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Abstract
Osmotic dehydration (OD) is a pre-treatment commonly used to incorporate solids and dehydrate fruits. In this study, the
influence of mixed syrup (yacon and sucrose) concentration used in OD and drying air temperature on drying kinetics of banana
osmotically dehydrated and characteristics of dried banana were evaluated. Yacon syrup (30°Brix) was produced and then
sucrose was added, making mixed syrups of different concentrations (30–45°Brix). Banana slices (5 mm) were immersed in
mixed syrups for five hours. Solid gain (SG) and water loss (WL) were calculated during OD. Afterward, the osmotically dried
bananas were dried at different drying air temperatures (40–80 °C). Mathematical models were fitted to the moisture ratio data.
The drying rate (DR) was calculated. The dried bananas were evaluated for moisture content, water activity, color and hardness.
Optimal treatment was determined using the desirability function. Higher syrup concentration resulted in higher SG and WL
during OD. Samples dehydrated osmotically using 32.2°Brix syrup and dried at 74.1 °C required shorter drying time (240 min),
with a tendency of higher DR. High syrup concentrations and high temperatures resulted in dried bananas with low water activity
and high hardness. The Midilli model was the one that best fitted. The optimal treatment was that using the mixed syrup of
45°Brix and drying temperature of 60 °C.

1 Introduction

Banana (Musa spp.) is one of the most produced fruits in the
world, due to its high sensory acceptance and low cost. In its
composition it presents carbohydrates (including dietary fi-
bers), phenolic compounds, minerals and vitamins (B3, B6,
B12, C and E) [1]. The consumption of this fruit occurs mostly
in natura [2]. However, because it is a climacteric fruit and has
high water activity, the banana has a short shelf life and un-
dergoes large post-harvest losses [1–3]. Given this, the pro-
duction of dried bananas is a good alternative to extend the
shelf life of bananas. The dried banana is one of the products
obtained from drying the fresh banana pulp, with moisture
content between 20 and 25% (in wet basis) [4–7].

Osmotic dehydration (OD) is a drying method commonly
used as a pre-treatment for the drying. It consists of immersing

the product in an osmotic solution, in which water is removed
from the food due to the difference in osmotic pressure be-
tween the food and the osmotic solution. At the same time as
the water leaves, the solute is incorporated into the food.
Sucrose, glucose, fructose, and sodium chloride are the most
frequently used solutes in OD. However, several studies have
been developed using other osmotic agents, such as corn syr-
up, honey, fructooligosaccharides (FOS), maltose, maltodex-
trin, ethanol and maple syrup. With that, OD has been a good
way to incorporate solids in the food [8–11].

The incorporation of solids can be conducted to add func-
tional, nutritional, technological or sensory properties to the
product, tomeet the growing consumer demand for foods with
different characteristics. Furthermore, the enriched product
has a higher added value by contributing to such properties
[11–13].

Yacon (Smallanthus sonchifolius) is a tuberous root of
Andean origin, where it is grown mainly for family con-
sumption, due to its sweet flavor and crunchy texture.
This crop has spread around the world since the 1960s,
being consumed mainly raw, but also cooked, roasted,
dehydrated (in the form of chips or flour) or processed
(in the form of juice, jam, syrup). However, one of the
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highlights of the yacon is the high concentration of FOS.
These carbohydrates are not hydrolyzed by enzymes in
the upper part of the human gastrointestinal tract. As a
result, FOS are fermented in the colon by a group of
beneficial bacteria belonging to the intestinal microflora,
improving gastrointestinal function. This characteristic
makes yacon a functional food, in addition to providing
low caloric value [14–17]. In this regard, the incorpora-
tion of FOS during OD is an efficient way to enrich the
fruit, providing a functional compound to the diet, adding
health benefits [18].

This work aimed to (i) evaluate the osmotic dehydration
kinetics of banana using mixed syrup (yacon and sucrose), (ii)
study the convective drying of the osmotically dehydrated
banana (iii) examine the influence of the osmotic solution
concentration and the drying temperature on water activity,
colorimetric parameters and hardness of dried banana.

2 Material and methods

The experiment was conducted as shown in Fig. 1.

2.1 Material

Banana (Musa spp. cv Prata) (71.09% moisture content, in
wet basis (w.b.)) and yacon (Smallanthus sonchifolius) were
purchased at the market in the city of Alegre/ES, Brazil. The
banana bunches were submerged in 200 ppm of a free residual
chlorine solution for 10 min and rinsed. The bananas were
removed from the bunches and were visually selected for in-
tegrity, uniformity and degree of ripeness (close to 4 on the 1
to 7 banana ripeness scale) [19]. The bananas were manually
peeled and cut in the transverse direction with the aid of a
stainless-steel food slicer, producing slices 5 mm thick.
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Fig. 1 Flowchart of the
experimental procedure
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The yacon roots were selected for integrity and uniformity,
washed with running water to remove dirt, submerged in
200 ppm of a free residual chlorine solution for 10 min, rinsed
and then peeled with the aid of a fixed blade peeler. The
peeled roots were cut into slices 5 mm thick. Bleaching was
performed by immersing the slices in boiling water for 8 min
and then subjecting the slices to an ice bath for 10 min [16].

2.2 Preparation of mixed syrups

The blanched slices were inserted in a centrifuge (Mondial,
model NCF-01) to extract the juice. The juice was disposed of
in an evaporator with automatic stirring under heating for the
elaboration of yacon syrup with 30°Brix. Mixed syrups were
made by adding sucrose to the yacon syrup, to make syrups
with a total soluble solids content of 30 (without sucrose
added) at 45°Brix. The values of the concentration levels of
the mixed syrups were calculated using a Central Composite
Rotational Design (CCRD) (Table 1), with 5 repetitions at the
central point.

2.3 Osmotic dehydration (OD)

Banana slices were immersed in mixed syrups, in a 1:11 ratio,
to minimize the effect of dilution during OD [20]. The OD
occurred without stirring, at atmospheric pressure (980 mbar)
and 30 °C.

The samples were evaluated for solids gain (SG) (Eq. 1)
and water loss (WL) (Eq. 2) at times 0, 15, 30, 45, 60, 90, 120,
180, 240, 300 min.

SG %ð Þ ¼ MtxSt −M0xS0
M0

ð1Þ

WL %ð Þ ¼ M0xA0 −MtxAt
M0

ð2Þ

Where, Mo: initial mass (kg); Mt: mass at time t (kg); xSo:

initial solids content (kg solids kg of sample−1); xSt : solids

content at time t (kg solids kg of sample−1); xAo : initial water

content (kg of water kg of sample−1); xAt : water content at time
t (kg of water kg of sample−1).

The Peleg (1988) [21] (Eq. 3) and Azuara et al. (1992) [22]
(Eq. 4) models were fitted to SG and WL data [23].

SG ¼ t

KS
1 þ KS

2 � t
and WL ¼ t

KW
1 þ KW

2 � t ð3Þ

SG ¼ Ss � t � SGeq

1þ Ss � t and WL ¼ Sw � t �WLeq

1þ Sw � t ð4Þ

Where, t (min) is time; KS
1 and K

W
1 (min g g−1) are Peleg’s

rate parameters for solids and moisture, KS
2 and K

W
2 (g g−1) are

Peleg’s capacity parameters for solids and moisture, Ss and Sw
(min−1) are Azuara’s parameter for solids and moisture, SGeq

(g g−1) is estimated equilibrium solids gain, WLeq (g g−1) is
estimated equilibrium water loss.

2.4 Convective drying

The drying of the osmotically dehydrated bananas was carried
out in a tray dryer (50 × 40 cm), with forced air circulation
(1.5 m s−1), at temperatures of 40 to 80 °C (Table 1). The trays
were weighed at 15 min intervals during the first hour, 30 min
during the second and third hour and, finally, at 60 min inter-
vals. The samples remained in the dryer until the moisture
content was 20% (w.b.). For this, the final mass, that is, the
mass to interrupt the drying process in such a way that the
product had the desired moisture content, was calculated by
mass balance (Eq. 5).

Wf ¼ Wo 100−Moð Þ
100−Mf

ð5Þ

Where,Wo,Wf,Mo eMf are the initial and final masses and
moisture content, respectively.

The moisture ratio (MR) during drying was calculated ac-
cording to Eq. 6 [24].

MR ¼ Xt−Xe

X0−Xe
≈
Xt

X0
ð6Þ

Where X0, Xt and Xe are the water content (kg water 100 kg
sample−1, in dry basis) at time zero, time t and equilibrium,
respectively.

The Henderson & Pabis, Lewis, Midilli and Page models
(Eqs. 7 to 10, respectively) were fitted to the data. The values
of model constants were fitted by minimizing the sum of
squares of deviations using nonlinear regression.

MR ¼ a:exp−k:t ð7Þ

Table 1 - Reals and coded (between parenthesis) levels of syrup
concentrations (°Brix) and air drying temperature (°C) for each
experimental condition of the CCRD

Treatment Syrup concentration Temperature

1 42.8 (1.00) 74.1 (1.00)

2 32.2 (−1.00) 74.1 (1.00)

3 42.8 (1.00) 45.9 (−1.00)
4 32.2 (−1.00) 45.9 (−1.00)
5 37.5 (0.00) 80.0 (1.41)

6 37.5 (0.00) 40.0 (−1.41)
7 45.0 (1.41) 60.0 (0.00)

8 30.0 (−1.41) 60.0 (0.00)

9 37.5 (0.00) 60.0 (0.00)
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MR ¼ exp−k:t ð8Þ
MR ¼ exp−k:t

n þ b:t ð9Þ
MR ¼ exp−k:t

n ð10Þ

Where, MR: moisture ratio; t: time (min); k, a, n and b are
parameters of the models.

The adjusted coefficient of determination (R2
adj) (Eq. 11)

and standard error of the regression (SE) (Eq. 12) were calcu-
lated to aid the comparison between models.

R2
adj ¼ 1−

∑N
i¼1 MRexp;i−MRpred;i

� �2
∑N

i¼1 MRexp;i−MR
� �2 N−1

N−p
ð11Þ

SE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i¼1 MRexp;i−MRpred;i

� �2
N−p

 !vuut ð12Þ

Where MRexp,i andMRpred,i are, respectively, experimental
and predicted values of moisture ratio for the ith observation;

MR is the mean value of the experimental moisture ratio; N
is the number of observations; p is the number of constants in
the model.

The drying rate (DR) was calculated according to Eq. 13
[24].

DR ¼ XtþΔt−Xt

Δt
ð13Þ

Where, DR is the drying rate, Xt + Δt and Xt are the moisture
content (kg of water kg of dry solid−1) at times t + Δt and t,
respectively, t is the time (min) and Δt is the time difference
(min).

DR was plotted as a function of moisture content on dry
basis.

2.5 Characterization of dried bananas

The samples were characterized in terms of moisture content,
water activity, color and hardness.

2.5.1 Moisture content

The moisture content was determined gravimetrically by dry-
ing the samples to constant weight at 105 °C [25].

2.5.2 Water activity (aw)

The aw of samples was determined by direct reading in a water
activity meter (Aqualab, 3-TE model, Decagon Devices, Inc.,
Pullman, WA, USA), at 25 °C.

2.5.3 Color

The colorimetric parameters (L*, a* and b*) of samples were
obta ined us ing a co lor imete r (Konica Minol ta ,
Spectrophotometer CM-5, Tokyo, Japan). Chroma (C*) and
hue (H°) were calculated, according to Eqs. 14 and 15, respec-
tively.

C* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a*

2 þ b*
2

q
ð14Þ

H° ¼ tan−1
b*

a*

� �
ð15Þ

2.5.4 Hardness

The hardness of the dried bananas was determined by a texture
analyzer (Brookfield®, CT#3) by compression test, equipped
with a load cell of 3.00 N and a knife-edge (TA7). The com-
pression speed set before, during and after the test was 2, 1 and
10 mm s−1, respectively [7].

2.6 Statistical analysis

The experiment was conducted in three replications. The
physical-chemical analyses were performed in triplicate.

The responses of the physical-chemical analyses were
submitted to analysis of variance (ANOVA) of the regres-
sion, adopting a significance level of 5% and quadratic
mathematical models (Eq. 16) were fitted to the data.
Response surfaces were elaborated with the aid of
Statistica software.

y ¼ β0 þ β1Tþ β11T
2 þ β2Sþ β22S

2 þ β12TS ð16Þ

Where y is the estimated response, β0, β1, β11, β2, β22 and
β12 are constants coefficients; T is the temperature of the
drying air (°C) and S is the concentration of the syrup (°Brix).

The coefficient of determination (R2) of the fitted models
was calculated according to Eq. 17.

R2 ¼ 1−
∑
N

i¼1
yexp;i−ypred;i
� �2

∑
N

i¼1
yexp;i−y
� �2 ð17Þ

Where yexp,i and ypred,i are, respectively, experimental and
predicted values of the response for the ith observation; y is the
mean value of experimental response; N is the number of
observations.
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2.7 Optimization

The determination of the optimal treatment was performed
with the aid of the desirability function. For this, initially,
the individual desirability (di) of each response was calculated
within the range 0 ≤ di ≤ 1 [26]. Eqs. 18 and 19 were used for
the responses that were desired to minimize and maximize,
respectively.

di

1; if yi≤Ti

Ui−yi
Ui−Ti

� �
; if Ti < byi < Ui

0; if yi > Ui

8><
>: ð18Þ

di

0; if yi≤Li

yi−Li

Ti−Li

� �
; if Li < yi < Ti

1; if yi > Ti

8><
>: ð19Þ

Where, y is the response; Ti is the target value desired; Ui is
the maximum value for responses that desired to minimize; Li
is the minimum value for responses that desired to maximize.

Overall desirability (D) was calculated from individual de-
sirability [26], according to Eq. 20.

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∏N

i¼1di
� �

N
q

ð20Þ

Where N is the number of individual desirabilities.
The optimal condition corresponds to the highest value of

the overall desirability.

3 Results and discussion

3.1 Osmotic dehydration

The kinetics of solids gain (SG) and water loss (WL) are shown
in Fig. 2a and b, respectively. Throughout the OD, SG increased,

especially in the first minutes. According to Torreggiani (1993)
[27], the SG occurs, mostly, during the first 30 min. Thereafter,
there is usually a very significant reduction in the SG rate. The
flow of solids and water occurs due to the concentration gradient
between the food and the osmotic solution [10].

The increase in the concentration of the osmotic solution
(mixed syrup) increased SG (Fig. 2a). Higher concentrations
of the osmotic solution increase the pressure gradient between
the solution and the food, promoting the driving force for SG
[10]. Besides the higher concentration, the 45°Brix syrup had
a higher amount of added sucrose, which is a lower molecular
weight sugar compared to FOS. Lower molecular weight sol-
utes penetrate the food matrix more easily [10, 20]. Matusek
et al. (2008) [18] studied the OD of apple comparing the
penetration of sucrose and FOS and it was observed that the
GS was higher when the first sugar was used.

According to Genta et al. (2009) [15], the yacon root is the
plant with the highest concentration of fructooligosaccharides
(FOS). Yacon syrup is a product obtained by concentrating
the juice of the yacon root and can have 40 to 50% FOS [15].
FOS are carbohydrates capable of resisting enzymatic hydro-
lysis in the upper part of the human gastrointestinal tract and
are fermented in the colon, promoting the development of
fermentative bacteria, which perform several beneficial func-
tions in the organism [15, 17]. Through the gain of solids
during OD, including using 30°Brix syrup (without sucrose
added), FOS may have been incorporated into the banana,
which leads to an increase in the nutritional and functional
value of the banana, consequently increasing the added value
of fruit [18]. Furthermore, the OD process increases the sen-
sory acceptance of dried bananas [2].

WL presented a behavior similar to that of SG, presenting
higher values during the OD and with the increase of the syrup
concentration (Fig. 2b). Verma et al. (2014) [3] also observed
in the banana OD that the WL was higher according to the
higher concentrations of the osmotic solution. Furthermore,
WL occurred mainly at the beginning of OD, with a minimum
increase from the sixth hour of OD [3].

Fig. 2 Solid gain (g g−1) (a) and water loss (g g−1) (b) during osmotic dehydration of bananas
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The behavior of SG and WL responses during OD corrobo-
rates those found by Ayetigbo et al. (2019) [28], Fernandes
et al. (2019) [29], Barragán-Iglesias et al. (2019) [9] and
Chaguri et al. (2017) [30] when performing the OD of white-
flesh cassava, mangoes, papaya and green banana, respectively.

The values found for the coefficient of determination
(Table 2) indicated that the Peleg and Azuara models fitted
satisfactorily to the SG and WL data, thus being able to rep-
resent the behavior of these responses during OD. Ayetigbo
et al. (2019) [28] also found that these models fit well with the
cassava SG and WL data.

For both SG and WL, there was a tendency to reduce the
value of the K1 parameter in the Peleg model, as well as an
increase in the K2 parameter (Table 2), by increasing the con-
centration of the mixed syrup. Likewise, there was also a
tendency to increase the S parameter of the Azuara model as
the syrup concentration increased. These same trends were
observed by Ayetigbo et al. (2019) [28], in cassava OD.

3.2 Convective drying

The moisture contents of the osmotically pre-dehydrated ba-
nanas using the 30.0, 32.2, 37.5, 42.8 and 45.0°Brix syrups
were 67.09, 66.52, 65.71, 64.63 and 63.17% (in wet basis
(w.b.)), respectively. The drying kinetics of osmotically pre-
dehydrated bananas is shown in Fig. 3. The time to reduce the
moisture content of the samples to 20% (w.b.) ranged from
240 to 1260 min. It can be observed that the concentration of
the mixed syrup used in the OD and the temperature of the
drying air influenced the dispersion behavior of the MR data
(Fig. 3).

Lower syrup concentrations favored a reduction in drying
time (Fig. 4). In the OD higher concentrations of the syrup
resulted in greater incorporation of solids, increasing the num-
ber of chemical bonds of water present in the food, making it
difficult to eliminate water during convective drying, leading
to an increase in drying time.

Table 2 - Peleg and Azuara model parameters

SG orWL Syrup
concentration

Peleg Azuara

KS or W
1 KS or W

2 R2 SS or W SGeq or WLeq R2

SG 30.0 718.030 1.924 0.994 0.003 0.520 0.994

SG 32.2 495.730 2.607 0.971 0.005 0.384 0.971

SG 37.5 504.016 2.416 0.960 0.005 0.414 0.960

SG 42.8 258.921 2.740 0.985 0.011 0.365 0.985

SG 45.0 55.998 2.349 0.941 0.042 0.426 0.941

WL 30.0 1894.010 4.945 0.992 0.003 0.202 0.992

WL 32.2 1294.585 6.807 0.971 0.005 0.147 0.971

WL 37.5 1620.824 4.997 0.944 0.003 0.200 0.944

WL 42.8 651.954 7.235 0.991 0.011 0.138 0.991

WL 45.0 122.556 6.386 0.965 0.052 0.157 0.965

Fig. 3 Drying kinetics of osmotically dehydrated bananas. T1:●; T2:○;
T3:▼; T4:Δ; T5:■; T6:□; T7:♦; T8:◊; T9:▲

Fig. 4 Drying time (min) as a function of mixed syrup concentration and
drying air temperature
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Although the concentration of the syrup also affected the
drying time, it can be observed that temperature was the factor
with the greatest influence. As expected, higher drying air
temperatures resulted in shorter drying times (Eq. 21).
Similar results have been reported by Song et al. (2019) [24].

DT ¼ 8007:830−129:133Tþ 0:863T2−167:929S

þ 2:400S2 ð21Þ

Where, DT is drying time (min), T is air drying temperature
(°C) and S is syrup concentration (°Brix).

The minimum drying time estimated by the mathematical
model (Eq. 21) was 239.69 min, corresponding to the mixed
syrup concentration of 34.99°Brix and the drying air temper-
ature of 74.86 °C.

Henderson & Pabis, Lewis, Midilli and Page models fitted
satisfactorily to the moisture ratio data, since they presented
high values of determination coefficient (R2), between 0.894
and 0.999 (Table 3).

The parameter k of the models indicates the effect of exter-
nal drying conditions [31, 32]. The values of parameter k
showed a tendency to increase with increasing temperature
and with a reduction in syrup concentration (Table 3).

The parameter n relates to the effect of internal drying
conditions, where, n > 1 indicates super-diffusion and n < 1
indicates sub-diffusion [31, 32]. It was observed that, with
the increase of the syrup concentration, there was a reduction
of a and n. On the other hand, as the drying air temperature
increased, there was an increase in the value of a and n
(Table 3).

Comparing the models to each other, theMidilli model was
that which best fitted the MR data, due to the higher value of
the adjusted coefficient of determination (R2adj) and the lower
standard error of the regression (SE) in all treatments
(Table 3). The comparison between the experimental values
and the values predicted by the Midilli model are shown in
Fig. 5. It was observed that both values were close since the
data were grouped around a 45° straight line [33], presenting
itself as another way of observing the good fit of the Midilli
model.

Low syrup concentrations and high drying air tempera-
tures resulted in lower DR (Fig. 6). This behavior is be-
cause, during OD, the lower concentrations of the osmotic
solution resulted in lower SG andWL. The low SG provides
a lower proportion of solid materials to interact and make
chemical bonds with water, making water more conducive
to removal. Moreover, the low WL during OD provides a
higher moisture content to be removed during convective
drying. Regarding the drying temperature, the DR increased
with increasing temperature. Similar results have been re-
ported by Song et al. (2019) [24]. This is due to higher
temperatures providing a higher rate of heat and mass trans-
fer, in addition to increasing the water vapor pressure in the

samples, increasing water outflow from the food to the dry-
ing air [34]. The same fact was observed by Kayacan et al.
(2018) [34], drying bee pollen.

The period of constant rate in the drying at 74.1 and 80 °C
was short and non-existent in the drying at 40, 45.9 and 60 °C.
The falling rate domain indicates that the diffusion of moisture
is the main drying mechanism in the present study [24].

Table 3 - Parameters of Henderson & Pabis, Lewis, Midilli and Page
models describing the drying kinetics

Treatment Model k a or n b (×104) R2 R2
adj SE

1 H&P 0.006 0.924 – 0.981 0.980 0.040

Lewis 0.006 – – 0.966 0.966 0.051

Midilli 0.018 0.798 0.935 0.999 0.999 0.002

Page 0.022 0.754 – 0.999 0.999 0.007

2 H&P 0.010 0.945 – 0.991 0.990 0.029

Lewis 0.010 – – 0.983 0.983 0.037

Midilli 0.028 0.769 −1.693 0.999 0.999 0.004

Page 0.024 0.815 – 0.999 0.999 0.007

3 H&P 0.002 0.871 – 0.975 0.974 0.043

Lewis 0.002 – – 0.926 0.926 0.072

Midilli 0.019 0.656 −0.089 0.999 0.999 0.003

Page 0.018 0.665 – 0.999 0.999 0.004

4 H&P 0.002 0.985 – 0.980 0.979 0.040

Lewis 0.003 – – 0.949 0.949 0.062

Midilli 0.016 0.683 −0.285 0.999 0.999 0.007

Page 0.014 0.711 – 0.999 0.999 0.008

5 H&P 0.009 0.936 – 0.986 0.984 0.036

Lewis 0.010 – – 0.976 0.976 0.044

Midilli 0.023 0.816 1.013 0.999 0.999 0.004

Page 0.026 0.782 – 0.999 0.999 0.006

6 H&P 0.002 0.838 – 0.959 0.958 0.055

Lewis 0.003 – – 0.894 0.894 0.086

Midilli 0.025 0.639 0.177 0.999 0.999 0.009

Page 0.028 0.616 – 0.999 0.999 0.010

7 H&P 0.004 0.865 – 0.968 0.966 0.049

Lewis 0.005 – – 0.918 0.918 0.077

Midilli 0.031 0.646 −0.142 0.999 0.999 0.006

Page 0.030 0.655 – 0.999 0.999 0.007

8 H&P 0.004 0.924 – 0.986 0.985 0.033

Lewis 0.005 – – 0.968 0.968 0.049

Midilli 0.019 0.730 −0.769 0.999 0.999 0.005

Page 0.017 0.766 – 0.999 0.999 0.007

9 H&P 0.005 0.923 – 0.982 0.980 0.040

Lewis 0.006 – – 0.966 0.966 0.052

Midilli 0.019 0.768 0.193 0.999 0.999 0.009

Page 0.020 0.758 – 0.999 0.999 0.010

H&P is Henderson& Pabis model; k, a, n and b are model parameters; R2

is the coefficient of determination; R2
adj is the adjusted coefficient of

determination; SE is the standard error of the regression
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3.3 Characterization of dried bananas

3.3.1 Moisture content

The convective drying of the samples was interrupted when
they had a moisture content of 20%. Thus, after drying, the
dried bananas had a moisture content of 20.75 ± 1.77% (w.b.),
with no significant difference between treatments (p > 0.05).
According to the standard adopted worldwide, dried bananas
have a moisture content between 20 and 25% (w.b.) [3–6, 35].

3.3.2 Water activity (aw)

The aw of dried bananas was influenced (p < 0.05) by the
syrup concentration during OD and the temperature of the
drying air (Fig. 7a), showing values between 0.591 and
0.738. The mathematical model fitted satisfactorily to the data
of aw, with R

2 of 0.90 (Table 4). Values close to aw were found

by Cano-Chauca et al. (2004) [4], Verma et al. (2014) [3] and
Batista et al. (2014) [35].

It was observed that the use of syrups of higher concentra-
tion and higher drying temperatures resulted in samples with
less aw. However, the concentration had a greater effect,
resulting in a more significant reduction with higher levels
of this factor. The incorporation of solids during OD can in-
crease the water trapping in the product, by increasing the
number of interactions and chemical bonds of water with the
incorporated solids, resulting in a reduction in aw. As a result,
the use of OD using an osmotic solution with a high concen-
tration can contribute to the increase in the shelf life of dried
bananas, since lower aw disadvantages the growth of micro-
organisms and reduces the rate of food spoilage reactions [8,
10].

3.3.3 Color

The L* parameter represents the brightness of the sample. The
concentration of the syrup and the temperature of the drying
air significantly influenced (p < 0.05) the L* of the dried ba-
nanas (Fig. 7b and Table 4). The temperature was the main
influencing factor in this response and that higher drying tem-
peratures resulted in samples with lower L* values. Similar
results have been reported by Song et al. (2019) [24].
Furthermore, a small reduction in L* was observed with the
increase in the concentration of the mixed syrup. As they have
high sugar content, especially after OD, the samples are sus-
ceptible to non-enzymatic browning reactions. These reac-
tions are enhanced when the product is exposed to high tem-
peratures, leading to the formation of dark pigments, especial-
ly near the end of the drying [36].

The parameters a* and b* of dried bananas were not sig-
nificantly influenced (p > 0.05) by the concentration of the
syrup and the drying air temperature, with average values of
6.76 ± 0.91 and 45.49 ± 3.02, respectively. The parameter a*
indicates the color variation from green (−a) to red (+a). The
parameter b* indicates the color variation from blue (−b) to
yellow (+ b). Thus, dried bananas showed a slight tendency
towards red and a strong tendency towards yellow.

Chroma (C*) and hue (H°) were also not significantly in-
fluenced (p > 0.05) by the factors. The C* represents the
purity/saturation of the color and presented an average value
of 45.65 ± 0.23. The H° showed an average value of 81.64 ±
0.25, being close to the fully yellow tint (90°).

3.3.4 Hardness

Hardness has physical and sensory definitions. Physically,
hardness is a force necessary to attain a given deformation.
Sensorially, hardness is the force required to compress a sub-
stance between molar teeth, in the case of solids food [37, 38].

Fig. 5 Comparison of experimental and predicted moisture ratio values
according to Midilli model

Fig. 6 Drying rate as a function of moisture content, on dry basis
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Instrumental texture analysis can detect and quantify only a
few parameters, however, it is unable to replace human be-
ings, as they are the only means able to perceive and describe
the sensory properties of food [37]. However, instrumental
hardness analysis has excellent correlation with the same anal-
ysis performed by sensory analysis [37, 38], with the advan-
tages of eliminating the recruitment of a large number of peo-
ple, obtaining results quickly, at lower cost and with greater
repeatability [39].

The hardness of dried bananas was significantly influenced
(p < 0.05) by the concentration of the syrup during OD and the
drying air temperature (Fig. 7c and Table 4), whereas higher

levels of these factors resulted in greater hardness. Higher
concentrations of the osmotic solution used in OD resulted
in higher WL, being responsible for higher stress generated
in the cellular structure of food, resulting in several physical
changes, including increased hardness [9]. Macedo et al.
(2019) [6] produced dried bananas with and without osmotic
pre-treatment and found that OD was responsible for increas-
ing the hardness of the samples. Besides the concentration of
the osmotic solution, it was also observed in the present study
that higher drying air temperatures also resulted in greater
physical changes, increasing the sample hardness. Vilela
et al. (2016) [11] studied OD using osmotic solutions of

Fig. 7 Response surfaces of water activity (a), luminosity (b) and hardness (c) of dried bananas

Table 4 - Mathematical models
of the water activity, luminosity
and hardness responses of dried
bananas

Responses Model R2

Water activity aw = −0.473 + 0.011 T + 0.055S - 0.001S2–0.001TS 0.90

Luminosity L* = 51.401–0.003T2–0.008S2 + 0.009TS 0.80

Hardness Hardness = 30.704–0.349 T - 0.532S + 0.015TS 0.94

T: air drying temperature (°C); S: syrup concentration (°Brix); R2 : determination coefficient
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sorbitol, maltitol, FOS, galactooligosaccharides and fructose,
and it was found that FOS was the agent that resulted in the
increased hardness of orange peel and citron fruit. Barragán-
Iglesias et al. (2019) [9] stated that the hardness of the dry
product is greater than that of the fresh product, applying
OD or not, as the reduction in the moisture content of the
product elevates this texture parameter.

3.4 Optimization

To determine the optimal treatment, the desire was to maxi-
mize the responses of solids gain, water loss and luminosity.
The responses of solids gain and water loss obtained in the
final OD time were used. For the responses of drying time,
water activity and hardness, the desire was to minimize them.

Treatment 7 (mixed syrup of 45°Brix and drying tempera-
ture of 60 °C) was that with the highest overall desirability,
with D = 0.74.

4 Conclusion

Higher syrup concentrations resulted in higher solids gain and
water loss during osmotic dehydration (OD). The Peleg and
Azuara models fitted satisfactorily to the OD data.

The reduction in drying time occurred according to the use
of syrups of lower concentrations and the use of higher drying
air temperatures. The Henderson & Pabis, Lewis, Midilli and
Page models fitted well to the drying kinetics data, with em-
phasis on the Midilli model, which was the most suitable for
all the treatments studied.

Higher concentrations of the mixed syrup resulted in dried
bananas with less water activity and greater hardness. High
drying air temperatures were responsible for less water activ-
ity, less luminosity and greater hardness of dried bananas.

The optimal treatment was that using the highest concen-
tration of the mixed syrup (45°Brix) and the intermediate dry-
ing temperature (60 °C).

Banana OD using yacon syrup can promote the incorpora-
tion of yacon solids, among them fructooligosaccharides,
therefore, it is a promising technique to be used as pre-
treatment for drying by convection of fruits.
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