
Citation: Vega-Galvez, A.;

Gomez-Perez, L.S.; Ah-Hen, K.S.;

Zepeda, F.; García-Segovia, P.;

Bilbao-Sainz, C.; Mejías, N.; Pasten, A.

Convective Hot Air Drying of Red

Cabbage (Brassica oleracea var.

Capitata Rubra): Mathematical

Modeling, Energy Consumption and

Microstructure. Processes 2024, 12, 509.

https://doi.org/10.3390/pr12030509

Academic Editors: Ashutosh Singh,

Gopu Raveendran Nair and

Winny Routray

Received: 6 February 2024

Revised: 24 February 2024

Accepted: 27 February 2024

Published: 29 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Convective Hot Air Drying of Red Cabbage (Brassica oleracea
var. Capitata Rubra): Mathematical Modeling, Energy
Consumption and Microstructure
Antonio Vega-Galvez 1 , Luis S. Gomez-Perez 1, Kong Shun Ah-Hen 2, Francisca Zepeda 1,
Purificación García-Segovia 3 , Cristina Bilbao-Sainz 4, Nicol Mejías 1 and Alexis Pasten 1,*

1 Food Engineering Department, Universidad de La Serena, Av. Raúl Bitrán 1305, La Serena 1700000, Chile;
avegag@userena.cl (A.V.-G.); lgomez@userena.cl (L.S.G.-P.); fzepedag@alumnosuls.cl (F.Z.);
nmejiasr@gmail.com (N.M.)

2 Facultad de Ciencias Agrarias y Alimentarias, Instituto de Ciencia y Tecnología de los Alimentos,
Universidad Austral de Chile, Valdivia 5090000, Chile; kshun@uach.cl

3 I-FOOD Team, Food-UPV, Universitat Politècnica de València, Camino de Vera s/n, 46021 Valencia, Spain;
pugarse@tal.upv.es

4 U.S. Department of Agriculture, Western Regional Research Center, 800 Buchanan St., Albany, CA 94710, USA;
cristina.bilbao@usda.gov

* Correspondence: afpasten@userena.cl

Abstract: This study examined the convective drying of red cabbage at temperatures ranging from
50 to 90 ◦C. Mathematical modeling was used to describe isotherms, drying kinetics and rehydration
process. The effects of drying conditions on energy consumption and microstructure were also
evaluated. The Halsey model had the best fit to the isotherm data and the equilibrium moisture was
determined to be 0.0672, 0.0490, 0 0.0379, 0.0324 and 0.0279 g water/g d.m. at 50, 60, 70, 80 and 90 ◦C,
respectively. Drying kinetics were described most accurately by the Midilli and Kuçuk model. Also,
the diffusion coefficient values increased with drying temperature. Lower energy consumption
was found for drying at 90 ◦C and the rehydration process was best described by the Weibull
model. Samples dehydrated at 90 ◦C showed high water holding capacity and better maintenance of
microstructure. These results could be used to foster a sustainable drying process for red cabbage.

Keywords: convective drying; energy consumption; microstructure; modeling; rehydration

1. Introduction

Red cabbage (Brassica oleracea var. capitata rubra) is a Cruciferae vegetable and is
widely consumed all over the world for its high nutritive value beneficial to health [1].
Generally, it is consumed in salad or as a boiled vegetable dish, being a good source of
fiber, glucosinolates, polyphenols and vitamins [2,3]. Its use as a natural coloring agent and
flavor enhancer for food products due to the high content of anthocyanins and amino acids
has also been reported [4,5]. Nonetheless, high moisture content in fresh red cabbage and
mechanical injury after harvesting can generate a series of undesirable physiological and
biochemical changes [4]. To lengthen the shelf life and maintain the quality of red cabbage,
cooking, drying and blanching are processing treatments commonly used in industrial
production [1]. In particular, the drying operation is one of the most widely used and cost-
effective preservation method since weight and volume of food can be reduced, minimizing
transportation and storage costs [6]. The preferred drying method of the food industry is
convective drying (CD) or hot air drying, in spite of several drawbacks such as low drying
efficiency and tremendous energy consumption [7]. However, the primary reason why CD
predominates in the food industry is its ease of operation, simplicity and dependability [6].
It is then vital to know the energy consumption through different parameters, such as
the specific moisture extraction rate (SMER), the moisture extraction rate (MER) and the
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specific energy consumption (SEC) [8]. Until now, there have been no reports on energy
consumption through such parameters for convective drying of red cabbage.

In addition to energy consumption, which is of great importance to the food industry,
the drying kinetics, the rehydration kinetics and microstructure changes are also of great
importance, as it indicates the level of damage caused by the drying operation [9–11].
Therefore, it will be interesting to corroborate these findings with the convective hot air
drying of red cabbage at different process temperatures. Mathematical modeling of the
drying process is also helpful to understand the mechanism and, to some extent, to control
the process parameters. To our knowledge, desorption isotherms are still necessary since
the most appropriate drying model should incorporate desorption equations so that it
provides the time to final moisture content, corresponding to a water activity for safe
storage [12]. However, there are still limited studies on the desorption isotherms of red
cabbage. Therefore, the objectives of this research were to study the effect of convective
hot air-drying temperatures on the desorption isotherms, drying kinetics and rehydration
kinetics of red cabbage. Mathematical modeling for both the desorption isotherms, drying
kinetics and rehydration kinetics was performed. The effects of process conditions on
energy consumption and microstructure of red cabbage were also evaluated. These results
provide an important theoretical reference for the application of the most commonly used
drying method in the food industry.

2. Materials and Methods
2.1. Sample Preparation for Drying Process

Fresh red cabbage (Brassica oleracea var. capitata rubra) acquired from a greengrocer in
Coquimbo, Chile, was cut into pieces with an approximate thickness of 1 cm, after removing
any spoiled outer leaves. The cut sample was blanched following a similar procedure as
described by Tao et al. [13]; briefly, the sample was placed in a sieve before immersing for
30 s in boiled water, then chilled in ice water and allowed to drip. The blanched sample
was used for the drying process.

2.2. Drying Process and Determination of Effective Diffusion Coefficient (Deff)

A thin layer (10 mm) of the blanched cabbage samples (30 ± 1 g) was placed in
metal wire mesh baskets in a laboratory scale convective hot-air dryer (oven dimensions:
w × h × d = 0.44 m × 0.38 m × 0.47 m, 79 L) designed and built by the Department of Food
Engineering of Universidad de La Serena. Process temperatures of 50, 60, 70, 80 and 90 ◦C
were applied at an air velocity of 1.5 m/s. The weight loss was determined at defined
time intervals using an analytical digital balance (Radwag AS 220-R2, Torunska, Poland)
connected by an interface system (Ohaus, RS232, Parsippany, NJ, USA) to a computer,
which recorded and stored data until constant weight. The drying experiments were
performed in triplicate at each temperature and the moisture ratio (MR, dimensionless) and
drying rate (DR, g water/g d.m. min) were determined according to Equations (1) and (2),
respectively [14].

MR =
Xwt − Xwe

Xw0 − Xwe
(1)

DR =
Xwt2 − Xwt1

t2 − t1
(2)

where Xwt (g water/g d.m.) is the moisture content at time t, Xwe (g water/g d.m.) is the
equilibrium moisture content and Xw0 (g water/g d.m.) is the initial moisture content.
Xwt1 and Xwt2 are the dry-basis moisture content (g water/g d.m) at times t1 and t2 (min),
respectively. Seven mathematical models (Equations (3)–(9)) [15] were used to fit the
experimental data at different temperatures:

Newton
MR = exp (−k·t) (3)
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Page
MR = exp(−k·tn) (4)

Modified Page
MR = exp

(
−[k·t]n

)
(5)

Logarithmic
MR = a·exp(−k·t) + c (6)

Weibull

MR = exp
[
−
(

t
β

)α]
(7)

Silva and Alii
MR = exp

(
−a·t − b

√
t
)

(8)

Midilli and Kuçuk
MR = a·exp(−k·tn) + bt (9)

where k, n, a, c, α, β and b are model parameters. The model parameters were determined
using an iterative method implemented in the statistic software RStudio (V. 1.4.1717) by the
Dose-Response Analysis (drc) library [16] and Nonlinear Least Squares with Brute Force
(nls2) library.

The mass diffusion coefficient of the convective drying process (Deff) was obtained
from Fick’s second law for an infinite flat plate (Equation (10)), assuming the internal
resistance is negligible and that no volume change occurred during the drying process.

MR =
8

π2 exp

[
−De f f π2t

4L2

]
(10)

where L (m) was half the plate thickness and t (s) the drying time.
The effects of drying temperature on the kinetic processes were evaluated using the

Arrhenius equation (Equation (11)) and to determine the activation energy (Ea) from the
mass diffusion coefficient.

De f f = De f f 0exp
[
−Ea

RT

]
(11)

where De f f 0 is the Arrhenius pre-exponential constant, Ea is the activation energy (kJ/mol),
R is the universal gas constant (0.008314 kJ/mol K) and T is the absolute temperature (K).

2.3. Modeling of Desorption Isotherm

The desorption isotherm was determined for the fresh red cabbage samples at 50 ◦C
and 70 ◦C using the gravimetric method as described by Spiess and Wolf [17]. Eleven
saturated salt solutions, including LiCl, CH3COOK, MgCl2, K2CO3, Mg(NO3)2, NaNO3,
KI, NaCl, KCl, KNO3 and K2SO4 along with 1 g of cabbage sample in a Petri dish were
placed inside different hermetic glass recipients. Thymol was introduced only in the cases
exceeding 70% relative humidity in the recipients to inhibit microbial growth. The relative
humidity of the saturated salt solutions can be reviewed in the Supplementary Materials
(Table S1). The recipients were in turn placed inside an oven (Memmert UF 110, Schwabach,
Germany) at a set temperatures of 50 ◦C or 70 ◦C. The weight loss of the sample was
determined weekly using an analytical balance (±0.0001 g; HR200, A&D Company, Tokyo,
Japan) until a constant weight was achieved. Subsequently, water content of the samples
was determined in triplicate using the AOAC (934.06) method [18]. The equilibrium
moisture content (Xwe) was then adjusted as a function of water activity (aw) using the
Halsey, BET and GAB models (Equations (12)–(14), respectively) [19]:

Xwe =

(
A

ln(1/aw)

) 1
B

(12)
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Xwe =
aw·Xm·C

(1 − aw)·(aw·(C − 1) + 1)
(13)

Xwe =
Xm·c·K·aw

(1 − K·aw)·(1 + (c − 1)·K·aw)
(14)

where aw is the water activity (dimensionless), Xwe is the equilibrium moisture content
(g water/g d.m. (dry matter)), A and B are constants of the Halsey model, C is the energy
constant for the BET model, K and c are constants of the GAB model and Xm is the
monolayer moisture content (g water/g d.m) in the GAB model.

2.4. Energy Consumption Inside the Drying Chamber

The total energy consumption (Et) and the specific energy required (Ekg) for the
convective drying process of red cabbage were determined by Equations (15) and (16)
according to Motevali et al. [20]:

Et = A·v·ρair·Cpair·∆T·t (15)

Ekg =
Et

w0
(16)

where A is the cross-sectional area of the container in which the sample was placed
(0.0312 m2), v is the air velocity (m/s), ρair is the air density (kg/m3), Cpair is the spe-
cific heat of air (kJ/kg K), ∆T is the temperature difference (◦C) and w0 is the initial weight
of the sample (kg).

Three energy parameters were also determined, namely the specific moisture extrac-
tion rate (SMER), the moisture extraction rate (MER) and the specific energy consumption
(SEC) [8]:

SMER =
water removed during drying (kg)

total energy supplied in drying process (kWh)
(17)

MER =
water removed during drying (kg)

drying time (h)
(18)

SEC =
total energy supplied in drying process (kWh)

water removed during drying (kg)
(19)

2.5. Rehydration Process
2.5.1. Rehydration Kinetics

Dried red cabbage samples (10 mg) were rehydrated by immersion in 250 mL of
distilled water at 18 ± 1 ◦C. The samples were removed from the water, drained on the
surface with absorbent paper, weighed and then returned to the water. The evaluation was
carried out every 5 min during the first 20 min, then every 10 min up to 90 min and finally
every 30 min until a constant weight of the sample. Subsequently, the moisture content
(Xw(t), g water/g d.m.) [21] was determined according to Equation (20) and plotted as a
function of net rehydration time.

Xw(t) =
W(t) − Ws

W(i)
(20)

where W(t) was the sample weight over time, Ws was the weight of the solid part of the
sample and W(i) was the initial weight of dry matter in sample.

2.5.2. Mathematical Modeling of Rehydration Kinetics

Five mathematical models (Equations (21)–(25)) were evaluated to predict the moisture
contents of red cabbage during the rehydration process at different temperatures. These
models are the most commonly used to describe the rehydration process [22]:
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Peleg model:
Xw(t) = M0 +

t
A + Bt

(21)

Weibull model:

Xw(t) = Me + (M 0 − Me

)
exp

(
−
(

t
α

)β
)

(22)

First order model:

Xw(t) = Me + (M 0 − Me

)
exp(−At) (23)

Exponential model:

Xw(t) = Me + (M 0 − Me

)
exp

(
−Atk

)
(24)

Exponential related equation:

Xw(t) = Me(1 − exp(−At)) (25)

where M0 is the initial moisture content (g water/g d.m.), Me is the equilibrium moisture
content (g water/g d.m.), A is the kinetic constant (min−1), B is the Peleg constant, α and β
are the rate (scale) and shape parameters, respectively, in the Weibull model [8], k is the
rehydration parameter in the exponential model and t is the rehydration time (min). The
model parameters were determined using the iterative method and Rstudio software as
described in Section 2.2.

2.5.3. Rehydration Indices
Water Absorption (Wabs) Index

The water absorption index (g water/g d.m.) was determined with Equation (26) for
each sample at the end of the rehydration process.

Wabs =

(
W(t) − Ws

)
− Xw0

W(i)
(26)

where W(t) is the sample weight over time, Ws is the weight of the solid part of the sample,
W(i) is the initial weight of dry matter in sample and Xw0 is the sample moisture content
before the rehydration.

Water Holding Capacity (%WHC)

The water holding capacity was determined according to the procedure described
by Wang et al. [23]. The rehydrated samples were centrifuged at 4000 rpm and 5 ◦C for
20 min in tubes fitted with a centrally placed metal mesh, which allowed water to drain
freely from the sample. The water holding capacity (%WHC) was calculated according to
Equation (27).

%WHC =
(WReh − WDra)

WReh
× 100 (27)

where WReh and WDra are the weights of the rehydrated and the drained centrifugated
sample, respectively.

2.6. Microstructure Analysis

A Field Emission Scanning Electron Microscope (FESEM) (Zeiss Ultra 55, Carl Zeiss
AG, Oberkochen, Germany) was used to examine the microstructure of a cross-section
of the red cabbage dehydrated by convective drying at different process temperatures.
The samples (0.5 cm2) were rehydrated for 10 h at room temperature. Samples were
attached to a brass cryo holder using Tissue-Tek OCT compound (Sakura Finetek Inc.,
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Torrance, CA, USA). They were frozen in slushed nitrogen to fix and stabilize their structure
and composition. The frozen samples were transferred to a Quorum PP3010T cryo-SEM
preparation system/cryo stage (Quorum Technologies Ltd., Laughton, UK). The chamber
was kept at a constant temperature of −135 ◦C. The sample was sublimated at −90 ◦C
under vacuum for 15 min. The sample’s surface was then coated with platinum in a
cryo-coating chamber at 5 mA for 20 s before image analysis and capture.

2.7. Statistical Analysis

The goodness of fit of the applied mathematical models used to describe the drying
kinetics, the desorption isotherms and the rehydration process were assessed by calculating
the coefficient of determination (R2), the sum of squared errors (SSE) and chi-square (χ2) as
described in Equations (28)–(30), respectively.

R2 = 1 − ∑N
i=1(Expi − Cali)

2

∑N
i=1
(
Expi − Expi

)2 (28)

SSE =
1
N

N

∑
i=1

(Expi − Cali)
2 (29)

χ2 =
∑N

i=1(Expi − Cali)
2

N − z
(30)

where i is a specific experiment, N is the total number of experiments, Expi is the experi-
mental values, Cali is the calculated values, Expi is the average of the experimental values
and z is the number of model constants. The analysis of variance (ANOVA) was performed
using the Rstudio software (V. 1.4.1717) with a probability level of 5% (p = 0.05). A multiple
range test (MRT) was also applied to identify homogeneous groups for Deff, Wabs and
% WHC.

3. Results and Discussion
3.1. Modeling of Desorption Isotherms

The experimental data obtained for the moisture desorption isotherm at 50 and 70 ◦C
(Figure 1A) showed a behavior that could be classified as a Type III desorption isotherm [24];
this commonly occurs and has been reported for vegetal foods [19] and is generally as-
sociated with the presence of soluble materials [25]. In the case of the red cabbage, three
different zones could be observed on the desorption isotherm. The larger desorption area at
aw > 0.60 is related to free water available for biochemical reactions and microbial growth.
The central area (0.4 < aw < 0.6) is generally associated with a multilayer where water
molecules are loosely bound to the food structure. The third area (aw < 0.4) involves the
monolayer of water, which is composed of bound and non-available water molecules [26,27].
The desorption isotherm at 70 ◦C, especially with respect to the monolayer of water, had
altogether lower moisture contents (i.e., higher bound water fraction) than the desorption
isotherm at 50 ◦C.

The Halsey model showed the best fit to both desorption isotherms, with SSE = 0.0129,
χ2 = 0.0158 and R2 = 0.989 (Figure 1B). The constants A and B of the Halsey model
(Equation (12)) had values of 0.105935 and 0.9743, respectively, at 50 ◦C and 0.092241 and
0.9996, respectively, at 70 ◦C. Both desorption isotherms were almost identical up to an aw
value of 0.9 and started to differ while approaching saturation pressure. Therefore, for practi-
cal purposes, the desorption isotherm at 50 ◦C was used for drying processes below 60 ◦C,
while the desorption isotherm determined at 70 ◦C was more appropriate for drying above
60 ◦C.

To calculate the MR of Equation (1), the equilibrium moisture content (Xwe) was
first estimated as a tentative theoretical value from the Mollier diagram for each process
temperature using the water activity of the dry product. Subsequently, the Xwe was
compared with the value determined by the established Halsey model, showing fair
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agreement. For the drying process at 50 and 60 ◦C, Xwe was satisfactorily determined using
the Halsey model for the desorption isotherm at 50 ◦C, while for drying at 70, 80 and 90 ◦C
Xwe was obtained using the desorption isotherm at 70 ◦C. The calculated equilibrium
moisture content Xwe used in Equation (1) were 0.0672, 0.0490, 0.0379, 0.0324 and 0.0279 g
water/g d.m. for 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C and 90 ◦C, respectively, showing a decrease in
moisture content as process temperature increased [28,29].
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3.2. Drying Kinetics and Mathematical Modeling
3.2.1. Drying Process and Determination of Diffusion Coefficient (Deff)

Figure 2A shows the drying kinetics of red cabbage at 50, 60, 70, 80 and 90 ◦C, where
the moisture ratio (MR) decreased exponentially over the course of the process time (min).
This behavior is commonly found in the dehydration process of fruits and vegetables [30].
The dehydration process was also faster at higher temperatures, which is a phenomenon
commonly occurring during convective drying of other vegetables, such as onions [31],
carrots [32], broccoli [33] and beetroots [34].
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Figure 2B shows the drying rate as a function of moisture content at different tempera-
tures. No clear period of constant drying rate occurred at all process temperatures. Only an
initial adjustment period was observed during heating up of the sample before the drying
rate began to fall. In this stage, the drying process of red cabbage was mainly controlled by
the internal mass transfer resistance. Tao et al. [13] reported a similar phenomenon in the
drying of white cabbage. A more pronounced second falling rate period occurred at higher
temperatures, especially at 90 ◦C. At this point, the surface of the sample became dry and
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the amount of water removed was relatively small compared to the first falling rate period
due to the slower drying process.

Seven mathematical models were used to fit the experimental data of the drying
kinetics at different temperatures. As shown in Figure 2A, the Midilli and Kuçuk model
showed the best fit. Table 1 shows the parameter values for each model and Table 2 shows
the results of the goodness of fit. These results were consistent with other studies on
dehydration of agro-food matrices, where the Midilli and Kuçuk model had been used to
fit drying curves obtained from different drying technologies [35–37].

The k (time−n) and b (time−1) parameters of the Midilli and Kuçuk model [38] have
been described as curvature and slope factor, respectively [39], with the slope factor being
closely related to the drying rate [40]. The a and n parameters of the Midilli and Kuçuk
model were dimensionless constants. The k parameter increased in value with an increase
in process temperature. The dependence of k on temperature could be evaluated using the
Arrhenius equation:

k = k0exp
[
−Ea

RT

]
(31)

The natural logarithm (ln) of both sides were taken and ln k was plotted as a function
of the reciprocal temperature using the values of k at different temperatures (Table 2). The
linear regression equation could then be written as ln k = −783.97

(
1

T(K)

)
− 2.8578 and a

value of 6.52 kJ/mol was determined for Ea and 17.42 for k0.
Figure 3 shows the mass diffusion coefficients at different drying temperatures. The

diffusion coefficients increased in value with an increase in drying temperature. The
Deff values were 2.195 ± 0.052 (×10−9), 2.654 ± 0.010 (×10−9), 4.189 ± 0.0253 (×10−9),
4.887 ± 0.076 (×10−9) and 6.281 ± 0.132 (×10−9) m/s2 at 50, 60, 70, 80 and 90 ◦C, respec-
tively, with an 186.15% difference between the lowest and highest temperatures.

Processes 2024, 12, x FOR PEER REVIEW  10  of  17 
 

 

Table 2. Statistical fit for each mathematical model of the drying kinetics. 

Statistics  R2     

Models/T °C  50  60  70  80  90  Average 

Newton  0.99307  0.98116  0.99397  0.98572  0.98605  0.987996 

Page  0.99989  0.99949  0.99983  0.99959  0.99945  0.999650 

Page mod  0.99989  0.99949  0.99983  0.99959  0.99945  0.999650 

Logarithmic  0.99807  0.99086  0.99764  0.98644  0.99448  0.993497 

Weibull  0.99989  0.99949  0.99983  0.99959  0.99945  0.999650 

Silva and Alii  0.99931  0.99791  0.99914  0.99766  0.99786  0.998375 

Midilli and kucuk  0.99994  0.99983  0.99986  0.99965  0.99951  0.999757 

    SSE     

Newton  0.0007233  0.0017654  0.0005253  0.0013586  0.0014010  0.001155 

Page  0.0000079  0.0000318  0.0000132  0.0000317  0.0000515  0.000027 

Page mod  0.0000088  0.0000411  0.0000132  0.0000317  0.0000515  0.000029 

Logarithmic  0.0001848  0.0005740  0.0001487  0.0004248  0.0005289  0.000372 

Weibull  0.0000088  0.0000410  0.0000132  0.0000317  0.0000515  0.000029 

Silva and Alii  0.0000694  0.0001857  0.0000728  0.0002105  0.0002111  0.000150 

Midilli and kucuk  0.0000057  0.0000120  0.0000107  0.0000291  0.0000477  0.000021 

    χ2     

Newton  0.000761  0.001849  0.000558  0.001456  0.001518  0.001228 

Page  0.000009  0.000035  0.000015  0.000037  0.000061  0.000031 

Page mod  0.000010  0.000045  0.000015  0.000037  0.000061  0.000033 

Logarithmic  0.000217  0.000665  0.000181  0.000531  0.000688  0.000456 

Weibull  0.000010  0.000045  0.000015  0.000037  0.000061  0.000033 

Silva and Alii  0.000077  0.000204  0.000082  0.000243  0.000249  0.000171 

Midilli and kucuk  0.000007  0.000015  0.000014  0.000040  0.000069  0.000029 

 

Figure 3. Diffusion coefficients at different drying temperatures. On the bars, different letters (a, b, 

c, d and e) indicate significant differences as per Multiple Range Test (MRT) (p < 0.05). 

3.2.2. Energy Consumption Inside the Drying Chamber 

Table 3 shows the energy consumption at each drying temperature. The total energy 

consumption (Et) increased between 50 °C and 70 °C, mainly due to the increase in process 

temperature, but consumption decreased at 80 °C and 90 °C. This effect was mainly due 

to  a  significant  reduction  in  processing  time,  especially  at  90  °C. Motevali  et  al.  [20] 

Figure 3. Diffusion coefficients at different drying temperatures. On the bars, different letters (a, b, c,
d and e) indicate significant differences as per Multiple Range Test (MRT) (p < 0.05).

The effects of temperature on Deff could also be evaluated by using the Arrhenius
equation (Equation (31)), with a plot of ln Deff as a function of the reciprocal temperature
(1/K). The linear regression equation was then ln

(
De f f

)
= −3184.8

(
1
T

)
− 10.099 with R2

= 0.9779. The pre-exponential constant De f f 0 was determined to be 4.11 × 10−5 m/s2 and
the activation energy (Ea) was determined to be 26.47 kJ/mol.
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Table 1. Mathematical model parameters for convective drying kinetics of red cabbage at different temperatures.

Drying Temperature (◦C)

Models 50 60 70 80 90

Newton k 0.010180 ± 0.000165 0.012997 ± 0.000540 0.016560 ± 0.000525 0.020880 ± 0.000688 0.021913 ± 0.001590
Page k 0.004708 ± 0.000288 0.005883 ± 0.000843 0.006623 ± 0.000540 0.009064 ± 0.000870 0.005749 ± 0.001787

n 1.169864 ± 0.010597 1.188153 ± 0.044593 1.230600 ± 0.011404 1.223348 ± 0.019440 1.371160 ± 0.067486
Page mod. k 0.010240 ± 0.000170 0.013190 ± 0.000586 0.016937 ± 0.000505 0.021347 ± 0.000698 0.022707 ± 0.001461

n 1.169863 ± 0.010597 1.188227 ± 0.044716 1.230600 ± 0.011401 1.223347 ± 0.019437 1.371153 ± 0.067494
Logarithmic k 0.009506 ± 0.000274 0.012230 ± 0.000381 0.015837 ± 0.000442 0.019757 ± 0.001017 0.020080 ± 0.001790

c −0.050276 ± 0.007538 −0.050397 ± 0.008757 −0.046493 ± 0.001611 −0.051090 ± 0.007556 −0.088337 ± 0.017672
a 1.078039 ± 0.006140 1.081223 ± 0.014845 1.081893 ± 0.005751 1.082523 ± 0.006430 1.141067 ± 0.026083

Weibull β 97.6603 ± 1.62570 75.9217 ± 3.29046 59.0857 ± 1.750804 46.8750 ± 1.55297 44.1670 ± 2.808941
α 1.169667 ± 0.010599 1.188000 ± 0.044677 1.230333 ± 0.011372 1.223333 ± 0.019399 1.371333 ± 0.067300

Silva and Alii a 0.012630 ± 0.000167 0.016533 ± 0.001369 0.021773 ± 0.000304 0.027243 ± 0.001197 0.032503 ± 0.001183
b −0.021893 ± 0.000320 −0.027323 ± 0.006212 −0.035607 ± 0.002063 −0.038813 ± 0.004110 −0.062863 ± 0.006886

Midilli and Kuçuk a 0.998500 ± 0.004063 0.997967 ± 0.004441 0.989249 ± 0.004920 0.986276 ± 0.006555 0.989854 ± 0.001858
k 0.004788 ± 0.000443 0.005674 ± 0.000570 0.005957 ± 0.000184 0.006740 ± 0.001077 0.006097 ± 0.001637
n 1.164000 ± 0.016523 1.182000 ± 0.040150 1.251335 ± 0.002888 1.251189 ± 0.000012 1.390367 ± 0.067817
c −0.000018 ± 0.000007 −0.000026 ± 0.000018 −0.000020 ± 0.000007 −0.000027 ± 0.000012 −0.000051 ± 0.000013
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Table 2. Statistical fit for each mathematical model of the drying kinetics.

Statistics R2

Models/T ◦C 50 60 70 80 90 Average

Newton 0.99307 0.98116 0.99397 0.98572 0.98605 0.987996
Page 0.99989 0.99949 0.99983 0.99959 0.99945 0.999650
Page mod 0.99989 0.99949 0.99983 0.99959 0.99945 0.999650
Logarithmic 0.99807 0.99086 0.99764 0.98644 0.99448 0.993497
Weibull 0.99989 0.99949 0.99983 0.99959 0.99945 0.999650
Silva and Alii 0.99931 0.99791 0.99914 0.99766 0.99786 0.998375
Midilli and kucuk 0.99994 0.99983 0.99986 0.99965 0.99951 0.999757

SSE

Newton 0.0007233 0.0017654 0.0005253 0.0013586 0.0014010 0.001155
Page 0.0000079 0.0000318 0.0000132 0.0000317 0.0000515 0.000027
Page mod 0.0000088 0.0000411 0.0000132 0.0000317 0.0000515 0.000029
Logarithmic 0.0001848 0.0005740 0.0001487 0.0004248 0.0005289 0.000372
Weibull 0.0000088 0.0000410 0.0000132 0.0000317 0.0000515 0.000029
Silva and Alii 0.0000694 0.0001857 0.0000728 0.0002105 0.0002111 0.000150
Midilli and kucuk 0.0000057 0.0000120 0.0000107 0.0000291 0.0000477 0.000021

χ2

Newton 0.000761 0.001849 0.000558 0.001456 0.001518 0.001228
Page 0.000009 0.000035 0.000015 0.000037 0.000061 0.000031
Page mod 0.000010 0.000045 0.000015 0.000037 0.000061 0.000033
Logarithmic 0.000217 0.000665 0.000181 0.000531 0.000688 0.000456
Weibull 0.000010 0.000045 0.000015 0.000037 0.000061 0.000033
Silva and Alii 0.000077 0.000204 0.000082 0.000243 0.000249 0.000171
Midilli and kucuk 0.000007 0.000015 0.000014 0.000040 0.000069 0.000029

3.2.2. Energy Consumption Inside the Drying Chamber

Table 3 shows the energy consumption at each drying temperature. The total energy
consumption (Et) increased between 50 ◦C and 70 ◦C, mainly due to the increase in process
temperature, but consumption decreased at 80 ◦C and 90 ◦C. This effect was mainly due to
a significant reduction in processing time, especially at 90 ◦C. Motevali et al. [20] reported
similar results for convective drying, with lower energy consumption occurring at high
temperatures. The energy required for drying 1 kg of red cabbage (Ekg) showed the same
trend as Et, with the lowest energy consumption at 90 ◦C. SMER is a measure of energy
efficiency of a dryer in terms of the amount of latent energy saved for removing a certain
amount of water from food. The highest values of SMER occurred for drying at 50 ◦C and
90 ◦C, indicating higher system efficiencies at these temperatures [8]. In comparison, drying
at 70 ◦C resulted in the lowest SMER value due to high energy usage (Et and Ekg) and a long
process time. MER is a measure of the amount of water removed per unit time, with values
ranging from 0.01876 to 0.04007 kg water removed/h for an increase in temperature from
50 to 90 ◦C. MER was found to depend linearly on temperature and could be evaluated
using the equation MER = 0.000539T − 0.009564 with R2 = 0.97. Drying at 90 ◦C also
resulted in the lowest SEC value due to the reduction in the total process time caused by
temperature increase. These results were consistent with those found by Torki-Harchegani
et al. [41], where lower SEC values were obtained at higher drying temperatures.

3.3. Rehydration Process
3.3.1. Rehydration Kinetics

The moisture contents of dehydrated red cabbage samples (Xw0) were determined to be
0.1871, 0.1745, 0.1550, 0.1480 and 0.1412 g/100 g w.b. for 50, 60, 70, 80 and 90 ◦C, respectively.
A higher process temperature resulted in more moisture evaporation from the food. Figure 4
depicts the rehydration process of red cabbage dehydrated at different process temperatures.
The rehydration curves exhibited an exponential increase in moisture contents for all
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samples, with high water absorption rates at the beginning of the process and slower
absorption rates in the final stages of the process. This type of rehydration curve had been
reported for different foods, such as onions [42], Rosa rubiginosa fruits [43] and tomatoes [44].
The high water absorption rates at the beginning of the process may be related to the rapid
water intake in capillaries and cavities near the surface [45]. Subsequently, the water
absorption rates decreased due to filling of free capillaries and intercellular spaces [21]. The
90 ◦C sample showed faster absorption due to less cell structure damage, which maintained
the osmotic properties of the cells better than the samples processed at lower temperatures.

Table 3. Energy consumption parameters for red cabbage dehydration by convective drying.

Drying
Temperature (◦C) Process Time (h) Et

(kWh)

Ekg
(kWh/kg
Sample)

SMER
(kg Water

Removed/kWh)

MER
(kg Water

Removed/h)

SEC
(kWh/kg Water

Removed)

50 5.670 8.754 75.86 0.01215 0.01876 82.31
60 4.670 9.322 81.21 0.01129 0.02253 88.58
70 4.167 10.093 86.97 0.01061 0.02571 94.21
80 3.167 8.958 77.05 0.01196 0.03383 83.61
90 2.670 8.568 73.98 0.01249 0.04007 80.06
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3.3.2. Mathematical Modelling of Rehydration Curves

Five mathematical models were used to fit the rehydration curves and the model
parameters are presented in Table 4. The Weibull model had the best fit for all curves
(Figure 4), with R2 = 0.9983, χ2 = 0.0127 and SEE = 0.0107. The Weibull distribution
included the scale parameter (α), which was related to the reciprocal of the process rate
constant, as well as the shape parameter (β), which was related to the sample geometry
and transport mechanisms of the rehydration process [46,47]. The transport mechanisms
were complex and diverse and included capillary imbibition, internal diffusion, convection
on the surface and within large open pores and relaxation of the solid matrix. In this way,
the 50 ◦C and 90 ◦C samples had the fastest rehydration processes with 1/α values of 0.022
and 0.019, respectively. Also, the β values of the samples ranged from 0.830 and 0.947,
which had been reported to be related to a Fickian diffusion mechanism [48].
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Table 4. Parameters of the kinetic models for the rehydration process.

Drying Temperature

Rehydration
Models 50 60 70 80 90

First order A 0.023 ± 0.005 0.014 ± 0.004 0.018 ± 0.001 0.016 ± 0.001 0.021 ± 0.003
Peleg A 4.235 ± 0.967 7.025 ± 2.517 5.221 ± 0.368 6.052 ± 0.669 4.289 ± 0.570

B 0.110 ± 0.006 0.101 ± 0.004 0.104 ± 0.002 0.103 ± 0.001 0.104 ± 0.007
Weibull α 45.257 ± 8.874 74.233 ± 17.977 56.482 ± 1.503 63.360 ± 3.490 51.137 ± 7.498

β 0.947 ± 0.050 0.891 ± 0.054 0.912 ± 0.052 0.932 ± 0.058 0.830 ± 0.029
Exponential A 0.029 ± 0.010 0.023 ± 0.010 0.026 ± 0.006 0.022 ± 0.006 0.039 ± 0.009

k 0.947 ± 0.050 0.891 ± 0.054 0.912 ± 0.052 0.932 ± 0.058 0.830 ± 0.029
Exponential related A 0.024 ± 0.005 0.015 ± 0.004 0.019 ± 0.001 0.932 ± 0.058 0.021 ± 0.003

3.3.3. Total Water Absorption and Water Holding Capacity

Figure 5A shows the water absorption of the red cabbage samples at the end of the
rehydration process. The samples showed no significant differences in values of water
absorption, although the 90 ◦C sample had a slightly higher water absorption value. In
comparison, Figure 5B shows that the red cabbage samples had different water holding
capacities; the 90 ◦C sample showing a water holding capacity of almost 71%, whereas the
50 ◦C sample showed a value only close to 22%. These results are consistent with those
reported by Afrin et al. [49], where orange samples dried at higher temperatures exhibited
higher water holding capacity. This phenomenon could be related to cellular rupture and
dislocation caused by the drying process [50], especially in samples that were exposed to
heat over long periods, such as the 50 ◦C sample. In comparison, the 90 ◦C sample was
subjected to less processing time and exposure to heat, resulting in less damage to the
cell structure.
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3.4. Microstructure Evaluation

Figure 6 shows the changes in microstructure of red cabbage subjected to convective
drying at different temperatures. When examining the microstructure of fresh red cabbage
(Figure 6a), intact and well-organized compartments could be observed, showing clearly
oval cells. However, air temperatures used in drying processes can cause significant tissue
shrinkage and collapse [51]. The oval cells would be deformed and folded and the intercel-
lular spaces wrinkled, which is usually attributed to the temporary formation of a gradient
of heat and moisture, along with a denaturation of specific chemical constituents [52,53].
As observed in the drying assays of red cabbage, the degree of deformation changed with
drying temperature. While the cell walls of the samples dried at 50 ◦C (Figure 6b) and 60 ◦C
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(Figure 6c) were clearly deformed, the cell walls of the samples exposed to 70 ◦C (Figure 6d),
80 ◦C (Figure 6e) and 90 ◦C (Figure 6f) suffered less damage. This behavior might be due
particularly to the different drying times (see Section 3.2.1). A prolonged drying process
led to higher deformation of the cell shape compared to faster drying. Similar results were
also observed by Pashazadeh et al. [53].
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In addition, the microstructure was closely related to the rehydration rate [7]. As the
degree of shrinkage and damage was obviously lower in the 90 ◦C sample, it was easier
for water to penetrate inside the sample. In comparison, the 50 ◦C sample experienced
structural cell collapse, leading to levelling of the rehydration curve at 180 min, which was
much earlier than the other samples, so that the ability of to hold water was worse at that
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temperature. Qiu et al. [54] reported similar results, with mushrooms dried at 90 ◦C having
higher water holding capacity compared with samples dried at lower temperatures.

4. Conclusions

This study examined the effects of convective drying temperature on desorption
isotherm behavior, drying kinetics, energy consumption, rehydration behavior and mi-
crostructure of red cabbage. The Halsey model showed the best fit to experimental data of
the desorption isotherm and could be used to determine the equilibrium moisture contents
of red cabbage. For the drying kinetics, an exponential decrease in moisture ratio as a
function of time was observed, with the Midilli and Kuçuk model showing the best fit
to the experimental data. An increase in drying temperature led to shorter process times
and an increase in moisture diffusion coefficients. The short drying processes at higher
temperatures led to lower energy consumption inside the drying chamber. The Weibull
model showed the best fit to the experimental rehydration curves, which suggests the
occurrence of a Fickian diffusion in the red cabbage samples. The sample dried at 90 ◦C
had the highest water holding capacity, which could be related to the effects of the drying
process on the red cabbage microstructure. Scanning electron micrographs showed the
90 ◦C sample exhibited less cell structure damage. This was due to lesser heat exposure
from the shorter process time at 90 ◦C. Finally, the models provided in this study can be
utilized effectively not only in calculation and design related to convective drying process
but also in calculation of required parameters in the design of other common thermal
treatments of red cabbage such as cooking and blanching.
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