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Abstract

This study investigates the drying of ginger cubes using three different techniques: electrohydrodynamic drying, electrohy-
drodynamic-hot air drying, and hot air drying. The main objective is to assess how these drying methods affect drying times,
effective diffusion coefficients, color, and microstructure. Additionally, the study includes fitting ten different thin-layer
models to the experimental data for mathematical analysis. It was observed that increasing temperature and voltage values
led to a reduction in the drying times of the ginger samples. After conducting statistical tests, it was determined that the
Midilli et al. and Wang and Singh models were the most suitable for describing the experimental drying curves. Effective
diffusion coefficient values increased with the rise in temperature and voltage values. The L* values of the dried ginger
samples decreased due to temperature and voltage applications. Notably, ginger samples dried using the electrohydrodynamic
method exhibited better preservation of their original appearance, particularly in terms of microstructure and starch particle
integrity, compared to other drying methods. The findings of the study suggest that integrating electrohydrodynamic tech-
nology with hot air drying reduces overall drying time. This innovative approach shows promise for producing high-quality

end products in the future.

1 Introduction

Ginger (Zingiber officinale Roscoe) is a monocotyledonous
plant native to Southeast Asia and a member of the
Zingiberaceae family [1]. It is not only utilized as a flavoring
or fragrance in cuisine but also possesses health-promoting
properties due to its abundance in bioactive components such
as carotene, flavonoids, phenolics, and vitamins [2]. Ginger
exhibits anti-inflammatory and antioxidative activities,
acts as various anti-platelet and antitumor activators, and
demonstrates anti-nausea and vomiting activity related
to pregnancy, among its health-promoting functions [3].
Ginger with a high moisture content (ranging from 85 to
95%) is susceptible to microbial spoilage and chemical
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degradation. Through the process of drying, the moisture
content in the product is reduced, preventing reactions that
cause microbial growth and degradation. Consequently,
dried ginger, with a long storage period and suitability for
consumption out of season, is obtained [4]. Dried ginger
finds applications as a spice and as an auxiliary ingredient
in the production of candies, soft drinks, pharmaceuticals,
and cosmetics. However, the chosen drying method can
lead to undesired alterations in the physical and chemical
sensory characteristics of the product. Therefore, new drying
technologies focus on achieving better quality products,
lower costs, and more environmentally friendly features [5].
Developed as a novel technology, the electrohydrodynamic
(EHD) drying method has significant potential for
temperature-sensitive products due to its non-thermal feature
[6]. The EHD drying system relies on the generation of a
secondary airflow known as the ionic or corona wind. This
airflow is produced by applying a high voltage to a curved
electrode, typically in the form of a needle or wire. At
elevated electrical voltages, the air surrounding the sharp
electrode undergoes ionization, resulting in the generation
of ions possessing the same polarity as the sharp electrode.
These ions are propelled toward the grounded electrode
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at high velocities. As these ions move, they transfer their
momentum to neutral air molecules through collisions.
This abundant formation of ions, migrating towards the
grounded electrode, is commonly referred to as the "corona
wind". The presence of the corona wind induces instability
in the boundary layer between the surrounding air and the
product's surface. Consequently, both heat and mass transfer
coefficients experience an increase, accelerating the rate of
moisture removal [7]. Research involving EHD indicates that
the corona wind exhibits its greatest effectiveness during
the initial stages of the drying process, with diminishing
effectiveness as drying progresses. To enhance the drying
rate and facilitate moisture transport to the surface,
researchers are considering the incorporation of an auxiliary
heating method into the system. In the literature, studies
exist where convective and EHD drying methods are used
in combination [8, 9].

The objective of this research was to assess the drying
times, effective diffusivity coefficient, color variations, and
microstructural characteristics of ginger samples subjected
to drying methods involving electrohydrodynamic (EHD),
hot air, and the combined EHD-hot air technique. Addition-
ally, the moisture content data obtained through experimen-
tal drying of ginger samples under varying conditions were
compared to ten distinct thin-layer drying models utilized in
this investigation, with the identification of the most suitable
model for explaining the experimental findings.

2 Materials and methods
2.1 Sample preparation

Samples of Chinese-origin ginger (Zingiber officinale) were
obtained from a local market and stored in a cooler main-
tained at a consistent temperature of 4+0.01 °C until the ini-
tiation of the drying experiments. Prior to drying, the ginger
products were retrieved from the cooler and allowed to reach
room temperature. These ginger samples, showing no signs of

microbial degradation or physical damage, were then peeled
and sliced to achieve an average thickness of 4.51 +0.57 mm.
The sliced ginger samples were further cubed to dimensions of
11.83+0.15 mm and 11.3 +0.75 mm. For each experiment, a
precisely measured 100+0.01 g sample was used. The initial
moisture content of the product was determined to be 8.98
(dry basis) by subjecting the samples to a 24-h drying period.

2.2 Experimental procedure

In the Electrohydrodynamic (EHD) system, six wires with a
diameter of 0.4 mm are positioned at intervals of 50 mm. In
this research, the ginger product underwent drying through
three different methods: EHD, hot air, and a combination of
EHD with hot air. Two distinct voltage settings (20 and 30 kV)
and two temperature settings (50 and 55 °C) were employed for
the drying processes. These drying processes were conducted
within controlled laboratory conditions, with a temperature of
26.8 °C and humidity at 28.3%, all while maintaining a con-
stant air velocity of 1.5 m/s for each application. A separation
distance of 30 mm was maintained between the EHD system
and the ginger product. The moisture content alterations of the
product during drying were monitored using precise scales
positioned beneath the oven. The experiments were carried out
in triplicate to ensure accuracy and consistency.

2.3 Thin-layer modeling

The thin-layer drying models used to characterize the drying
profiles resulting from the experimental conditions applied
to ginger samples dried using various methods are presented
in Table 1. The dimensionless moisture ratio (MR) value, an
essential parameter in these formulas, was calculated using
Eq. (1) [20]:

Mt_Me

MR = ——
M()_Me (1)

In this context, the variables M,, M,, and M, represent the
following parameters: M, stands for the equilibrium moisture

Table 1 Thin layer

. . No Model name Model References

mathematical modeling

equatior}s to be used fgr the 1 Henderson and Pabis MR = aexp(—kr) [10]

comparison of the moisture ’ Newion MR = exp(—kf) (1]

ratio values
3 Page MR = exp(—kt") [12]
4 Logarithmic MR = aexp(—kt) + ¢ [13]
5 Two term MR = aexp(—kyt) + bexp(—k,t) [14]
6 Two term exponential MR = aexp(—kt) + (1 — a)exp(—kat) [15]
7 Wang and Singh MR =1+at+ b [16]
8 Diffusion Approach MR = aexp(—kt) + (1 — a)exp(—kbt) [17]
9 Verma et al MR = aexp(—kt) + (1 — a)exp(—gt) [18]
10 Midilli et al MR = aexp(—kt") + bt [19]
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content (expressed in kg of water per kg of dry matter), M,
represents the initial moisture content, and M,, signifies the
moisture content at any given time during the process. Since
M, value in the formula is immeasurably small compared
to other values, Eq. (2) is used instead of Eq. (1) in some
studies [21]:

MR =% )

2.4 Determination of effective diffusion coefficient

Equation (3) is one of the simplifications of Fick's second
law of moisture diffusion given by Crank [22], was used to
determine the effective diffusion coefficient of drying.

8 o 1 L, 2D gt;
MR= 2 — exp|-n+1
= Do G s 1)exp[ @n+ 1P —4 3)

where D is the effective diffusion coefficient (m?/s) and

L is the half thickness of the ginger cubes. Equation (3) can

be simplified to a one-term exponential model to determine

the effective diffusion coefficient for drying food samples

in logarithmic form as in Eq. (4) [23]:
8 IPPDg

In(MR) = In— —

- )

The effective diffusion coefficient was obtained by plot-
ting In(MR) versus drying time, #;. The slope of the plot is
shown in Eq. (5):

1D,
412

&)

Slope =

2.5 Determination of color measurement

CIE Lab color parameters, namely L*, a*, and b*, were
utilized to assess the surface color changes in both fresh
and dried ginger samples. The L* parameter, with a value
of 0 signifying black and 100 representing white, reflects
lightness. On the other hand, the a* and b* values span
the red-green spectrum from +60 (indicating red) to -60
(indicating green) and the yellow-blue spectrum from +60
(indicating yellow) to -60 (indicating blue), respectively
[24]. Before obtaining color measurements from the prod-
ucts, a colorimeter (MSEZ-4500 L, HunterLab, USA) was
calibrated using standard black and white plates. Color
readings were collected from five different points on the
product's surface. The AE value, indicating the overall
color change from fresh ginger samples to dried ones,
along with Chroma (C), which signifies color intensity,

and Hue angle (a°) values (0° representing pure red color,
90° representing pure yellow color, 180° representing pure
green color, and 270° representing pure blue color), were
determined using the following formulas. In these formu-
las, L*, a*, and b* denote the color values of dried ginger
samples, while L,*, a,*, and b,* represent the color values
of fresh ginger samples [25].

C=1/(a%2+b?) 6)
_-1b

a = tan (a) (7

AE = \/(L* _Lo*)Z + (a* — ao*)Z + (b* — b()*)z (8)

2.6 Microstructure analysis

The impact of the drying processes on the structural altera-
tions of the ginger product was investigated using a scan-
ning electron microscope (SEM) device (EVO 40, Ger-
many). The procedure involved cutting cross-sections from
the same area of the products using a scalpel. These sec-
tions were then affixed to a double-sided adhesive sample
holder. Subsequently, the product samples were coated with
a gold—palladium mixture (60/40) under low-pressure con-
ditions. Finally, the samples were introduced into the SEM
device for a detailed examination of their microstructures
[26]. Numerical analysis of the images obtained from the
scanning electron microscope was conducted using ImagelJ
software [27].

2.7 Statistical analysis

Data entry and analysis, excluding modeling, were carried
out using the Excel 2016 program. The JMP package pro-
gram (Version 7.0, USA) was employed for data analysis. In
modeling studies, MATLAB (MathWorks Inc., Natick, MA)
was employed. The suitability of the selected model was
assessed by comparing the modeled moisture ratio values
with the experimental data. To determine the most suitable
model for explaining the drying behavior of the ginger prod-
uct, statistical parameters such as the coefficient of deter-
mination (R?), chi-square (%), and root mean square error
(RMSE) were employed. The calculations for chi-square (y°)
and root mean square error (RMSE) were performed using
the following formulas [28]:

n
Y (MR,,,; — MR
1=1

2
exp,i) (9)

RMSE =
N
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N

jzl (MRexp,i -
2 =

2
MRpre,i)

(10)

X N -z

In the formula, "MR,,, ;" and "MR,,, ;" are denoted as
the estimated moisture ratio for test number i, and the cor-
responding experimental moisture ratio for test number
i, respectively. Additionally, "N" represents the count of
observed experimental data, while "z" signifies the number

of independent variables within the model.

3 Results and discussion
3.1 Drying times of ginger cubes

Figure 1 illustrates the drying curves of ginger samples
subjected to various drying methods, including EHD at
20 and 30 kV, hot air at 50 and 55 °C, and EHD-hot air
combinations (20 kV-50 °C, 20 kV-55 °C, 30 kV-50 °C,
and 30 kV-55 °C). Initially, a notable weight loss rate is
observed at the onset of the drying process, but this rate
gradually diminishes as moisture content decreases and
drying time extends [10]. Drying times across all drying

applications ranged from 120 to 480 min. Significantly,
the EHD-combination method exhibited the shortest dry-
ing times. This observation aligns with the findings of Li
et al. [29], who reported shorter drying times for okara
cake samples subjected to the EHD-combination method
(20 kV-105 °C) compared to control samples dried at
105 °C, consistent with our research. Specifically, drying
times were recorded as 160, 140, 140, and 120 min for the
20 kV-50 °C, 20 kV-55 °C, 30 kV-50 °C, and 30 kV-55
°C drying applications, respectively. Elevating the tem-
perature of products dried at the same voltage levels led to
reduced drying times, while increasing the voltage levels
for samples dried at the same temperature had a similar
effect. A shift from 20 to 30 kV reduced the overall dry-
ing time by 12.5%, while an increase in temperature from
50 to 55 °C resulted in a 14.71% reduction in drying time.
These findings underscore the role of electric field strength
and temperature in shortening the drying process. Taghian
Dinani et al. [30] observed a similar trend with voltage
in a study on mushroom drying, and Sadeghi et al. [31]
reported temperature-dependent reductions in drying time
when studying lemon slice drying. These outcomes align
with our study's results, highlighting the impact of voltage
and temperature on drying efficiency.
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Fig. 1 The moisture content of ginger cubes dried with different methods over time
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Fig.2 Comparison of the experimental moisture ratios of ginger cubes dried under different conditions and the most selected models

3.2 Modeling of drying curves

In this study, EHD, hot air, and EHD-hot air combined
methods were employed for drying thin layers of ginger
cubes. The moisture ratio at different drying times was
compared using ten different models: Henderson and Pabis,
Page, Newton, Two-term, Logarithmic, Wang and Singh,

Two-term exponential, Midilli et al., Verma et al., and Diffu-
sion approximation. To determine the most suitable model,
statistical parameters including the coefficient of determi-
nation (RZ), root mean square error (RMSE), and chi-square
(x%) were utilized. Tables 2 and 3 present the constants and
coefficients of the models obtained through multiple regres-
sion analysis. Upon examining the tables, it becomes evident

Table 4 Color values of fresh and dried ginger cubes with different drying methods

Drying Conditions Color Parameters

L* a* b* C a® AE
Fresh 74.984 (0.321)* -3.244 (0.027)" 40.478 (0.089)* 40.608 (0.087)* 94.539 (0.046)* -
EHD
20kV 63.630 (0.066)° 2.562 (0.062)¢ 28.170 (0.043)® 28.286 (0.040)2 84.846 (0.130)¢ 17.723 (0.504)°
30kV 61.556 (0.193)° 3.902 (0.018)* 31.220 (0.119)° 31.463 (0.117)° 82.917 (0.047) 17.807 (0.234)°
Hot Air
50°C 61.588 (0.208)° 2.896 (0.030)° 34.520 (0.100)° 34.641 (0.272)° 85.248 (0.471)° 15.895 (0.275)°
55°C 59.922 (0.122)f 1.436 (0.022)° 29.774 (0.065)" 29.809 (0.867)" 87.283 (0.501)° 19.062 (0.483)°
EHD-Hot Air
20 kV-50 °C 64.398 (0.226)° 2.812 (0.300)° 33.650 (0.248)° 33.768 (0.081)° 85.269 (0.053)° 13.982 (0.121)*
20kV-55 °C 63.444 (0.061)° 3.528 (0.016)° 28.452 (0.084)% 28.670 (0.073)% 82.973 (0.029)" 17.991 (0.303)¢
30kV-50 °C 63.694 (0.609)° 3.460 (0.196)° 31.838 (0.891)¢ 32.026 (0.102)¢ 83.830 (0.039)° 15.723 (1.199)°
30kV-55°C 62.080 (0.144)¢ 2.794 (0.011)° 31.186 (0.074)° 31.311 (0.066)° 84.923 (0.038)¢ 17.009 (0.135)¢

The statistics of each color parameter column have been applied separately, and the differences between the means with different letters in the

same column are significant (p <0.05)
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that the Midilli et al. model is the most apt for describing the
changes in moisture ratio during the drying of ginger cubes
using the EHD and EHD-hot air methods, as indicated by the
statistical parameters. For the EHD method, the R? values
ranged between 0.9996 and 0.9999, RMSE between 0.0017
and 0.0061, and y° between 0.0273 x 10~ and 0.3719x 107,
In the case of the EHD-hot air combined method, R? val-
ues varied from 0.9996 to 0.9999, RMSE from 0.0024 to
0.0060, and 4 from 0.0615x 107 to 0.3640 x 107, For hot
air applications at 50 and 55 °C, the Wang and Singh model
yielded an R? value of 0.9999 for both scenarios, with RMSE
and »? values ranging between 0.0025 and 0.0031, and
0.0609x 10~* and 0.0947 x 107, respectively. This model
demonstrated the best fit to the experimental drying data for
hot air. In Fig. 2, we present the experimental and predicted
moisture ratio (MR) plotted against drying time, showcasing
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Fig.5 Average starch surface areas obtained from SEM images of
ginger cubes dried by different methods

close alignment between the two curves. These results paral-
lel those of previous studies, with the Midilli et al. model
found to best explain drying characteristics in mango ginger
by Krishna Murthy and Manohar [32], in ginger by Loha
et al. [33], and in onion and ginger by Khan et al. [34]. Fur-
thermore, in line with our findings, the Wang and Singh
model was identified as the best-fit model for experimental
drying data in the studies conducted by Doymaz [35] and
Sekhar et al. [36].

3.3 Effective diffusion coefficient (D)

Figure 3 displays the effective diffusion coefficient (D)
values of ginger cube slices under different drying methods.
The D, values ranged between 1.733 and 6.566 X 10~ m?/s.
These values fall within the typical range of 107'% to 107®

Fig.4 Scanning electron microscope images of ginger cubes dried under different drying conditions: a 20 kV, b 30 kV, ¢ 50 °C, d 55 °C,

e 20 kV-50 °C, £20 kV-55 °C, g 30 kV-50 °C, h 30 kV-55 °C
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m?/s for biological materials [37]. The highest value was
obtained with 30 kV-55 °C application, while the lowest
value was found with 20 kV application. As anticipated, in
hot air applications, the effective moisture diffusion coeffi-
cient increased from 2.299 x 10 to 2.660 x 1078 as the tem-
perature increased from 50 °C to 55 °C [37]. The addition
of EHD to hot air applications further increased the diffu-
sion coefficient. The effective diffusion coefficient in 50 °C
applications increased 2.31 times with the addition of 20 kV
and 2.52 times with the addition of 30 kV. In EHD applica-
tions, the effective diffusion coefficient increased with the
rise from 20 to 30 kV. In line with the findings of this study,
Xiao and Ding [38] reported in their study of EHD dry-
ing of shiitake mushrooms that a higher voltage produced
a stronger ionic wind, increased the water evaporation rate,
and consequently resulted in a higher D4 value. Therefore,
it is concluded that the EHD process can effectively improve
the D value in the drying of ginger product.

3.4 Color analysis of ginger cubes

The color of a product serves as a critical parameter that
reflects its overall characteristics and significantly influ-
ences consumer perceptions, either positively or nega-
tively. Heat treatments applied to products can poten-
tially result in the degradation of color pigments within
their structure [39]. Table 4 presents the color values for
both fresh ginger and ginger samples dried using various
methods, including EHD, hot air, and EHD-hot air com-
binations. The color values for fresh products were deter-
mined as L*=74.984 +0.321, a*=-3.244+0.027, and
b*=40.478 +0.089. The drying methods had a significant
impact on these color values, leading to an increase in a*
values while causing decreases in L*, b*, Chroma (C), and
Hue angle (a°) values [40]. Elevating both temperature
and kV values within each method resulted in decreased
L* values. The treatment at 20 kV-50 °C yielded the L*
value closest to that of the fresh product, while the lowest
L* value was recorded for the 55 °C hot air treatment. In
the hot air method, a* values increased as temperature
decreased [41]. Similarly, the EHD method showed an
increase in a* values with higher kV values. In the EHD-
hot air combination method, a decline in b* values was
observed as temperature values increased within the same
kV applications. This reduction in b* values, indicating a
loss of yellow color, may be attributed to non-enzymatic
browning (Maillard) reactions, the breakdown of carote-
noid pigments, and the formation of brown pigments [42].
Chroma (C) denotes color saturation, with higher values
signifying vivid colors and lower values representing dull
colors. The freshest product exhibited the highest C value,
while the lowest values were observed in the 20 kV-55 °C
and 20 kV treatments. C values decreased with increasing

temperature in the hot air method and with decreasing
kV values in the EHD method. Hue angle (a°) values
ranged from 94.539 +0.046 (fresh) to 82.917 +0.047
(30 kV). The a° value closest to that of the fresh product
was obtained with products subjected to the 55 °C hot air
method. The total color difference (AE) value serves as
a parameter indicating the distinction between the fresh
and dried products, with lower AE values being preferred
by consumers [43]. The lowest AE value was observed in
the 20 kV-50 °C treatment. An increase in AE was noticed
with increasing temperature in the EHD-hot air combined
and hot air methods. In the EHD-only method, AE values
did not exhibit significant changes with varying kV val-
ues. This finding contrasts with the results of Dinani et al.
[7], who observed an increase in AE values as kV values
were raised (from 17 and 19 kV to 21 kV) in their study
on mushroom drying. This difference could be attributed
to various experimental conditions, including tempera-
ture, humidity, the nature of the biological material, and
the specific voltage values employed for EHD. Neverthe-
less, in the same study, the decrease in L* values and the
increase in a* values with rising kV values demonstrated
consistency with the outcomes of our research.

3.5 Microstructure of dried ginger cubes

Figure 4 provides a glimpse into the cross-sectional micro-
structures of ginger samples subjected to drying through dif-
ferent methods, including EHD, EHD-hot air, and hot air.
An et al. [5] detected starch grains in fresh ginger tissue and
observed a prominent parenchyma wall in fresh tissue, indi-
cating that there was no cell breakage. They determined that
breaks occurred in the cell wall with the effect of drying, and
starch grains were distributed all over the tissue after drying.
In this study, starch grains whose cell walls were broken
with the effect of drying underwent gelatinization with dif-
ferent drying methods, resulting in a difference in surface
area. Figure 5 shows the results of the measurements of the
average surface areas of starch grains affected by varying
voltage and temperature values of ginger samples dried by
different methods.

In the EHD method, ginger samples dried with 20 kV
exhibited a uniform honeycomb network structure in their
microstructure. However, increasing the kV value led
to the closure of pores and the development of burns in
the microstructure. Although the skeletal structure was
intact, the lowest value of starch surface area was found
in the samples obtained from the 20 kV application. The
starch surface area of the 30 kV treated products was
higher than that of the 20 kV treated samples. Among the
various EHD-hot air combination methods, those dried
at 20 kV-50 °C managed to retain their skeletal structure
better than the others. In contrast, products dried with the
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30 kV-55 °C application showed the complete disappear-
ance of their skeletal structure, with most starch granules
becoming gelatinized. The surface area of starch samples
that remained ungelatinized at high temperature and high
voltage value was found to be higher than the products
treated with low voltage value and temperature. The
microstructure of products dried at 55 °C using the hot air
method suffered severe damage compared to those dried at
50 °C. Notably, the starch granules in ginger samples dried
at 50 °C with hot air exhibited a lower degree of gelati-
nization compared to samples dried at 55 °C. As in the
EHD-hot air combination method, the starch surface area
of ginger samples dried at high temperature was higher
than the products dried at low temperature in the hot air
method. In fact, the starch in samples dried at 55 °C was
not fully dissolved, in line with the findings of Huang et al.
[44]. These observations highlight the detrimental effects
of high temperatures on the microstructure of the product,
a phenomenon also noted by Wang et al. [45] in their study
on ginger drying.

4 Conclusions

In this study, ginger samples underwent drying processes
using EHD, hot air, and EHD-hot air methods, with a con-
stant air velocity of 1.5 m/s. The primary objectives of this
investigation were to evaluate various aspects, including
drying time, mathematical modeling, color, and micro-
structure properties of the resulting dried ginger cubes.
Notably, the EHD-hot air combination method demon-
strated a shorter drying time compared to the other tech-
niques employed. Modeling studies, supported by statistical
results, identified the Midilli et al. and Wang and Singh
models as particularly well-suited for elucidating the drying
mechanisms of ginger cubes. In all drying conditions, an
increase in temperature and voltage values led to an increase
in the diffusion coefficient. Furthermore, a decrease in b*
values was observed with reduced kV in the EHD method
and increased temperature values in the hot air method. As
temperature and voltage values increased, there was a sig-
nificant reduction in starch grains, leading to alterations in
their structure and distribution within the product. Addi-
tionally, starch surface areas were found to be larger in the
samples treated at higher temperature and voltage values
than in the samples treated at lower volt values. This study
on the drying behavior of ginger samples using EHD, EHD-
hot air, and hot air methods provides valuable insights that
can inform future research in the field of drying technology.
Additionally, our findings suggest the potential for integrat-
ing EHD technology with hot air systems in the develop-
ment of efficient drying devices.
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