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Abstract

Dried fruits have gained more and more space in the food market. Osmotic dehydration (OD) can be applied as a pre-treatment
to convective drying, aiming to produce foods with different characteristics. Therefore, the present study evaluated the OD
process of banana slices using coconut sugar and sucrose, as well as its influence on convective drying (CD) and the physico-
chemical parameters of the product. Osmotic solutions at 40 and 60% were prepared, and OD was conducted at 30 and 50 °C.
OD and CD kinetic parameters were analyzed. The dried product was characterized by moisture, water activity, shrinkage,
texture, color, bioactive and volatile compounds. The higher concentration (60%) and higher temperature (50 °C) resulted
in higher values of water loss, solid gain, and weight reduction during OD for both sugars. CD time varied between 225 and
345 min. OD as pre-treatment reduced drying time by up to 65%. The dried banana had low moisture content and low water
activity. The shrinkage was up to 73.44%, associated with the higher concentration treatment and higher temperature during
OD. OD reduced product hardness after CD. In general, using coconut sugar resulted in greater changes in color parameters
and higher levels of bioactive compounds in dried bananas. Volatile compounds highly related to banana flavor were pre-
sent after drying. Therefore, the use of coconut sugar as an alternative did not compromise the efficiency of the process and
resulted in a product with some distinct characteristics compared to those obtained using sucrose.
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Introduction

The banana is one of the most consumed fruits in the world.
Its production occurs in most tropical countries, including
Brazil (Kowalski et al., 2013; Mercali et al., 2010). In recent
years, there has been a significant increase in the number of
exports of this fruit, reaching 21 million tons in 2019. The
leading exporters are countries in Central America, South
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America, and the Philippines, while the main importers are
the European Union, the United States, China, the Russian
Federation, and Japan (FAO, 2023).

Due to the volume produced, banana losses after harvest
can be quite significant, as they are highly perishable, and
the fruits cannot go through freezing processes. In this way,
drying techniques become helpful in maintaining quality
and reducing losses (Mercali et al., 2010). Furthermore, the
dry product has advantages such as smaller volume, ease of
distribution, year-round availability, and low perishability
(Braga et al., 2009). Although there are several ways to dry
food, drying with heated air is the most traditional method
(Rodriguez et al., 2019).

Due to the long exposure period of the material to hot air,
drying is an essential step in producing dried bananas. In
this way, pre-treatment studies for drying have been devel-
oped to minimize physical-chemical and nutritional changes
in food and reduce process costs (Bai et al., 2023). Among
the available pre-treatments, OD can be highlighted; its main
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characteristics are the simplicity of the process and low operat-
ing cost (Tasova et al., 2022).

OD comprises a complex and dynamic mass exchange
process between food and hypertonic solution (Mercali et al.,
2010). One of the advantages of OD over traditional drying
methods is that it allows the moisture content of the product
to be reduced at low temperatures or even at room tempera-
ture (Chiu et al., 2017). OD as a pre-treatment for convective
drying has been shown to reduce energy consumption dur-
ing drying and minimize color changes and loss of flavor and
functional compounds (An et al., 2013; Pravitha et al., 2022).

Several studies have evaluated the OD of fruits and veg-
etables using mainly solutes such as sucrose (An et al., 2013;
Ayetigbo et al., 2019; Chiu et al., 2017; da Silva et al., 2014;
Delgado et al., 2017; Mercali et al., 2010), sodium chloride (de
Jesus Junqueira et al., 2017; Grzelak-Btaszczyk et al., 2020),
polyols (Macedo et al., 2022a; Mendonga et al., 2017), and
isomaltulose (Giannakourou et al., 2020; Macedo, Corréa,
Petri Janior, et al., 2022a, b, ¢c; Macedo, Corréa, Vimercati,
etal., 2022a, b, c). However, although sucrose is the most-used
solute in OD, it is a highly caloric compound and does not con-
tain nutritional compounds. Therefore, there is a need to find
alternative solutions that are more nutritious and contain fewer
calories in order to serve consumers who are more concerned
about their health (Pravitha et al., 2022; Saraiva et al., 2020).

Coconut sugar can be considered healthier when compared
to sucrose, given its levels of antioxidant compounds, miner-
als, vitamins, and lower glycemic index (Pravitha et al., 2022).
Among the minerals and vitamins found in coconut sugar, iron,
potassium, zinc, magnesium, and vitamins B1, B2, B3, and B6
deserve mention (Hebbar et al., 2015). This natural sweetener
is obtained by cutting and harvesting the sap that flows from
the coconut tree (Cocos nucifera L.) (Saraiva et al., 2020).

Considering that each osmotic agent can interfere with
the OD and convective drying processes differently, it is
clear that evaluating these changes is essential to improve
these processes. However, despite all its documented quali-
ties, the use of coconut sugar has yet to face further exami-
nations. Thus, this study aimed to evaluate how sucrose and
coconut sugar use in different concentrations (40 and 60%)
and temperatures (30 and 50 °C) affects mass exchange dur-
ing OD, convective drying curves, and the physicochemical
characteristics of dried banana slices.

Materials and Methods
Materials
Bananas (Prata cultivar) and refined sugar were purchased

from local stores. Coconut sugar was purchased from Cere-
alista Castelo®.
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Bananas were selected for their physical integrity and
degree of maturation (predominantly yellow peel and green
tips, 20.72 + 1.65°Brix). For the experiments, the banana
peels were manually removed, and the fruit was cut into cyl-
inders (5 mm thickness and 28 mm diameter) with the help
of a food slicer and a stainless steel mold. The experimental
steps are shown in Fig. 1.

Osmotic Dehydration (OD)

Osmotic solutions were prepared by dissolving sucrose or
coconut sugar in distilled water at concentrations of 40 and
60% (w/w) (Table 1).

The osmotic solutions were added to cylindrical polysty-
rene containers concurrently with banana slices (1:20 w/v),
which were then packaged in an incubator to maintain the
process temperature (30 or 50 °C) (Table 1). The proportion
of fruit/solution used aimed to keep the solution concentra-
tion unchanged during the experiments (da Silva et al., 2014;
Luchese et al., 2015).

Samples were removed from the solutions at predeter-
mined times (0.5, 1, 2, 3, 4, and 5 h) to calculate the dehy-
dration kinetics. After removal, the slices were immersed
in ice-cold water for 10 s, followed by draining the surface
with absorbent paper and weighing on an analytical balance
(de Jesus Junqueira et al., 2017; Macedo et al., 2021a, b).

Mass Transfer Parameters
The values of water loss (WL), solid gain (SG), and weight

reduction (WR) during OD were calculated according to
Egs. (1), (2), and (3), respectively (Macedo et al., 2023a, b).

WM, — WM
WL(%) = —22 "1 %100 )
0
W(1=M)-W.(1-M,
SG(%) = (1= M) = Wy (1= Mo) x 100 )
WO
W, — W,
WR(%) = % x 100 3)

0

where W represents the weight of the sample, in kg; M rep-
resents the moisture of the sample in kg water/kg sample;
and “0” and “t” indicate the initial and t times, respectively.

Peleg's model (Peleg, 1988) was adjusted to the values
of WL, SG, and WR, according to Eq. 4, 5, and 6 (Macedo
et al., 2023a, b).

L=t
L @)
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Fig. 1 Representative flowchart of the study steps
Table 1 Factors and levels used and values of a,, of osmotic solutions 1
WLy = 5 (7)
Treatments Sucrose (%) Coconut  Tempera- a,, of solution 1
sugar (%) ture (°C)
SC40%30°C 40 - 30 0.95+0.00 SG. = L
0~ ,sG (8)
SC40%50 °C 40 - 50 k1
SC60%30 °C 60 - 30 0.88+0.01
SC60%50 °C 60 - 50 1
CS40%30 °C - 40 30 0.95+0.00 WR, = R )
CS40%50 °C - 40 50 !
€S560%30°C - 60 30 0.88+0.01 In the equilibrium condition (f— o), the parameters were
CS60%50 °C - 60 50 calculated according to Egs. 10, 11, and 12 (Mendonga et al.,
2017).
WL !
A S— e = JWL (10)
k9 + k36t ©) 2
t SG,, = !
= eq — 175G 11
WR kYVR + kgVRt (6) k2 ( )
where k, and k, are the Peleg model constants for WL, SG, R 1
and WR, and t is the time in minutes. WR,, KR (12)
2

The value of k; can be related to the initial mass transfer
rate (t=0), calculated as shown in Egs. 7, 8 and 9 (Men-
donga et al., 2017).
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Drying Kinetics and Mathematical Model
Adjustment

Fresh bananas (FB) and the samples subjected to OD
treatments were dried in a cabin dryer (Polidryer, PD-25,
Vigosa, Brazil) at 60 °C and an air speed of 1.5 m/s. For
this, the samples (~ 60 g) were placed in perforated stain-
less steel trays, which were inserted into the dryer and
had their masses measured every 15 min until the end of
the drying process. Drying was stopped when the samples
reached a moisture content of 17.24 +1.08%,,,,, aiming to
achieve water activity values below 0.6 (Macedo et al.,
2020; Macedo et al., 2021b).

The moisture ratio (MR) was calculated according to
Eq. 13.

X -X

MR = —— 13
Xox, (13)

where X, is the water content on a dry basis at any instant of
time t, X, is the water content in the equilibrium condition,
and x is the initial water content.

The moisture content at the equilibrium condition was
determined by drying the samples for 1440 min under the
same experimental conditions used to obtain the dried
samples (Macedo et al., 2023b).

The Page model (Eq. 14) was fitted to MR data using
non-linear regression (Macedo et al., 2020).

MR = ¢ (14)

where ¢ is the drying time (minutes), k£ and n are model
parameters.

Characterization of Samples

FB, dried banana (DB), and the samples subjected to OD
treatments were evaluated in terms of moisture content,
water activity, shrinkage, texture, color, bioactive com-
pounds, and volatile compounds.

Moisture and Water Activity (a,)

The moisture content of the samples after convective dry-
ing was determined gravimetrically, according to (AOAC,
2010).

The a, of the samples and osmotic solutions were deter-
mined at 25 °C by an electronic hygrometer (Aqualab,
series 3TE, Washington, USA).
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Shrinkage

Shrinkage was determined by calculating the volume of
the samples (Macedo, Corréa, Vimercati, et al., 2022a, b,
c). A digital pachymeter (Stainless Hardened) was used to
measure the dimensions of the bananas, which were used
to calculate the cylinder volume. The degree of shrinkage
was calculated according to Eq. 15.

Shrinkage(%) = (1 - VK> % 100 (15)
0

where V and V, represent the volumes (m?) of dried banana
and fresh slices, respectively.

Texture

The hardness of fresh and dry samples was determined
through compression testing using a texture analyzer device
(Brookfield Engineering Labs, CT3). The test tip was knife-
edge (TA7), 10000 g load cell and the test speed/return
speed was 2 mm/s.

Color

The color of the samples was measured using a bench col-
orimeter (Konica Minolta, model CR-400, Osaka, Japan).
The parameters L", a",b", chroma (C*), and tone angle (°h)
were obtained. The total color difference value (AE) was
calculated using the fresh sample as standard (subindex 0),
according to Eq. 16 (Rai et al., 2021).

AE=\J(L = 1)+ (@ —a2)? + (b — b2 (16)

Bioactive compounds

Extract Preparation The extracts used to analyze total phe-
nolic compounds and antioxidants were made as described
by (Rufino et al., 2010). Briefly, compounds from fresh and
dried bananas were extracted from 40 mL of methanolic
solution (50% v/v) and 40 mL of acetone solution (70% v/v).
After adding the methanolic solution, the samples remained
at rest for 1 h in darkness, followed by centrifugation for
15 min. The acetone solution was added to the residue from
the first extraction, and the mixture remained at rest for
another 1 h, followed by centrifugation for 15 min. Then,
the two extracts were mixed, and the final extract volume
was made up to 100 mL with distilled water.

Total Phenolic Content (TPC) The TPC content was deter-
mined by the Fast Blue BB method, according to the
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methodology described by (Medina, 2011). 0.3 mL of Fast
Blue BB reagent (0.1%), 0.3 mL of NaOH (5%), and 3 mL
of extract were used. The reaction lasted 90 min, and the
absorbance was read at 420 nm on a spectrophotometer
(Global analyzer, GTA-96, China). The blank consisted of
adding water in place of the sample. A standard curve of
gallic acid diluted in water (O to 500 ppm) was made, and
the final result was expressed as mg of gallic acid equivalent
per g sample (mg GAE/g) on a dry basis.

Antioxidant Capacity (AC) The antioxidant capacity of the
samples was determined by the ABTS (2,20-azino-bis(3-eth-
ylbenzthiazoline-6-sulphonic acid) and FRAP (2,4,6-tris(2-
pyridyl)-s-triazine) assays, according to methodologies
described by Rufino et al. (2010).

ABTS Solutions of 7mM ABTS and 145 mM potassium per-
sulfate were prepared to carry out the ABTS assay. To carry
out the ABTS assay, solutions of 7 mM ABTS and 145 mM
potassium persulfate were prepared. The ABTS radical was
prepared by mixing 5 mL of ABTS stock solution with 88 puL.
of potassium persulfate, which remained at rest and in dark-
ness for 16 h. Subsequently, the ABTS radical was diluted in
ethanol to an absorbance of 0.70 at 734 nm, and 30 pL of the
sample was mixed with 3 mL of the radical for the reaction
for 6 min. The absorbance was read in a spectrophotometer
(Global analyzer, GTA-96, China) at 734 nm. Ethyl alcohol
was used as a blank to calibrate the equipment. A standard
curve with known concentrations of Trolox (100 to 2000
pL) was constructed and the results were expressed umol
trolox/g fruit on a dry basis.

FRAP For the FRAP assay, 90 uL of the extract, 270 pL
of water, and 2.7 mL of the FRAP reagent (TPTZ, FeCl,,
and acetate buffer) were used. The test tubes were kept at
37 °C in a water bath for 30 min. Subsequently, the absorb-
ance of the sample was read at 595 nm in a spectrophotom-
eter (Global analyzer, GTA-96, China). FRAP reagent was
used as a blank. A standard curve for ferrous sulfate (500 to
2000 uM) was prepared, and the results were expressed as
umol of ferrous sulfate/g fruit on a dry basis.

Volatile Compounds

The volatile compounds from fresh and dried bananas were
isolated by headspace solid phase micro-extraction (HS-
SPME) and analyzed by gas chromatography, according to
the methodology proposed by de Jesus Filho et al. (2018),
with minor modifications.

To extract the volatile components, 2 g of sample was
mixed with NaCl (5%) and the vials were kept in a water
bath (60 °C) for 30 min. A divinylbenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS) fiber was manually

inserted into the headspace of the sample container. The
volatile compounds adsorbed on the fiber were identified
by gas chromatography coupled to a mass spectrometer
(QP-PLUS-2010, SHIMADZU). The capillary column was
fused silica (30 m long and 0.25 mm internal diameter) with
Rtx-5MS stationary phase. The column temperature started
at 60 °C and increased at a rate of 3 °C per minute until it
reached a maximum of 240 °C. The injector and detector
temperatures were 220 and 300 °C, respectively. Helium was
used as a carrier gas.

The volatile components were identified by comparing
the samples' mass spectra with the equipment database
(Wiley7) and the linear retention index (LRI), calculated
after the injection of a standard of linear alkanes.

Statistical Analysis

The experiment was conducted in a completely randomized
design with five repetitions for osmotic processes and three
repetitions for convective drying. The physical-chemical
analyses were carried out in triplicate, and the data were
evaluated by analysis of variance and Tukey test for compar-
ing means at a significance level of 5%.

Results and Discussion
Kinetic of OD Evaluation

In Fig. 2 and 3, variations in WL (a), SG (b) and WR (c) can
be seen as a function of OD time using coconut sugar and
sucrose at different concentrations and temperatures.

WL, SG, and WR increased over time, as also observed
in other OD Kkinetics studies (Mercali et al., 2011; Tortoe
et al., 2007; X. Wang et al., 2022). There was a noticeable
increase in responses in the first few minutes compared to
the rest of the process due to the greater osmotic pressure
gradient between both systems. The osmotic pressure gra-
dient is the driving force for mass exchange during OD. As
the systems exchange mass, the gradient decreases, reducing
the intensity of the exchanges until equilibrium is reached
(Assis et al., 2016).

For both sugars, a similar behavior was observed for the
analyzed variables, in which WL, SG, and WR increased
as the immersion time in the osmotic solution increased.
Furthermore, it was found that the highest WL, SG, and WR
values were associated with the highest osmotic solution
concentration and temperature values. This result is in line
with that reported by other authors. Chiu et al. (2017) also
observed an increase in WL with increasing sucrose con-
centration and temperature during OD. The same behavior
was reported by Song et al. (2020), who found an increase
in SG and WL values as the OD time advanced and the
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Fig.2 Values of water loss
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temperature and concentration of the osmotic solution were
raised. According to An et al. (2013), raising the tempera-
ture reduces the viscosity of the hypertonic solution and
increases the speed of movement of water molecules across
cell membranes, elevating WL. Another possible effect is
swelling of the cell membrane with increasing temperature.
When this occurs, an increase in the membrane's permeabil-
ity to the passage of water and solid compounds is expected
(Rai et al., 2021).

The values found for WL and SG are close to those
reported by Shukla et al. (2018), who report WL values
ranging from 38.66 to 48.57% and SG ranging between 5.87
and 6.68% for osmo-dehydrated banana slices in sucrose
solution in concentrations of 40, 50 and 60% and tempera-
tures of 40, 50 and 60 °C, for 4 h. On the other hand, the
WL and SG values reported in this study were lower than
the 47% WL and 15.39% SG found by Rai et al. (2021).
However, the experimental conditions used for the latter dif-
fered from those of the present work, using a 65% sucrose
solution, 50 °C temperature, and 6 h of dehydration process.

In general, WL curves tend to have higher values when
compared to SG curves due to the lower molecular weight
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and greater diffusivity of water concerning solids (Ayetigbo
et al., 2019). It is observed that the SG value tends to rise
with increasing immersion time. Previous studies have
demonstrated that the sample incorporates more solute in
more concentrated solutions and at higher temperatures (An
et al., 2013; Ayetigbo et al., 2019). This fact is related to the
greater diffusion rate when greater concentration gradients
are used (Song et al., 2020).

Table 2 presents the values of the parameters obtained
after adjusting the Peleg model, which presented high coef-
ficient of determination (R?) values and low standard error
of estimate (SEE) values for all treatments. Additionally,
the values predicted by the Peleg model were close to the
experimental values (Fig. 4), given that the data dispersion
was close to a 45° slope.

At constant temperature, the k; values obtained for WL,
SG, and WR decreased with increasing concentration of
osmotic solutions (Table 2), indicating increased mass trans-
fer rates when using more concentrated solutions.

The k, values can be used to estimate the equilibrium
conditions during OD. Thus, lower values of this parameter
indicate higher equilibrium content (Ganjloo et al., 2012).
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As seen in Table 2, the k, values for WL and WR reduced
with increasing concentration of the osmotic solution,
obtaining similar values for both sugars. Similarly, there
was a reduction in the value of k, for WR as the tempera-
ture was increased from 30 to 50 °C. However, for WL, the
increase in temperature only resulted in a lower value of the
k, parameter when 60% solutions were used.

The WL, SG, and WR values obtained at the end of
300 min of OD are presented in Fig. 5. For the variables
WL (Fig. 5a) and WR (Fig. 5c¢), a significant interaction
(p<0.05) was verified between the three factors under study
(type of osmotic agent, concentration, and temperature).
However, for SG (Fig. 5b), only the concentration of the
osmotic solution was significant (p <0.05); it was verified
that when raising the concentration of the osmotic solu-
tion from 40 to 60%, the SG value also increased. For WL
and WR, it was found that the increase in temperature and
concentration resulted in higher values for these variables.
Regarding the type of sugar, only the SC60%30 °C and
CS60%30 °C treatments differed concerning WL and WR,
with coconut sugar presenting the lowest value compared
to sucrose. In general, coconut sugar and sucrose showed

very similar behavior for WL, SG, and WR. These results
are in line with those reported by Macedo et al., (2023a,
b), who evaluated the use of coconut sugar and sucrose for
osmotic dehydration of strawberries and observed that the
two osmotic agents did not differ in the values from WL,
SG, and WR.

Drying Kinetics

In the second stage of this study, samples of fresh bananas
pre-treated by OD were subjected to convective drying. The
drying kinetics at 60 °C for fresh banana and osmotic treat-
ments can be seen in Fig. 6. It was observed that moisture
decreases over time for all treatments. In the initial minutes
of the drying process, moisture removal from the osmo-
dehydrated samples occurred slightly faster than the fresh
banana. This effect was more evident for samples that were
dehydrated with coconut sugar (Fig. 6a). Pravitha et al.
(2022) found that OD increased the effective diffusivity val-
ues in osmo-dehydrated coconut samples with different sug-
ars, presenting a shorter drying time than untreated coconut.
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Table 2 Kinetic parameters, coefficient of determination (R2), and standard error of estimate (SEE) of Peleg model

Response Param- Treatments
IS 0S40%30 °C CS60%30 °C  CS40%50 °C  CS60%50 °C  SC40%30 °C  SC60%30 °C SCA0%50 °C SC60%50 °C
Water KWE 16.7101 2.1266 3.3280 2.0681 17.3474 1.7989 3.5471 2.1504
loss KW 0.0414 0.0294 0.0524 0.0212 0.0369 0.0321 0.0459 0.0222
WL, 0.0598 0.4702 0.3005 0.4835 0.0576 0.5559 0.2819 0.4650
WL, 241809 33.9582 19.0701 47.2166 27.0871 31.1245 21.7813 44.9883
R? 0.9813 0.9854 0.9835 0.9757 0.9921 0.9931 0.9714 0.9892
SEE 0.6019 1.3132 0.8076 2.2342 0.9905 0.8735 1.2130 1.4076
Solid gain k56 36.0084 11.4910 8.8999 5.8080 56.3505 9.9426 9.1419 1.2591
K36 0.1219 0.1533 0.2035 0.1651 0.0446 0.1897 0.1395 0.1810
SG, 0.0278 0.0870 0.1124 0.1722 0.0177 0.1006 0.1094 0.7942
SGe, 8.2058 6.5230 4.9139 6.0553 22.4200 5.2716 7.1672 5.5255
R? 0.9533 0.9702 0.9977 0.8879 0.9683 0.9701 0.9900 0.9717
SEE 0.3811 0.3578 0.0814 0.7393 0.3224 0.3084 0.2353 0.3667
Weight ~ KWR 17.6565 23617 4.0349 2.7190 26.9984 7.7663 2.7029 27313
reduc- WR 0.1022 0.0367 0.0627 0.0234 0.0741 0.0518 0.0421 0.0259
ton WR, 0.0566 0.4234 0.2478 0.3678 0.0370 0.1288 0.3700 0.3661
WR,,  9.7869 27.2829 15.9571 42.6548 13.4955 19.3155 23.7580 38.6026
R? 0.9616 0.9806 0.9858 0.9733 0.9919 0.9734 0.9940 0.9780
SEE 0.5051 1.2363 0.6340 2.0603 0.2208 0.8898 0.6109 1.7287

The behavior of moisture ratio data over drying time was
very similar for both osmotic agents, culminating in very
similar drying times. This phenomenon can be explained
by the similarity in composition between these two osmotic
agents. According to Pravitha et al. (2022), 86.86% of
sucrose is found in coconut sugar.

Comparing the curves obtained (Fig. 6), it was verified
that the drying time was different between the treatments.
The longest drying time was obtained for fresh banana sam-
ples, while bananas dehydrated at a higher sugar concentra-
tion (60%) and higher OD temperature (50 °C) had a shorter
drying time. A longer drying time for fresh bananas may
be related to this sample's higher initial moisture content
(71.06%) compared to the moisture values of osmo-dehy-
drated samples, ranging from 50 to 64%. which ranged from
50 to 64%. For all treatments, drying times were between
225 and 345 min. The dried product obtained is shown in
Fig. 7.

The Page model adjusted adequately to the experimen-
tal data, exhibiting high R? values (above 0.99) and low
SEE values for all treatments (Table 3). The predicted ver-
sus experimental moisture ratio data were close, as shown
in Fig. 8, demonstrating a dispersion close to a 45° slope.
Thus, we can infer that this model can accurately estimate
the relationship between the moisture ratio and drying time
of osmo-dehydrated banana samples with both osmotic
agents. The parameters k and n of the Page model were simi-
lar between the samples. k is associated with the diffusion
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rate and was slightly higher for samples that went through
OD. On the other hand, the parameter n indicates the type of
diffusion, with an n value lower than 1 being observed for all
treatments, which may indicate a sub-diffusion phenomenon
during drying (Simpson et al., 2017).

Physicochemical Analysis

Figures 9, 10 and 11 present the effects of OD and convec-
tive drying processes on the physicochemical properties of
dried banana.

Moisture and Water Activity (a,)

The moisture content of foods is an essential indicator of
their stability during prolonged storage (Pravitha et al.,
2021). The highest moisture value was reported for the fresh
sample (FB) sample (Fig. 9a), equal to 71.06 + 1.55%. After
drying, moisture values were between 15.08 +0.23% and
18.87+0.06% (Fig. 9a). It was observed that some sam-
ples that underwent the OD treatment had a moisture con-
tent significantly higher than the dried banana (DB) treat-
ment (without osmotic treatment), namely SC40%50 °C,
SC60%30 °C, SC60%50 °C, CS40%30 °C and CS60%50 °C.

As occurred with the moisture content, the a,, values also
decreased in the samples after drying. As expected, the high-
est a,, value was found for the FB, equal to 0.965 +0.004
(Fig. 9b). On the other hand, the DB and CS40%30 °C



Food and Bioprocess Technology

Fig.4 Values of water loss (a) (b)
(a), solid gain (b), and weight 40+ 7
reduction (c) predicted by the i .
Peleg model versus the experi- _ 35 * 6
mental values. #: CS40%30°C; £ 304 Ry S PRy
+: CS40%50°C; #: Z . = 7 O
CS60%30°C; ¢: CS60%50°C; < 25+ Rl g “®
#: SC40%30°C; #: 13 ve 5 47 ¢
SC40%50°C; ¢: SC60%30°C; £ 20+ . S *
. o 4 -
4: SC60%50°C g 154 2 g 3 . ® oo
2 B 5
£ 107 R 0 E 2 TR
54 1 .
*
0=y T T T T T T 1 0~ T I T
0 10 15 20 25 30 35 40 0 1 ) 3
Experimental water loss (%) Experimental solid gain (%)
(c)
35+
g - e
= .
% 254 * ¢
3 o %
2 204 > °
= .
.2h
g 154 :"
B 4
5 107 e
3
& 24
A 59 v‘
LS4
0- = T T T T T T 1
o S5 10 15 20 25 30 35

samples did not differ statistically and presented the lowest
values for this parameter. It was found that, for all treat-
ments, the a,, value was lower than 0.60, ensuring good sta-
bility and microbiological safety of the dry product. The a,,
value of 0.60 is taken as a reference, as below this value,
the growth of microorganisms is highly unfavorable, guar-
anteeing a longer shelf life for the product. The a,, of food
products is an important quality indicator, as it is related to
the level of susceptibility of food to the growth of microor-
ganisms and chemical reactions. Therefore, higher a,, values
result in shorter shelf-life products (Kroehnke et al., 2021).

Shrinkage

Shrinkage is an important physical property of solid foods
that undergo drying processes. Sample shrinkage occurs due
to moisture loss, generating an imbalance of pressure inside
the product, causing tensions that lead to shrinkage or even
rupture of the sample (Nahimana et al., 2011).

Sample shrinkage ranged from 59.26 +0.60 to
73.44+0.72% (Fig. 9¢). The shrinkage values found for
bananas were similar to those reported in other studies

Experimental weight reduction (%)

that used OD for strawberries (42.6% to 72.2%) (Macedo
et al., 2023a, b) and bananas (54.9 to 67.5%) (Tabtiang
et al., 2012). Thuwapanichayanan et al. (2011) found that
during drying, changes in banana diameter were minimal,
around 10%, while changes in thickness were much more
pronounced, reaching values of up to 70%.

The treatments using the highest concentrations of coco-
nut sugar and sucrose for both temperatures did not differ
from each other and resulted in samples with higher shrink-
age values. However, osmotic treatments at lower concentra-
tions and temperatures (CS40%30 and SC40%30) demon-
strated shrinkage equal to that of the sample not subjected
to OD.

It was also observed that the treatments with the great-
est shrinkage presented the highest WL and WR values
in the OD stage. According to Nahimana et al. (2011),
water loss and solids gain during OD are closely related
to the level of sample shrinkage. Furthermore, a likely
explanation for the more significant shrinkage in samples
subjected to OD at higher sugar concentrations is the fact
that there is a greater probability of interaction between
the hydroxyl group in the solution and the hydroxyl group

@ Springer
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Fig.5 Values of water loss

(a), solid gain (b), and weight
reduction (c¢) obtained after
300 min of OD using coconut
sugar and sucrose. Values are
expressed as the mean =+ stand-
ard deviation. Values with the
same uppercase letter do not
differ (p > 0.05) concerning the
type of osmotic agent. Values
with the same lowercase letter
do not differ (p>0.05) concern-
ing the concentration of the
osmotic solution. Values with
the same amount of asterisk do
not differ (p >0.05) concerning
the OD temperature

Fig.6 Values of moisture ratio
during convective drying using
coconut sugar (a) (¢: fresh; #:
CS40%30°C; ¢: CS40%50°C;
4: CS60%30°C; ¢:
CS60%50°C) and using sucrose
(b) (#: fresh; ¢: SC40%30°C;
4: SC40%50°C; &:
SC60%30°C; #: SC60%50°C)
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in the banana via hydrogen bonds, causing distortions in
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Fig.7 Appearance of fresh, Fresh
dried, and osmo-dehydrated
dried samples
“ -
Yo
4 - o
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CS40%50°C

CS60%30°C CS60%50°C

Dried banana SC40%30°C  SC60%30°C  SC40%50°C  SC60%50°C
Table 3 Values of the parameters (k and n), coefficient of determina- 1.0+
tion (R?), and standard error of estimate (SEE) of Page model
2
Treatment k n R SEE e 0.8 .
Fresh 0.0207 0.8862 0.9990 0.0088 § (’.
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0.0 1

the sample (Tabtiang et al., 2012).

Texture

The texture of the banana slices was compared concerning
the hardness parameter, as shown in Fig. 9d. It was found
that the drying process increased in hardness concerning
the FB. The DB treatment resulted in samples with greater
hardness (88.87 +7.20 N) when compared to treatments
that used previous osmotic treatment. The treatments
using higher concentrations of sucrose (SC60%30 °C
and SC60%50 °C) and those using a high concentration
of coconut sugar and higher temperature (SC60%50 °C)
showed lower hardness than the others. Rai et al. (2021)
also reported lower hardness values for banana slices
after OD than fresh bananas. These authors suggest that
changes in cellular structure, with loss of turgidity, may
explain this phenomenon. Furthermore, this effect can be
enhanced at higher OD temperatures.

I I I I
00 02 04 06 08 1.0
Experimental moisture ratio

Fig. 8 Moisture ratio predicted by the Page model versus the experi-
mental moisture ratio. ¢: DB; ¢: CS40%30°C; 4: CS40%50°C; ¢:
CS60%30°C; ¢: CS60%50°C; #: SC40%30°C; #: SC40%50°C; #:
SC60%30°C; #: SC60%50°C

Color

The evaluation of the color of products intended for human
consumption is highly relevant due to its close relationship
with the level of food acceptance by the consumer (Pravitha
et al., 2022). The values obtained for the parameters L, C,
°h, and AE are shown in Fig. 10.

The parameter L” (lightness) is related to the degree of
lightness of the sample. According to the results presented
in Fig. 10a, the L value was lower for all samples in which
coconut sugar was used in OD, especially for treatments with
the highest concentrations of this sugar (AC60%50 °C and
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Fig.9 Values of moisture (a), (a) (b)
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AC60%30 °C), indicating a tendency towards a darker color
in these samples. The color given to these treatments is pre-
dominantly related to the characteristics of the coconut sugar
used, which has a brownish color. This same behavior was
reported in previous studies. Macedo et al., (2023a, b) and
Pravitha et al. (2022), when using coconut sugar for osmotic
dehydration of strawberries and coconuts, respectively, also
found a reduction in the L” values of the samples. On the
other hand, higher L" values were obtained for samples that
did not undergo OD or that underwent OD using sucrose.
The DB treatment did not differ statistically from the FB
concerning the sample's lightness level.

The C* (chroma) parameter indicates how intense the
color of a given sample is. Pathare et al. (2013). Accord-
ing to Fig. 10b, no significant differences were observed
between the C” values for the FB, DB, and osmotic processes
using sucrose treatments, these values being higher than the
C" of the samples that underwent OD with coconut sugar.
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The higher C” values of these samples demonstrate greater
color intensity. Macedo et al., (2023a, b) also observed a
lower C” value for osmo-dehydrated strawberries with coco-
nut sugar compared to sucrose.

For the parameter °h (tone angle) it was observed that the
lowest values were obtained for osmotic treatments using
coconut sugar. For the FB sample, the highest °h value was
obtained (Fig. 10c), equal to 85.25+1.43. °h values closer to
90° indicate the yellower color of the sample (Pathare et al.,
2013). Therefore, osmo-dehydrated samples with coconut
sugar showed a greater distance from the yellow hue char-
acteristic of fresh bananas.

The AE values can be seen in Fig. 10d. Treatments using
coconut sugar resulted in samples with a higher AE value,
indicating a greater color difference concerning the fresh
sample. On the other hand, the DB and sucrose-treated sam-
ples had less color difference than the FB. These results
align with those found by Pravitha et al. (2022), who also
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Fig. 10 Values of L" (a), C" (b), (a) (b)
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found a higher AE between osmotically dehydrated coco-
nut using brown sugar and coconut sugar concerning fresh
coconut. According to Adekunte et al. (2010), E values can
be classified into ranges so that AE> 3 indicates that the
samples have a very distinct color; 1.5 < AE <3 the samples
are distinct, and A E < 1.5 samples have only a little color
difference. Therefore, according to this classification, only
the DB sample (AE=2.34+0.12) presents a different color
from the FB. In contrast, the other treatments present a very
different color compared to FB.

Bioactive Compounds

The product's content of phenolic compounds and antioxi-
dants was lower after drying when compared to FB (Fig. 11).
The content of phenolic compounds found for FB is close
to that found in the literature for different banana varieties,
as reported by Rozek et al. (2010), Morais et al. (2015), Al

Amri and Hossain (2018) found values equal to 1.04 mg/g,
2.64 mg/g, and 3.86 mg/g, respectively. Factors affecting
phenolic compounds' content in bananas include the extrac-
tion technique, the extracting agent, and the variety of fruit
(Al Amri and Hossain, 2018; Sulaiman et al., 2011).

As found in this work, the reduction of banana phenolic
compounds after drying was also evidenced by Guiné et al.
(2015), who observed a 20% loss of phenolic compounds
after drying at 50 °C. Furthermore, OD processes can reduce
the content of water-soluble bioactive compounds due to the
leaching of these components into the osmotic solution (de
Jesus Junqueira et al., 2018).

According to Fig. 11a, only the treatments using coco-
nut sugar at the highest concentration (CS60%30 °C and
CS60%50 °C) resulted in a content of phenolic compounds
that did not differ from the treatment that did not undergo
OD (DB). In some cases, sugar impregnation during OD
may have a protective effect on phenolic compounds so that,
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Fig. 11 Values of total pheno- (a) (b)
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after convective drying, these compounds remain preserved
(Rézek et al., 2010). Furthermore, drying temperature may
have a beneficial effect by releasing phenolic compounds
from the vacuole structure due to tissue collapse, increasing
extractable phenolics (Sulaiman et al., 2011). On the other
hand, other authors have observed a reduction in the values
of bioactive compounds in samples submitted to OD. de
Jesus Junqueira et al. (2018) observed lower values of phe-
nolic compounds in beetroot, carrots, and eggplant. Macedo
et al., (2023a, b) reported a reduction in the values of several
bioactive compounds in strawberries, including anthocya-
nins, ascorbic acid, phenolic compounds, and antioxidants.

It was observed differences between the two methods
used for antioxidant activity. According to the results of
the ABTS method, only the fresh banana differed from the
others, having greater antioxidant activity (Fig. 11c). On
the other hand, according to the FRAP method (Fig. 11b),
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the AC60%30 °C treatment was the closest to the value
found for FB, having presented the highest antioxidant
activity among all osmotic treatments. In contrast, the
SC40%50 treatment °C resulted in lower antioxidant con-
tent. These results are in line with those found by Pravitha
et al. (2022), who reported greater antioxidant activity in
coconut samples that underwent OD using coconut sugar
and brown sugar than in samples that underwent OD with
sucrose. The greater antioxidant activity of osmo-dehy-
drated samples with coconut sugar is related to the anti-
oxidant properties of this osmotic agent. Karseno et al.,
(2018) demonstrated that the Maillard reaction products
generated during the production of this sugar confer anti-
oxidant activity. They also further demonstrated that there
is a linear relationship between the increase in the prod-
uct's color intensity and the antioxidant activity found.
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Table 4 Volatile compounds
identified in fresh, dried, and

Treatments

Volatile Compounds

Fraction (%)

dried osmo-dehydrated bananas Fresh banana

Dried banana

SC40%30 °C

SC40%50 °C

SC60%30 °C

SC60%50 °C

CS40%30 °C

2-pentyl acetate

2-hexenal

Isoamyl acetate

Isobutanol

Hexanol

Isobutyl butanoate

Isoamyl butyrate

Isoamyl valerate

3-methylhexanal

2-heptanol

Butanoic acid, 2-methylpropyl ester

Isoamyl butyrate

Isoamyl acetate

2-heptanone

2-hexanol

Isobutyl butanoate

2-butyl-n-butyrate

Isoamyl isobutyrate

Propanoic acid, 2-methyl-1-methylbutyl ester
Isoamyl butyrate

Butanoic acid, 3-methyl-3 methylbutyl ester
Isoamyl acetate

Isobutyl butanoate

Isoamyl isobutyrate

Propanoic acid, 2-methyl-1-methylbutyl ester
Isoamyl butyrate

Butanoic acid, 2-methyl-4-methylhexyl ester
Butanoic acid, 3-methyl-3-methylbutyl ester
Isoamyl acetate

2-heptanone

2-heptanol

Isobutyl isobutyrate

Isobutyl butanoate

Butanoic acid, 1-methylpropyl ester
Isobutyl isovalerate

Hexanol

Propanoic acid, 2-methyl-1-methylbutyl ester
Isoamyl hexanoate

Isoamyl butyrate

Butanoic acid, 2-methyl-4-methylhexyl ester
Butanoic acid, 3-methyl-3-methylbutyl ester
Hexenyl- 2-methyl-2-pentanoate
4-hydroxy-2,5-dimethyl-3-hexanone
2-pentanol

2-hexanol

Isobutyl butanoate

Butanoic acid, 1-methylpropyl ester
Propanoic acid, 2-methyl-1-methylbutyl ester
Isoamyl butyrate

Butanoic acid, 3-methyl-3-methylbutyl ester

Isoamyl acetate

1.83
3.42
6.35
3.86
2.09
5.37
45.23
31.85
21.66
6.74
4.95
66.64
1.04
1.79
0.69
497
2.93
3.35
3.09
66.13
16.01
1.90
247
1.61
1.15
75.88
1.38
15.61
0.39
0.46
0.36
0.46
5.49
1.86
0.65
5.57
2.60
0.59
56.32
0.96
20.50
0.80
2.99
4.30
2.40
6.05
5.43
14.13
63.32
4.37
5.90
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Table 4 (continued)

Treatments Volatile Compounds Fraction (%)
2-heptanone 2.66
Isobutyl butyrate 3.35
Isobutyl butanoate 3.21
Isoamyl butyrate 75.43
Butanoic acid, 3-methyl-3-methylbutyl ester 9.44
CS40%50 °C Hexanal 10.04
Isobutyl isobutyrate 2.97
Isobutanol 2.12
1-methylpropyl ester 3.26
Propanoic acid, 2-methyl-1-methylbutyl ester 441
Isoamyl butyrate 62.75
Butanoic acid, 3-methyl-3-methylbutyl ester 8.11
Decanoic acid 6.34
CS60%30 °C Isoamyl acetate 0.56
2-hexanol 0.43
Isobutyl isobutyrate 0.49
Isobutyl butyrate 4.97
2-butyl-n-butyrate 1.46
Pentanoic acid, 2-methylpropyl ester 0.59
Isoamyl isobutyrate 6.07
Propanoic acid, 2-methyl-, 1-methylbutyl ester 2.75
2-Ethyl hexanol 0.92
Isoamyl butyrate 59.00
Butanoic acid, 3-methyl, 3-methylbutyl ester 18.10
Hexenyl acetate 0.82
3-pentanol 3.84
CS60%50 °C Acetic acid 0.33
Formic acid 0.51
Isoamyl acetate 0.30
Isobutyl isobutyrate 1.01
Isobutyl butanoate 3.00
2-butyl-n-butyrate 4.95
Propanoic acid, 2-methyl-1-methylbutyl ester 9.88
4-Pentenyl butanoate 0.71
Isoamyl butyrate 66.36
Butanoic acid, 3-methyl-3-methylbutyl ester 6.27
5-methylhexan-2-one 1.21
Isoamyl hexanoate 1.36
Vinyl butyrate 4.13

Fraction represents the peak area of the volatile compound divided by the total area of volatile compounds

Volatile Compounds

The majority volatile component found for fresh, dried
and dried osmo-dehydrated bananas was isoamyl butyrate
(Table 4). Previous studies have reported this compound as the
component in the most significant quantity of fresh bananas
(de Jesus Filho et al., 2018; Thuwapanichayanan et al., 2011).
Furthermore, the other compounds reported in Table 4 are in
agreement with the results found by other authors (Boudhrioua
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et al., 2003; Saha et al., 2018; J. Wang et al., 2007). It was
observed that some compounds found in dried bananas were
also present in fresh bananas, demonstrating that the OD and
drying processes resulted in a product with aroma character-
istics similar to fresh food.

According to Saha et al. (2018), rapid surface drying can
have a protective effect on the banana volatile compounds
trapped inside the slices. These authors observed that this
effect is more pronounced at higher drying temperatures,
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so important compounds for banana aroma, such as isoamyl
acetate and isobutyl, are better preserved. However, changes
occur primarily due to the effects of heat, oxygen, and chemi-
cal interactions with other compounds. The loss of volatile
compounds is among the main quality degradations caused
by drying (Karam et al., 2016).

According to Thuwapanichayanan et al. (2011), isoamyl
butyrate, isoamyl isovalerate, and isoamyl acetate are the main
compounds responsible for the banana aroma. Brat et al. (2004)
demonstrated that the aromatic profile of this fruit can be greatly
influenced by factors such as altitude, cultivar, and degree of
ripeness. Wang et al. (2007) dried banana and found that acetic
acid, butanoic acid, and isovalerate esters formed the dominant
volatile compound category in the dried product. Some com-
pounds reported by these authors include hexyl isovalerate,
isoamyl butyrate, 3-methylbutanoic acid 3-methylbutyl ester,
butanoic acid 1-methylhexyl ester, and 3-methylbutyl acetate.

Compounds such as acetic acid, and decanoic acid found in
treatments carried out with coconut sugar (CS60%50 °C and
CS40%50 °C, respectively) can be attributed to the presence
of these compounds in this sugar (Saraiva et al., 2023). Kabir
and Lorjaroenphon (2014) found forty volatile compounds in
coconut sugar, with acetic acid being predominant.

It has already been demonstrated that the type of solute and
the time of osmotic treatment can influence the aromatic pro-
file of fruits, promoting the loss of some aromatic compounds
to the solution but being able to favor the formation of others
via fermentative processes (Rizzolo et al., 2007).

Conclusions

Coconut sugar demonstrated very similar behavior to sucrose
regarding WL, SG, and WR parameters during OD. Further-
more, comparing both sugars, few differences were observed
regarding the dried product's drying curves and physi-
cal-chemical properties. However, using coconut sugar dem-
onstrated the potential to increase antioxidant activity and
greater color change in the samples. Furthermore, some vola-
tile compounds characteristic of coconut sugar were detected
in the dried product, which may contribute to a sensorial
experience different from that of the conventional product.

The results expand the range of possible uses for coconut
sugar and generate opportunities to develop a product with
greater added value. However, a sensory evaluation can be
helpful in indicating whether consumers will accept dehy-
drated bananas with coconut sugar well.
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