtained for the treatment Ethanol and Water + US, re-
spectively). This is consistent because the Ethanol + US samples pre-
sented high retraction of cells due to the outflow of water, starting
drying already with a higher shrinkage level than the Control (de-
scribed in Fig. 5A). In the case of Water + US treatment, despite the
water gain during treatment (Fig. 2 and Fig. 5A), it did not promote
different shrinkage level compared to Control during drying.

Fig. 5C corresponds to the ratio between the final drying area and
the initial area (fresh sample), thus describing the shrinkage of the final
product. Although the treatments have different drying rates (Fig. 7,
which will be explained later), this did not influence the shrinkage of
the slices after drying. All presented equal shrinkage ratio (p > 0.05).
This may have occurred due to the low temperature applied (40 °C),
once at low temperatures, moisture is transported in a flat pattern with
minimal stresses within the food.

After drying, the carrot's cortex has shrunk towards the core, for all
treatments, with pronounced deformation in the form of undulations
(similar to a flower – Fig. 4). This behaviour was also observed in potato
(Aprajeeta et al. [32]). They observed that during drying, moisture
leaves the potato pores filled with water on the surface of the material,
and this disturbs the mechanical balance of the cell walls (this occurs
linearly over time). According to the authors, this effect causes
shrinkage towards the core of the sample due to the contraction effect,
which is the stress caused by the presence of spaces on the outer wall of
the cell, while the inner wall remains the same. Possibly this me-
chanism also occurs in carrots. Another option is that the major
quantity of vascular tissue in the core region provided more resistance
to deformation.

3.2. Effect of ethanol and ultrasound pre-treatments on drying kinetics

The results of drying kinetics are presented in Fig. 6, with the data
adjusted to the Page Model (Equation (2)). The inserted graphic in
Fig. 6 shows the “drying time”, which was considered the time required
to obtain different moisture levels (from 60 to 20%w.b.): therefore, the
graphic allows to visualize the behaviour of the carrot slices during
different drying phases.

In general, the Ethanol and Ethanol + US pre-treatments resulted in
faster drying when compared to the Water + US treatment and the
Control. Note the similarity in drying behaviour between Ethanol and
Ethanol + US treatments, and between Water + US and Control:
therefore, ethanol had a higher contribution in decreasing the drying
time than ultrasound.

The Water + US pre-treatment resulted in drying time statistically
equal to the Control at 60% moisture (p > 0.05). However, in the
moisture range of 50 to 20%, this treatment dried faster than the
Control. In fact, the time needed to finish drying (which we consider the
final product moisture of 20% in wet basis - [17]) in the Water + US
treatment was 33% smaller than the Control. On the other hand, the
treatment of Ethanol and Ethanol + US required less drying time than
Control and Water + US treatments. Considering the final moisture of
20% as the target, the drying time required was 51 and 50% less for the
Ethanol and Ethanol + US treatments, respectively, than the required
by Control. This result is similar to the reported for pumpkin cylinders
[4].

Although the Water + US treatment has a positive contribution to
drying process (reduces 33% of the drying time and does not differ from
the Ethanol and Ethanol + US treatments (p > 0.05)), it was not

Fig. 5. Shrinkage Ratio: A – Ratio of the final pre-treatment area to the initial
Control area. All treatments were different from each other at 5% significance
(Tukey). B – Ratio of final area of drying to initial area of treatments. Equal
letters indicate similarity at the 5% significance level (Tukey). C – Ratio of final
drying area to initial Control area. All treatments were equal at 5% significance
level (Tukey).

Fig. 6. Convective drying kinetics of carrot slices with different pre-treatments
(Control, Ethanol, Ethanol + US, Water + US; where MR is calculated in d.b
according to Equation (2)). The curves are the data adjusted to the Page Model
(Eq.2) and the shaded area indicates the standard deviation. Different moisture
levels (in w.b.) are highlighted. Insert: the bar graph corresponds to the drying
time to obtain different moistures (in % w.b). Vertical bars indicate standard
deviation; different letters indicate statistically significant differences
(p < 0.05) among treatments.
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possible to highlight drastically improving the process with the use of
ultrasound technology, due to the small contribution of ultrasound in
decreasing the drying time in the Ethanol + US treatment (the greatest
effect was the use of ethanol).

However, this does not definitively exclude the participation of ul-
trasound on the drying rate. The slope of the drying curve of the
Water + US denotes shorter drying time for this treatment compared to
the control. Another fact that does not exclude the influence of ultra-
sound is related to water gain during pre-treatment.

In fact, during the immersion of the samples in ethanol (with or
without ultrasound), part of the water outlets and ethanol inlets –
which occur simultaneously. Consequently, the “moisture” in these
treatments includes both water and ethanol (as described on section
2.5). Therefore, after pre-treatments, the carrot moisture was reduced
6% in the Ethanol pre-treatment, and 21% in the Ethanol + US; in
relation to the Control. Although it is still a challenge to know the exact
proportion of water and ethanol after pre-treatment, microscopic evi-
dence shows that ethanol enters only the superficial part of the samples
[13].

On the other hand, during pre-treatment using ultrasound and
water, the sample absorbs water – the carrot moisture after pre-treat-
ment Water + US was 38% higher than the control. In fact, ultrasound
facilitates the entry of water into cells and intercellular spaces [26,33].
This mechanism can help to unclog the natural pores of the samples,
which can facilitate drying [26]. Consequently, it is interesting to ob-
serve although the pre-treatment Water + US increased the carrot
moisture, there was no increase in drying time (Fig. 6).

Therefore, depending on the pre-treatment, the sample’s moisture in
the beginning of drying is different. However, this was not the only
factor affecting the process, once different slopes can be seen in the
drying curves and the behaviour is consistent considering the time
needed to reach different moisture levels (Fig. 6).

This reinforces the need to investigate parameters to maximize the
effect of ultrasound for each material.

The adjusted data allowed obtaining the parameters k and n of the
Page Model (Fig. 7).

The k parameter, which is associated with the drying rate, was
lower for the Control (0.2139 ± 0.0162 h-n) and Water + US
(0.2658 ± 0.0373 h-n) treatment and they did not differ between them
(p = 0.62). On the other hand, the pre-treatments with ethanol resulted
in higher k values. Although no statistical differences were observed
between them at p < 0.05, this value was higher for Ethanol + US
(0.5467 ± 0.0426 h-n) than Ethanol (0.4236 ± 0.0841 h-n) when
considering p < 0.1. This result reinforces the idea of ethanol efficacy
and its bigger influence than the pre-treatment with ultrasound during
the following drying. Even so, this does not exclude the participation of
ultrasound in improving drying (Fig. 6).

The n parameter can be interpreted as a behaviour index, once it
indicates the mass transfer mechanism during processing. According to

Simpson et al. [14] n < 1 indicates a sub diffusion process, and n > 1
a super diffusion process. Therefore, when n ≠ 1, mechanisms other
than diffusion are important. For example, Rojas; Augusto [13] asso-
ciated the “super diffusion process” (n > 1) with capillarity, while
Rojas et al. [4] associated a reduction on n value due to ultrasound
processing of pumpkin as the formation of isolated cavities and chan-
nels larger enough to do not promote capillarity.

All the treatments presented a super diffusive behaviour (n > 1).
However, the structural changes mentioned in section 3.1 did not affect
the n value once any significant difference was observed among treat-
ments (p > 0.05). Therefore, the described structural changes were
able to change the rate of water outflux the samples, but they did not
alter the mechanisms of mass transfer.

Studies with different vegetable products reported drying accel-
eration by using pre-treatments with ultrasound in water bath [34].
Some examples with convective drying are those with potato [28] garlic
[35] unripe banana [36] pineapple [37] mushrooms [38] and apple
[39,40]. The improvement of mass transfer by ultrasound can be
achieved through two types of mechanisms: direct and indirect.

The direct mechanisms are mass transfer mechanisms, such as the so
called inertial flow and sponge effect [24]. In the present work, these
direct mechanisms could happen during the pre-treatment, inducing the
water influx into the sample (treatment Water + US) and the ethanol
influx and water outflux to the sample (treatment Ethanol + US).
Consequently, the ultrasound direct mechanisms induced structural and
compositional changes in carrots, which impacted further drying pro-
cessing.

The indirect mechanisms are the structural changes induced by ul-
trasound, which are associated with the rupture of tissues and cells due
to acoustic cavitation, resulting in the formation of microchannels
[41,42]. The opening of microchannels can improve mass transfer [28]
such as the following drying after the pre-treatments with ultrasound.
However, acoustic cavitation can also result in the formation of isolated
channels without connection with each other and with an external
medium, as well as channels with different tortuosity and permeability,
which can affect the improvement in mass transfer.

In the present study, the effect of ultrasound was little evident to
drying when compared with ethanol, as well as no open channels were
noticeable and only slightly structural modifications (Fig. 2). It is worth
mention the influence of ultrasound pre-treatment on drying rate will
be influenced by different aspects associated with both the material and
the ultrasonic processing [25,28,43–45]. For instance, the energy and
time of sonification applied in this work were insufficient for the for-
mation of many channels in carrot, probably due to its stiffer structure.
Similar results were found by Siucińska et al.[46] who reported the
ineffectiveness of ultrasound treatment in the mass transfer in cherries
can be attributed to the specific morphological characteristics of the
material since that fruits are covered by a hard and waxy peel. More-
over, Ricce et al. [26] studied pre-treatments of carrots with ultrasound

Fig. 7. Parameters k and n of Page Model (Equation (2)). Horizontal bars indicate the standard deviation. Different letters indicate statistically significant differences
(p < 0.05) among treatments. For the parameter n all treatments were equal (p > 0.05).
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in water (41 W/L, 25 kHz, up to 60 min). Although the authors did not
evaluate structural changes, they reported small influence on drying
rate, with a higher influence on the total amount of absorbed water.
The authors suggested the ultrasonic direct effects (sponge effects) with
water helps to extract the solids removed from the cells, avoiding the
pores to clog during the following drying process. Nowacka; Wedzik
[47] applied pre-treatments of vacuum-packed carrots with ultrasound
in water (3–4 W/cm2; 21 and 35 kHz, up to 30 min). Although struc-
tural changes were observed, ultrasound did not change drying time.

The greatest effect in reducing drying time and increasing drying
rate in carrots was due to the application of ethanol (Fig. 6). In fact, the
use of ethanol is a rising trend in drying research, once this pre-treat-
ment is reported to greatly reduce processing time [3]. Considering
convective drying, ethanol pre-treatment was proposed for pumpkin
[13] balls of mixed rice [48] bananas [49] pineapple [50] and apple
[51]. Moreover, the application of ethanol as pre-treatment to infrared
drying was recently studied for potatoes, in combination with me-
chanical perforation [52] and scallion, with the combination with va-
cuum [53]. All works showed improved drying processes.

Different mechanisms are related to ethanol improvement.
Ethanol is an organic solvent that promotes early evaporation

during the process [54]. Moreover, Silva et al. [55] proposed possible
improvements due to Marangoni Effect: this effect promotes mass
transfer in an interface between two fluids with different surface ten-
sions. This effect could occur during drying, where ethanol vaporizes
firstly, leaving water on the sample surface and resulting in a gradient
of water/ethanol concentration. Therefore, during drying, the Mar-
angoni Effect is also observed due to the existing gradient of surface
tension across the sample: this process is repeated during processing,
generating a constant flow until it finds a surface tension equilibrium.
Moreover, the xylems vessels can improve the Marangoni effect, as
demonstrated by Rojas; Augusto [13]. Finally, the structural changes
observed in parenchyma tissue with the use of ethanol (Fig. 2) can
improve drying by removing air and water from the tissues, as well as
promoting dissolution and disorganization of the cell wall compounds
by ethanol [22]. All these structural changes may affect the cell wall
and tissues permeability.

In addition, the effect of osmotic dehydration induced by ethanol
may have contributed to the structural changes observed. In osmotic
dehydration, water is removed due exposing the food to ethanol. This
result in input of ethanol in the sample, while differences on osmotic
pressure cause a displacement of water from the sample surface to the
surrounding ethanol. In fact, Wang et al. [53] described the pre-treat-
ment using ethanol and ethanol using vacuum showed a good osmotic
dehydration effect on scallion. In the present study, the combination of
structural changes, combined with the osmotic process and the Mar-
angoni Effect, can explain the success of ethanolic pre-treatment in
reducing drying time.

Recently ethanol and ultrasound started to be combined. The
ethanol and ultrasound were studied as pre-treatments for convective
drying of pumpkin [4] in infrared drying of garlic [8] and potato [7]
slices and pulsed vacuum drying of apples [9]. In addition, the com-
bination of ethanol pre-treatment and ultrasound assisted drying was
studied for apple slices [4]. Therefore, the only three works in the lit-
erature combining ethanol and ultrasound as pre-treatments to con-
vective drying were carried out with pumpkin [4]; apple [5] and melon
[6].

Pumpkin cylinders were pre-treated using Ethanol + US (68 W/L,
25 kHz), up to 30 min [4]. A similar reduction in drying time was
obtained between treatments with Ethanol and Ethanol + US – results
similar to those reported in the present work. Even so, treatment with
Ethanol + US showed a higher drying rate and improved rehydration,
also preserving the carotenoid content. Apples were pre-treated with
Ethanol + US combination (300 W, 21 kHz), up to 3 min [5]. The
drying time was reduced from 9.7% to 18.3% compared to the control.
However, the use of this pre-treatment was not able to minimize the

degradation of polyphenols in apple tissue during drying. Melons were
immersed in ethanol with two different concentrations (50 and 100%)
with and without ultrasound (154 W, 25 kHz) and vacuum up to 10 min
[6]. This treatment achieved a 56% reduction in drying time compared
to the control. However, there was degradation of phenolic compounds,
ascorbic acid and carotenoids. In all works the authors did not perform
the treatment Water + US nor evaluated structure.

Considering infrared drying [7] the combination of ethanol and
ultrasound using a probe reactor (48 W/L, 20 kHz, up to 3 min) pro-
vided a significant reduction in drying time, which was attributed to the
greatest structural changes in potato tissue. However, the high struc-
tural modifications had a negative impact on rehydration. In infrared
drying of garlic slices [8] ethanol and ultrasound pre-treatments (50 W/
L, three frequency, 20, 40 and 60 kHz up to 30 min) shortened the
drying time for Ethanol + US treatment compared to treatments with
ethanol and Water + US only. However, the allicin content has de-
creased, the main bioactive substance in garlic.

In pulsed vacuum drying, the combination of ethanol with ultra-
sound by using the ultrasonic bath (300 W/L, 20 kHz, up to 30 min in
temperatures of 60, 70 and 80 °C) reduced drying time by 27% (60 °C),
31% (70 °C), and 22% at 80 °C. Moreover, the total free amino acid was
significantly increased with Ethanol + US for 30 min and 60 °C. This
treatment also preserved the carbohydrates, phenolics, free total amino
acids, as well as carboxylic acid [9].

In the present study, treatment with Ethanol + US ultrasound
(25.7 W/L, 25 kHz, up to 30 min) contributed significantly to the im-
provement of drying in carrots, but the main effect was attributed to
ethanol. Therefore, it is clear that the effect of ultrasound is different in
each food matrix. For this reason, analyses combining reactor proper-
ties (dimensions, power, frequency) and process conditions (power,
time, quantities, temperature), must be studied in order to determine
which is the best condition to favours the improvement of drying
without compromise quality parameters.

Moreover, it is important to highlight although the processing time
reduction by itself is a very interesting result, this can also imply in
reducing the energy consumption – which is relevant considering
drying is a high-cost unit operation for the food industry, as this process
consumes a lot of time and energy [56]. Therefore, the total energy
consumed during pre-treatments and drying (until the final moisture of
20%w.b.) was estimated (Equation (4)). Fig. 8 shows the reduction (%)
on the total energy consumption when pre-treatments were applied.
Compared to Control, the energy was significantly reduced up to
53%±4% (Ethanol), 62%±5% (Ethanol + US) and 41%±8%
(Water + US) for the applied pre-treatments. Non-significant differ-
ences were observed among pre-treatments (p > 0.05), once there
were non-significant differences in the drying time reductions (Fig. 6).
Even so, the values represent a relevant reduction. In addition, the
energy consumption during pre-treatments that include US application,
represent only 0.3%±0.1% of the energy consumed during drying,

Fig. 8. Reduction (%) of the total energy consumed until reach final moisture of
20% w.b. for all pre-treatments regarding the Control treatment. Equal letters
indicate non-significant differences (p > 0.05) by Tukey test.
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reflecting that indeed the drying process itself is a process of intensive
energy consumption. Even so, considering that there were no differ-
ences between pre-treatments, only the use of Ethanol pre-treatment
would already provide a significant energy improvement compared to
the Control process. Therefore, considering all the limitations and
simplifications of this approach of calculi, it contributes to demon-
strating that the energy consumption with the proposed pre-treatments
application could be compensated during drying, in a greater propor-
tion.

However, we emphasize that the reduction in total energy con-
sumption does not necessarily imply in a reduction of the total cost of
production. The estimated costs depend on the socioeconomic and
geographical contexts of each region. For example, energy, raw mate-
rial, equipment, and ethanol costs vary widely, depending on that
context. Therefore, each specific micro-context must be evaluated.
However, the reduction in energy consumption is a desired result by
itself, as it demonstrated scientific, social and environmental con-
tributions.

Summarizing, the pre-treatments with Ethanol and Ethanol + US
was more efficient in drying carrot slices, which was associated with
structural changes in the parenchyma, the ethanol vapour pressure and
the flux promoted by the Marangoni Effect. In fact, partial dehydration
of the parenchyma with ethanol (Ethanol and Ethanol + US) was seen
in Fig. 2, and greater shrinkage of the carrot slices was seen during
these pre-treatments (Ethanol and Ethanol + US, Fig. 5A). Considering
a target final moisture of 20% (wet basis, [17]), the evaluated pre-
treatments reduced the drying time in 51 and 50% (Ethanol and
Ethanol + US, respectively) while Water + US reduces 33%. In terms
of energy consumption, all pre-treatments reduced the energy by 53%
and 62% (Ethanol and Ethanol + US, respectively) while Water + US
reduces 41%. Moreover, both pre-treatments and drying can affect
quality parameters such as rehydration capacity and nutrient content.
Therefore, it must also be evaluated, as described as follows.

3.3. Influence of pre-treatments on carrot quality: rehydration kinetics and
carotenoid content

Drying is an operation that promotes several changes in food, in-
cluding structural modifications and possible undesirable changes in
nutritional value. Consequently, this section will discuss the obtained
product quality, through both its rehydration behaviour and carotenoid
content, always comparing the Control and pre-treated dried carrots.

The results of rehydration kinetics are presented in Fig. 9, with the
data adjusted to the Peleg Model (Equation (3)). The adjusted model
allowed obtaining the parameters k1 and k2, which helps to describe the
rehydration behaviour: the lower the value of k1, the higher the initial
rate of rehydration, and the lower the value of k2, the higher is the
equilibrium moisture content.

For parameter k1, no significant differences (p > 0.05) were found
between Ethanol + US (0.0702 ± 0.2390 min d.b-1) and Ethanol
(0.9540 ± 0.0209 min d.b-1) pre-treatments, while the Control
(0.1327 ± 0.0239 min d.b-1) behaved similarly to the treatment with
Ethanol and Water + US (0.1476 ± 0.0141 min d.b-1) (p > 0.05).
For parameter k2, there were no significant differences (p > 0.05)
between Ethanol (0.1229 ± 0.0042 d.b-1) and Ethanol + US
(0.1124 ± 0.0074 d.b-1) treated carrots, but difference (p < 0.05)
was achieved from Water + US treatment and Control. These results
evidence the improvement of rehydration with Ethanol and
Ethanol + US treatment with higher rehydration rate and equilibrium
moisture. In fact, the Ethanol + US treated sample had water retention
that exceeded the carrot original (in natura) moisture. The treatment
with ethanol also presented a good capacity of incorporation of water
reaching the same moisture content of the in natura carrot.

The improvement of rehydration with ethanol and/or ultrasound
has been reported in other studies, such as Ethanol in pumpkin [13] and
apple [51] ultrasound in carrot [23] and okra [57] and Ethanol + US in

pumpkin [4]. In these works, the improvement was attributed to the
structural changes in tissues and cells induced by pre-treatments, which
facilitates the water transfer and/or retention. However, drastic struc-
tural changes can affect the quality of rehydration, such as after in-
frared drying of potatoes [52]: the Ethanol + US pre-treatment caused
severe structural changes in the tissues and negatively impacted rehy-
dration, which was slower than the Control treatment, and reaching a
final moisture of only 74.6%w.b of the in natura vegetable. In that case,
the main negative impact on rehydration was attributed to the appli-
cation of high temperatures (80 °C) during infrared drying, that gela-
tinized the starch present in potato, causing a water migration re-
sistance provided by the surface resistance of the crust (starch
gelatinized). This reflects that the effectiveness of a pre-treatment im-
proving rehydration also depends on the composition and structure of
the raw material, in addition to the effects of the drying process.

On the other hand, as observed in Fig. 9, Control and Water + US
have lost their rehydration capabilities. It is probably explained by the
structural changes due to longer drying time in the case of the Control.
In the case of Water + US samples, since during pre-treatment the
water filled inside the cells causing their swelling, during drying that
water had to leave the inside of the cells, then damaging the cell
structure to a greater extent.

Summarizing, Control and Water + US treatments presented slower
and smaller water absorption, which reinforces the negative structural
modification due to drying. On the other hand, the pre-treatments with

Fig. 9. Rehydration kinetics of carrot slices with different pre-treatments
(Control, Ethanol, Ethanol + US, Water + US). The curves are the data ad-
justed to the Peleg Model (Eq.3) and the shaded area indicates the confidence
interval. Parameters k1 and k2 from Peleg Model. Vertical bars indicate the
standard deviation. Different letters indicate statistically significant differences
(p < 0.05) among treatments.
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ethanol, with or without ultrasound, altered the carrot structure in a
way that not only drying was improved, but they also avoid the nega-
tive aspects of drying in relation to rehydration. These results are im-
portant from both a perspective of application where the rehydration is
necessary (such as in the formulation of soups, cakes and similar) or the
description of structural modifications during pre-treatments and
drying.

Carrots are rich in carotenoids, in special β-carotene [58] the nat-
ural pigment which give its intense orange colour. The carotenoid
content varies according to the carrot cultivar, and its origin. In this
work, in the in natura sample, a carotenoid content of 15.7 ± 1 mg/
100 g of in natura sample was obtained, which was similar to the re-
ported by Haque et al., [59] (10 mg/100 g of in natura sample), and
Matějková; Petříková [60] (8.4 – 14.1 mg/100 g of in natura samples).
Carotenoids are important components associated with human nutri-
tion [61] and health benefits [62]. However, carotenoids are com-
pounds whose stability to oxidation is low and they can be degraded
due to moisture loss over the drying time in contact with oxygen [63].
Therefore, the drying process must maintain carotenoid concentration
as high as possible.

In fact, different studies reported carotenoid degradation during
drying of vegetables. Carotenoids degradation from 40% to 98.7% due
to convective drying at 50–70 °C was reported in pumpkins [64] apri-
cots [65] jackfruit bulb [66]. Considering carrot drying, [67] reported
17% degradation at 60 °C and 36% at 90 °C, while [12] reported de-
gradation of 52.5% at 50 °C and 57.8% at 70 °C. However, convective
drying conducted at 40 °C retained 92% of carrot carotenoids [68].
Based on this context, we selected 40 °C as processing temperature to
avoid carotenoid degradation and maximizing the product quality.

Only one article reports the retention of carotenoid content with the
application of pre-treatment with Ethanol and Ethanol + US: in the
work of [4] pumpkin was convectively dried at 50 °C, with and without
pre-treatments with Ethanol and Ethanol + US. The authors reported a
27% reduction in the carotenoid content in the Control treatment, while
the pre-treatments could maintain the original carotenoid content.

In the present study, there was no degradation of the total car-
otenoid content during drying for all treatments (Fig. 10, p > 0.05),
which can be related with the drying temperature (40 °C). Therefore,
under the conditions evaluated in this study, the treatments with
Ethanol and Ethanol + US can help improve drying and rehydration
without compromising the nutritional quality of the final product. It is
worth mention this is an interesting result from both academic and
industrial perspectives.

3.4. Final consideration

This work shows a possibility of obtaining dried carrots quickly,

with the same carotenoid content of fresh carrots and spent less energy
by using ethanol and ultrasound as pre-treatment to drying. However, it
is worth mentioning that, although the objective of our work has been
accomplished, further aspects must be evaluated in future studies.

Therefore, we highlight this work opens the opportunity for future
evaluations, considering different food products and processing condi-
tions, and including:

• Quantify the exact amount of ethanol and water after each pre-
treatment and during the drying processing;

• Quantify the residue of ethanol in different pre-treatments and
drying conditions (we already started to develop this, demonstrating
it is possible to achieve a negligible ethanol level in the dried pro-
duct –[69]);

• Evaluate the possibility of reusing ethanol, as well as different
ethanolic solutions and also other compounds whose mechanisms
and results can be similar or even better – what we call “drying
accelerators”;

• Expand and improve the energy consumption evaluation, con-
sidering further environmental analysis and Life Cycle Assessment
(for example, as developed by Merone et al. [70]);

• Applying ethanol at an industrial scale can be a challenge.
Therefore, this theoretical basis serves as a support for future studies
to evaluate the technical, operational, and industrial feasibility of
applying ethanol, considering different aspects from costs, avail-
ability in each region and safety issues.

4. Conclusions

The use of ethanol and/or ultrasound was studied as pre-treatments
to the convective drying of carrot slices. Both ethanol and ultrasound
affected the parenchymatic cells, but the effect of ethanol was higher
and mainly associated with the cell walls and membranes. The struc-
tural changes influenced the product texture (both cortex and core re-
gions), shrinkage and improved mass transfer during both drying and
rehydration. Ethanol and Ethanol + US pre-treatments reduced the
drying time in ~50% when compared to the Control treatment, also
increasing the water absorption and retention during rehydration. The
energy consumption was reduced from 41–62% with pre-treatments
application when compared to Control. Moreover, all the treatments
could maintain the original carotenoid content. Therefore, treatments
with Ethanol and Ethanol + US can be used to improve the drying
process by convection of carrot slices without compromising the pro-
duct's quality properties and also assist in reducing energy consump-
tion.
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