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This study analyzed the drying characteristics of Wasabi leaves in rack dryers with gas
heating at various temperatures to obtain the most suitable thin-layer drying model while
evaluating the color change and mass transfer parameters. Drying was carried out for 7.5
hours at temperatures of 60, 80, 100, and 120°C with the main variables of moisture
content, moisture ratio, energy consumption, effective diffusivity, and CIE Lab* and AE
color parameters. The drying curve data were analyzed using three thin layer models
(Newton, Henderson and Pabis, and Page) and evaluated with coefficients of
determination (R?), chi-square (X?), and root mean square error (RMSE). The results
showed that the increase in drying temperature increased specific energy consumption
(9.07 x 10°—1.91 x 10° kJ kg ! water) and effective diffusivity (2.49 x 10°—4.11 x 10°¢
m?s'), and accelerated the reduction of moisture content to 2.27-10% at 80—-120°C. The
moisture ratio is in the range of 0.02—-0.98 and indicates a phase of high initial drying rate,
followed by a period of decreasing rate until the weight is nearly constant around 240
minutes. The discoloration during drying was characterized by a decrease in L (13.91—
42.69), an increase in a (—6.4 to 0.31), a decrease in b (11.93-24.78), and an increase in
AE (2.12-16.44), indicating a degradation of green pigment and a tendency to brown at
high temperatures. Based on the R?, X?, and RMSE criteria, the Newton model at 60°C
provides the best fit between the predictions and the experimental data, so it was chosen
as the most representative model for describing the drying kinetics of Wasabi leaves in a
gas rack dryer. These findings provide a quantitative database of energy, diffusivity, and
colour change that can be used to optimise wasabi leaf drying operations for use as a raw
material for natural dyes, thereby improving energy efficiency.

Contribution to Sustainable Development Goals (SDGs):
SDG 7: Affordable and Clean Energy, SDG 12: Responsible Consumption and
Production, SDG 9: Industry, Innovation and Infrastructure.

1. INTRODUCTION
1.1.  Research Background

enzymatic activity [1]. Fresh kaffir lime leaves have a short shelf
life, only about 3—4 days before decomposing. Therefore, the
drying process is needed to increase shelf life, facilitate

The quality and content of flavor compounds in the leaves are
greatly influenced by the processing process, especially at the
drying stage. During drying, enzyme activity is stopped by high
heat, and major non-enzymatic reactions such as the Maillard
reaction and caramelization involving amino acids and reducing
sugars occur. Hot-air drying provides the best visual quality and
sweetness for Yunnan Congou black tea, whereas sun drying
(SD) tends to produce darker, more bitter brews due to prolonged

industrial-scale distribution, and prevent enzyme degradation and
microbial growth by decreasing water activity [2].

Based on the place of planting, Wasabi is broadly divided into
two types: water wasabi (sawa wasabi), grown in tributaries
(Japanese: sawa), and field Wasabi (hatake wasabi), grown in
fields. Field wasabi can be harvested after 18 months of age. The
leaves, stalks, and rhizomes of the wasabi fields are mixed with
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rice pulp from the sake squeeze. As a result, processed food called
wasabizuke for rice eaters tastes salty, sweet, and spicy. Wasabi
is grown to take the part of the rhizomes that are eaten raw after
being grated. Small-scale cultivation of Wasabi in waterways and
tributaries is common in Japan's mountainous regions. Water
wasabi needs clean, cool water in nutrient-rich sandy soils. Under
ideal planting conditions, fertilizers such as manure are not
needed because the water becomes dirty [3].

Cultivated water wasabi has a larger rhizome than field
wasabi or wild Wasabi. Rizoma releases Allyl isothiocyanate,
which is anti-microbial, so the surrounding soil is microbe-free.
Plants cannot grow large because in the soil around where they
grow, there are no microbes that can fertilize the soil. In addition,
Wasabi needs to grow in clean, clear water so that Allyl
isothiocyanate is carried along with the water, and the plant is not
poisoned. Rizoma wasabi water can become large if all conditions
are met. Wasabi harvesting knows no season and can be harvested
at any time. The plant is ready to harvest after 3 - 4 years, and the
roots that can be harvested are few, so Wasabi, especially fresh
Wasabi, is expensive. There are only a few places suitable as
production centers in Japan: the Izu Peninsula (Shizuoka
Prefecture), Nagano Prefecture, Shimane Prefecture, Yamanashi
Prefecture, and Iwate Prefecture. Domestic production was never
sufficient, and Wasabi was expensive, so Japan needed to import
large quantities of Wasabi from mainland China, Taiwan, and
New Zealand [4].

The chemical compound that gives Wasabi its stinging taste
is an isothiocyanate. The model of the thin drying layer describes
the drying of bio-hygroscopic materials, such as wasabi leaves,
across three categories: theoretical, semi-theoretical, and
empirical. The first takes into account only the internal resistance
of temporary moisture transfer, the second takes into
consideration the external resistance to the transfer of humidity.
Several studies have shown that Wasabi contains natural
chemicals that are highly potent against various types of cancer.

1.2.  Literature Review

The drying process is very important for preserving biological
materials by reducing moisture content and extending shelf life.
However, conventional drying techniques often take a long time
and can adversely affect the material's functional properties.
Therefore, a proper and environmentally friendly drying method
is required to minimize energy consumption. The Microwave-
Assisted Drying (MAD) method emerged as an alternative to
achieve high efficiency, low carbon, and good quality control in
drying. The highest drying rate occurs in the early stages of the
drying process when the moisture ratio is still high. Using higher
microwave power increases the drying rate because
electromagnetic waves induce molecular vibrations that disrupt
the material's cell walls, making it easier for water to escape [5].

All this time, research has been done on drying wasabi
leaves. Such drying does not use low temperatures or high
temperatures. Drying is carried out only at 100 °C with a drying
time of 4 hours. This is done using different temperatures and
different drying times using a rack dryer with gas heating. This is
not only 100% drying, but also a more varied low-temperature
and high-temperature drying length when drying wasabi leaves.
Drying is carried out at 60, 80, 100, and 120 °C for 7.5 hours to
improve the quality of wasabi leaves. This research will produce
energy efficiency, energy consumption, moisture content,
moisture ratio, and color value in Wasabi leaves.

400 Iswadi et al.

Drying kinetics describes the relationship between time,
temperature, and the decrease in moisture content in materials
during the drying process, thus forming the basis for designing
and optimizing controlled drying operations. At the engineering
scale, an understanding of drying kinetics is essential for
determining the rate of water evaporation, the periods of constant
and decreasing drying rates, and the moisture ratio used to model
mass displacement within the material. One widely used approach
is the thin-layer model, which simplifies drying behavior into a
mathematical relationship between moisture ratio and time at
relatively small material thicknesses. Thin-layer models such as
Newton, Henderson and Pabis, and Page are widely applied
because they can predict drying curves accurately and help select
suitable operating conditions for various agricultural
commodities and leafy products.

In addition to drying rates, color preservation and energy
efficiency are the main considerations in designing modern
drying processes. Color is an important indicator of visual quality
and often correlates with the stability of pigments as well as
bioactive compounds, so color parameter changes L*, a*, b* are
used to assess pigment damage during drying at high
temperatures. On the other hand, drying is an energy-intensive
operation, with the energy efficiency of conventional drying
systems often only 30—60%, so actual energy consumption can be
2-3 times the theoretical requirement. The integration of kinetic
analysis, thin-layer modeling, color preservation, and energy
efficiency enables the design of drying conditions that are able to
lower moisture content to safe levels, maintain desired color, and
minimize energy consumption, particularly in gas-fired rack
drying systems for high-value leaf products such as wasabi
leaves. The drying method greatly affects the visual appearance
of the tea leaves and the brewing water. Vacuum freeze-
microwave (FMDT) combination drying produces brighter,
greener tea leaves than hot air (HDT) or microwave (MDT)
methods, which tend to produce a dark and dull green color.
Technically, FMDT significantly increases the values of L*
(brightness) and b* (yellowishness), and lowers the value of a*
(greenishness), resulting in a brighter, more green-leaning shade
[6].

Peningkatan suhu udara pengering secara signifikan
mempercepat proses pengeringan dengan mengurangi rasio
kelembaban lebih cepat. Nilai difusivitas kelembaban efektif
meningkat seiring dengan kenaikan suhu pengeringan, yang
mempercepat  aktivitas molekul air. Energi aktivasi
menggambarkan tingkat energi yang diperlukan untuk memulai
proses difusi air selama pengeringan. Hasil daun wangi memiliki
sebesar 25,01 kJ/mol, sedangkan daun kemangi memiliki yang
lebih tinggi, yaitu 32,35 kJ/mol. Nilai yang lebih tinggi pada daun
kemangi menunjukkan bahwa proses difusinya lebih sensitif
terhadap perubahan suhu dibandingkan daun wangi. Nilai-nilai
ini masih berada dalam rentang umum untuk produk makanan dan
pertanian (12,7-110 kJ/mol) [7].

https://doi.org/10.29165/ajarcde.v10i2.906
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Fig. 1. Wasabi leaves

1.3.  Research Objective

The objectives of this research include the first, studying drying
dryer temperature against drying efficiency and energy
consumption using rack dryers. Second, studying the effect of
temperature and drying time on the drying curve of wasabi leaves.
Third, modeling the drying curve of Wasabi leaves using a thin-
layer model.

1.4.  Research Gap

This study made an initial contribution to modeling wasabi leaf
drying with gas-fired rack dryers, but it still left some important
gaps that future studies need to address. First, the test was only
carried out on one type of appliance (gas dryer rack) with a fixed
flow and heating system configuration. Second, the study focused
on physical parameters (moisture content, moisture ratio,
effective diffusivity, energy consumption, and L*a*b* color)
without measuring changes in the content of bioactive
compounds of wasabi leaves (especially isothiocyanate and other
functional components). Third, in terms of modeling, this study
only tested classical thin layer models (Newton, Page, Henderson
& Pabis), while other more complex models (e.g., Midilli-Kucuk,
Logarithmic, Two-term) often provide better statistical matches.
Fourth, although energy consumption and color quality have been
analyzed, a multi-objective optimization approach has not been
implemented that quantitatively balances energy efficiency,
drying speed, and final product quality.

The drying model widely used in previous studies
generally only tested one combination of temperature and time,
for example, drying tea leaves at 100 °C for 4 hours, assuming
simple thin layer conditions and without evaluation of energy,
effective diffusivity, and detailed product color change. This
research contributes several new pieces of knowledge beyond
previous studies on tea leaves and other leafy materials, among
others: a. Provides a complete drying curve of wasabi leaves at
four temperatures (60, 80, 100, 120°C) for 7.5 hours, b.
Determine the specific energy consumption of drying Wasabi
leaves in a gas-fired rack dryer, and show that the increase in
drying air temperature is more dominant in energy consumption
than other factors, c. Estimating the effective diffusivity of water
in Wasabi leaves at various temperatures, d. Provides a technical
basis for the industry to utilize wasabi leaves as a natural dye
source with a combination of temperature and time that considers
energy efficiency and color stability.

https://doi.org/10.29165/ajarcde.v10i2.906

The novelty of this study is that it is one of the first experimental
studies to examine the drying of Wasabi leaves using a gas-fired
rack dryer at temperatures of 60, 80, 100, and 120 °C for 7.5
hours, rather than a single temperature as in the previous study.
The study compared three thin-layer models (Newton, Henderson
& Pabis, Page) with R?, chi square, and RMSE criteria so that the
results provide a mathematically verified model specific to
wasabi leaves in a gas dryer rack configuration, which has not
been available in the previous literature. This study
simultaneously relates energy consumption, effective diffusivity,
moisture content dynamics, and color change (L, a, b, E) at
various drying temperatures in a consistent series of experiments,
resulting in a more comprehensive operating criterion for the
optimization of the wasabi leaf drying process, especially for
natural dye applications and energy efficiency. The specific
energy consumption values, effective diffusivity, and color
change profiles obtained in this study can be used as the basis for
initial design, simulation model calibration, and optimization of
operating conditions for the industrial scale of wasabi leaf drying.

2. MATERIALS AND METHODS

2.1. Tool

Basket, knife, slicer machine, soaking bathtub, dryer box, rack
dryer, polybag, scales, aluminum foil, Petri cup size 15 mm x 100
mm, knives, clamps or tang, dryers, stainless steel spoon
example, oven, linen plastic.

2.2. Materials

Wasabi leaves chlorine, salt, clean water, and LPG gas.

2.3.  Research Methods
2.3.1.  Variable Planning

The variables in this study are divided into three types: the free
variable in this research is the duration of drying and temperature.
The most controlled variable for this study is the temperature =
60, 80,100, 120 °C, and the time of 7.5 hours.

2.3.2.  Research Procedures

Wasabi leaf drying: a. washing, weighing raw material leave 20
kg tools using a weigh scale, leaf selection with manual tools
should not be any rotten leaves; yellow; impurity (bubbles;
chicken feathers; etc.), washing I with water until clean using
basket, cutting with a slicer machine to cutting size £ 1 cm,
washing II by soaking in chlorine water 200 ppm in a soaking
bathtub, wash III with salt water 2% in a basket, wash IV with
chlorine water 200 ppm in the basket, do soaking chlorines with
1000 ppm chlorine for 10 minutes in soaking. The use of chlorine
in these Wasabi leaves so that the Wasabi can be cleaned from
dirt such as dust, soil, and various other dirt, as well as cleans the
bacteria in the leaves of Wasabi. b. For drying, I used a hole
basket for £5 minutes in an open place, and I sorted with a drying
machine box for 15 minutes. Doing drying using a dryer for 7.5
hours at temperatures of 60, 80, 100, and 120 °C. Masing — each
temperature does the drying process for 7.5 hours. Each
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temperature in the process of drying takes a sample of 25 grams
every 30 minutes.

3. RESULT AND DISCUSSION

3.1.  Factors affecting rice production
3.1 Energy consumption

Specific energy consumption (kJ kg™ water neglected) in the gas
output of the fire dryer is calculated using equation (16). Specific
power use in this dryer depends on the air speed in the device as
well as the air temperature. Q is air discharge (laju alir udara kali
luas penampang). Cpa is the air capacity (J kg °C). Cpv is the
vapor capacity(J kg!' °C). Ha is the humidity of the air (Kgvapour
Kg!dry air). That is the temperature of the incoming hot air (°C).
Tamb is the ambient air temperature (°C). T is the drying time.
Vh is the volume of air (m3 kg™!). Mv is the mass of evaporating
water (kg). Usually, increased time retention of unsaturated heat
air and high-temperature drying increases specific energy
consumption.

Q(Cpa+Cpv.ha)x(Thot—Tamb)xt
Vhmv

Energy Consumption =

Explanation of the differences in energy consumption from

various treatments is shown in (Fig 2).

2.50E+05

2.00E+05

5.00E+04

Energy Consumption
(ki’kg)

0.00E+00 *
0 20 40 60 80 100 120 140

Temperature °C

Fig 2. Effect of the air temperature of the dryer on energy
consumption

The energy consumption for the drying of Wasabi leaves
using a rack dryer with gas fuel with a dryer air temperature of
60, 80, 100, and 120 °C is shown in Fig 2. This energy analysis
uses data obtained from experiments. Figure 2 shows the
influence of temperature on energy consumption, where the
energy consumption increases with the increase in the air
temperature of the dryer on the rack dryer with gas fuel. The
higher temperatures indicate that more water is evaporated. This
is because the high temperatures cause heat transfer, and the time
that occurs is also higher, which increases energy consumption in
reducing the water content of the product. Using equation (16),
the energy consumption value of 9.07 x 10" - 1.91 x 105 kJ kg
! is obtained. The influence of the air temperature of the dryer is
more important than the flow rate of the feed on energy
consumption. The results of this study are similar to the results of
drying tea leaves using a rack dryer.

402 Iswadi et al.

The study on tobacco drying yielded the result that thermal
energy consumption during drying was mainly influenced by the
primary steam temperature generated by the electricity source of
145 MJ/hour energy (for every 2°C reduction in the mainstream
temperature) stored in production based on primary vapor
temperature settings. Therefore, stable steam and high-
temperature control systems are essential for increased energy
saving. Research on fabric drying showed that the limits of
efficiency for steam drying are fundamentally related to the level
of drought and psychrometric environmental conditions. The
relationship among efficiency, drying rate, and environmental
conditions is quantitatively assessed for selected steam cleaning
technologies, and comparisons among the technologies are
provided. In addition, a comparison is provided between the
efficiency limit and the performance conditions of the device [8].

3.2.  The influence of temperature on the curve of the
Wasabi leaf dryer

3.2.1. Moisture Content

The initial water content of the material varies widely, and this is
often a problem during the drying process. Some of the things that
can be done to reduce this problem are reducing the thickness of
the dried material stack, accelerating the airflow of the dryer,
lowering the temperature of the air dryer, and carrying out the
melting of the material.

Calculation:

%Moisture BC
Content = B-A

'100%
Description: A = Empty cup weight expressed in g, B = Cup
weight + early wasabi leaves, expressed as g, C = cup weight +
dried wasabi blades, expressed as g. The difference in moisture
content in various leaves is explained in Table 1.

Table 1. Tea leaves, mango leaves, and wasabi leaves

Number Leaf Maximum References
1 Tea 4% (Vuong et al. 2012)
2 Mango 8% (Berlin et al. 2013)
3 Wasabi 10% (Arakawa et al.

2011

Explanation of the differences in moisture content from various
treatments is shown in (Fig 3).

https://doi.org/10.29165/ajarcde.v10i2.906
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Fig 3. Graphic decrease in the water content of Wasabi leaves at
several different drying temperatures

Fig 3 shows the temperature drying against the drying curve and
then the rate of decline at different degrees. Fig 3 water level chart
shows that drying the Wasabi leaves at 60 °C takes longer drying
time than drying them at 80, 100, and 120 °C. At this drying, we
get water content values =2.27 — 85.28%. From 85% to 10% here,
there is a short heating period with a maximum drying rate. At
this stage, there is water transfer from the inside of the material
to the surface, and the transfer of water vapor from the surface to
the surrounding air. Then, at 10% to 3%, there is a constant
drought. During this period, the fluctuating rate rises and
descends, trying to maintain its position, so it can be considered
to form a horizontal straight line with a balanced trend. Then, at
3% below, there will be a critical water level condition. At this
event, it becomes the boundary between the constant drying rate
and the decrease in the drying rate. This condition will last until
the water level balance is reached. Then the water level drops very
slowly or even shows no decrease. Drying at 80 °C, 100 °C, and
120 °C is successful drying, because at these temperatures the
water content reaches 2 - 10%.

3.3.  Drying Model
3.3.1.  Moisture Ratio

The drying model, simplified as mentioned above, is used to
describe the kinetics of drying wasabi leaves. The nonlinear
regression analysis was performed using commercial SPSS
software to match experimental data with available mathematical
models. The determination coefficient (R?) is one of the main
criteria for estimating the accurate quality of a model. Values
range from 0 to 1 for the worst and most suitable situation given
by the equation. In addition, it reduces the result (X?) and
averages the wrong root result (RMSE) used to determine the
correct match. The decrease of the result (X?) and RMSE is
calculated using the following equation:

Output count remains

R2 =1-_ 17
The sum of counting
outcomes
30 = BRI e 18

N-Z

https://doi.org/10.29165/ajarcde.v10i2.906

1
RMSE = [~ 5, (MR, — MRy;)’] R 19
R?, X2 is lower, and RMSE is better, which is proper integrity.
The accuracy of the mathematical model tested with experimental
data is estimated by taking the final water content of about 3%
(w.b) for all experiments. The rate of decrease of the MR value
relative to the drying time is shown in Fig 4.
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Fig 4. Graphic MR (Moisture Ratio) during the drying process
of Wasabi leaves

Based on Fig. 4 above, the decrease in MR (Moisture Ratio)
values coincided with the decline in the material's water content
during the drying process. The moisture ratio values were
obtained from 0.02 to 0.98. In the image above, the MR values at
80°C, 100°C, and 120°C showed a drastic reduction. These
temperatures indicated a very high reduction of water content in
the use of high temperatures and the length of drying time.

The models used in this study are the Newton, Henderson,
and Pabis models and the Page models. Before connecting the
models with the results of the MR observation calculations and
determining the best model of the three models, analyze the
drying model by linearizing the equations of the three models,
namely Newton, Henderson, Pabis, and Page. Next, from the
linear form of the equation in Excel, the observation MR value
was entered in each linear shape of the above model. To obtain
the MR value of each model, use Excel to plot the In MR values
for the Newton and Henderson models and the Pabis model, and
the In(-In MR) value for the Page model. A linear line will be
displayed in the chart after adding a trendline in the option box in
Excel. The result of this chart is shown in the attachment. Based
on the results of the trendline testing on each drying model chart,
the constant and R? values present on each model are obtained.
Thin-layer drying model theories are Newton, Page model,
Henderson, and Pavis model in Table 2.

Table 2. Some thin-layer models

Number Model Mathematical Reference
Name Models

1 Newton MR =exp (- kot) Dutta dkk.,
2014

2 Page MR = exp (-kot") Dutta dkk.,
2014

3 Hederson MR = Ao exp (- Dutta dkk.,
and Pabis kot) 2014

Description: Where M, Mo, and Me are the initial material content
and moisture balance, respectively, in dry bases, and Ao, ko, A1,
and k1 are empirical coefficients. Since it is relatively small
compared to M and MO, it can be ignored for moisturization ratio

Iswadi et al 403
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calculations. The Henderson and Pabis models are the first
common terms for Fick's second law. The inclination of the ko
coefficient model relates to effective diffusiveness when the
drying process takes place. Constant values, Rz, X2, and RMSE
with the drying model are explained in Table 3.

Table 3. Constant values, Rz, X2 and RMSE with drying model

Temperature Henderson and

60°C Newton Pabis Page

k 0.004 0.209 0.9578
a 5.5214

n 0.009

R? 0.975 0.975 0.863

X? 0.0230 0.4018 0.2406
RMSE 0.0392 0.1625 0.1225
Temperature Henderson and

80°C Newton Pabis Page

k 0.007 0.281 0.9001
a 4.9618

n 0.010

R? 0.975 0.975 0.755

X2 0.0702 0.0846 0.0084
RMSE 0.0684 0.0744 0.0230
Temperature Henderson and

100°C Newton Pabis Page

k 0.008 0.224 0.4517
a 4.8283

n 0.007

R? 0.966 0.966 0.868

X? 0.0302 0.0107 1.4113
RMSE 0.0449 0.0265 0.3020
Temperature Henderson and

120°C Newton Pabis Page

k 0.010 0.280 0.3879
a 4.6051

n 0.007

R? 0.955 0.955 0.875

X? 0.0814 0.0067 2.0271
RMSE 0.0736 0.0209 0.3628

\Each mathematical model of Newton's, Page's, and
Henderson & Pabis's equations gives values of different drying
rates and R? at different temperatures. The best model criteria
have R? values close to 1, so the level of compatibility of the
drying model with the observation results is huge. For
(Coefficient of Determination)/(chi-square) (¥2) and RMSE (root
mean square error), values close to zero indicate that the level of
conformity of the drying model is close to the observed results.
Research on the drying of agricultural products showed that
humidity can be estimated using pulse thermography. Besides, to
show the principle of operation. Best cross-validation results,
0.91, 0.085164, 0.0072529, and 0.068838 of R-squareds, RMSE,
MSE, and MAE, respectively, suggest that pulse thermography is
an efficient method for estimating moisture content in leaves [9].

404 Iswadi et al.

Each study on tobacco drying explains that specifically, MAE,
RMSE, and R2 of normal production batches can reach 0,0131,
0,0244, and 0,9721 respectively, which are far superior to other
values. It shows that moisture prediction with high precision
eliminates detection delays for process optimization and control
[10].

3.4.  Compatibility Drying Model

Based on the analysis of drying models described earlier, the
drying model yields shown in the chart of dryer model relations
at four drying temperature levels indicate the trend of the model's
prediction value towards the closer observation value. Based
upon the three such matching values, then the Newton Model is
the best model for 60 temperature because the Newton model
gives an R? value close to 1, an X? value, and an RMSE close to
0 compared to other models. Here is the traffic of the thin film
model values with observation values at 60°C (Fig 5).

12
1R,
uoe
08 al S
E 06 ¢ ¢ MR Observation
= w i ‘ ® MR Newton
0.4 o4 i & MR Henderson&Pabis
02 a ' ! ! MR Page

0 60 120 180 240 300 360 420 480

Time (minutes) 60

Fig 5. Thin-layer model values graph with observation values at
60 °C

3.5.  Effective Diffusiveness

Wasabi leaf drying mostly occurs during low-level periods and
describes the relationship between effective diffusivity (Deff) and
activation energy (Ea). In connection with that, Fick's second law
applies to describing the diffusion of water in wasabi leaf
particles. Equation (20) gives the solution to the general equation
of Fick's second law. The ratio of humidity and drying time of the
equation is as follows:

2 2
AZ—IZZ = S exp [T 20

D is the effective diffusivity (m? S*), and R is the average
radius (m) of the wasabi leaf particle. For long drying periods, the
above equation is simplified to the first term only (Henderson and
Pabis model). Simplify the equation (10), take the logarithmic
form into equation (21) as follows:

2
MR =15 = S22 € 21

Equation (22) gives the effective diffusivity of the humidity
estimated using the slope method. (Coeficient [k] in Henderson
and Pabis model).

(k] = [@] ........................................................................ 22

Effective diffusivity is calculated using equation (22). The
inclination [k] is obtained from the linear regression of the MR

https://doi.org/10.29165/ajarcde.v10i2.906
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on the drying time (t) of the particles' effective diffusivity. The
effective diffusivity (Deff) of the wasabi leaf at four temperature
variables can be determined by plotting MR vs time, and Deff
values are the slope of the linearization of the curve, and the
results can be seen in Table 4.

Table 4. Effective diffusivity of Wasabi leaves at different

temperatures
Number  Temperature (°C) Diffusivity (m?.s")
1 60 2.49E-06
2 80 3.62E-06
3 100 3.75E-06
4 120 4.11E-06

For the diagram of diffusivity values against drying temperature,
see (Fig 6).
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Fig 6. Diagram of the diffusivity value against the drying
temperature

The results show that diffusion will increase as the
temperature rises. Evaporation will be faster at higher
temperatures, so that diffusion will be greater. Because more and
more water evaporates. Moisture diffusivity effectively measures
the ease with which water escapes from the material during
drying. The linear plot against time shows that the diffusion of
liquids is the main driving force in this process [11]

A comparison of the three thin-layer models showed that at
60°C, the Newton model gave the highest R? value as well as the
lowest chi-square and RMSE values, thus having the highest
degree of compatibility with the wasabi leaf drying experimental
data. The simple exponential form of Newton's model is able to
represent a decrease in the humidity ratio dominated by the
transfer of water vapor by internal diffusion, while the addition of
parameters to the Henderson & Pabis and Page models does not
provide a significant increase in accuracy. Therefore, the Newton
model was chosen as the best model to describe the kinetics of
wasabi leaf drying, while providing rate parameters that are
physically consistent with effective diffusivity values and easy to
apply in the design and control of drying processes in gas-fired
rack dryers."
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3.6.  Wasabi leaf color change during drying
3.6.1. Value L*

For the L* value graph during the wasabi leaf drying process,
see (Fig 7).
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Fig 7. Graph of L* values during the drying process of wasabi
leaves

Based on Fig 7, the change in the L* value of the wasabi leaf
color during the drying process at 60, 80, 100, and 120°C
indicates a decrease. At this drying, the value of L* =13.91-42.69
is obtained—the early color of old leaves that tend to be green
changes during drying to old brown. From the data above, the
greatest decrease in color is at a temperature of 120 °C. This
proves that the higher the temperature and the longer the drying,
the color value of the leaves will be 0, which is dark.

3.6.2. Value a*

For the a* graph values during the drying process of wasabi
leaves, see (Figure 8).
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Fig 8. The graphic value of a* during the drying
process of wasabi leaves

In Figure 8, the* values at temperatures of 60, 80, 100, and
120°C have increased significantly during the drying period. An
increased change in the value of a* causes the color of the leaf to
appear brown. Early leaves that tend to be old-green during
drying will become brown-looking. The value of a* from the
drying is =-6,4 — 0,31. From the above data, the greatest increase
in color is at 100 °C and 120 °C. This proves that the higher
temperature and the longer drying will make the color value of
the leaf a positive value.
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3.6.3 Value b*

For the b* graph values during the drying process of wasabi
leaves, see (Fig 9).
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Fig 9. The graphic value of b* during the drying process of
wasabi leaves

The value of b* in Figure 10 decreases during the drying
process at each temperature. The decrease in the value of b*
results in a decline in the yellow color of the Wasabi leaves. Early
old green leaves tend to turn slightly yellowish, but during drying
they change to a paler, browner colour due to a reduction in
yellow content. Wasabi leaves were dried with a b* of 11.93 -
24.78. From the above data, the greatest decrease in color at a
temperature of 120 °C. This proves that the higher the
temperature and the longer the drying, will make the color value
of the leaf will be to 0.

3.6.3. AE* Value Change

For the change in AE* values during the drying of wasabi leaves,
see (Fig 10).
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Fig 10. Changes in AE* values during the drying of wasabi
leaves

The AE* change graph in Fig 10 shows that the changes
occurring tend to increase. This increase is visible for each
temperature of 60, 80, 100, and 120°C. All temperatures indicate
the magnitude of the change in the values of L*, a*, and b* during
the drying process. The value of AE* from drying is obtained
from 2.12 to 16.44. Each of the temperatures on the chart shows
changes from the initial drying period to the final drying. The
values of L*, a*, and b* on the material tend to change when the
material undergoes treatment such as drying. This happens
because it is influenced by parameters during drying, such as
drying temperature and length of drying time. In a study of guava
leaves with different drying methods (sun drying, hot air dryer,
microwave drying, vacuum drying, and freezing dryer) on the
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retention of bioactive compounds, antioxidants, and anti-diabetic
activity of guava leaves collected, the results showed that the
dryer method significantly affects the retencion of bioactive
compounds, biological activity, and the color of the guava leaves
[12].

A decrease in the L value and a positive shift indicate
significant degradation of chlorophyll during drying, resulting in
decreased green intensity of Wasabi leaves at high temperatures.
The color shift from dark green to brownish-green to brown at
100-120°C is strongly thought to be related to the conversion of
chlorophyll to pheophytin due to the release of Mg?* ions during
heating, as is common in the heating of chlorophyll pigments. An
increase in a value and a decrease in L at high temperatures
indicate the predominance of non-enzymatic browning reactions
that produce brown pigments, especially at 100-120 °C drying.
Very strong discoloration at 120 °C indicates a significant role of
thermal oxidation on leaf pigments; Prolonged exposure to hot air
accelerates the fading of chlorophyll and the formation of dark
pigments resulting from oxidation.

4. CONCLUSION

This study shows that drying Wasabi leaves in a rack dryer
with gas heating results in measurable changes in moisture
content, moisture ratio, energy consumption, -effective
diffusivity, and Lab color parameters*, so that the thermal
characteristics and visual quality of the product can be
quantitatively explained. The main findings show that
temperature increases from 60 to 120 °C accelerate the
decrease in moisture content and moisture ratios, increasing
effective diffusivity, but at the same time magnifying specific
energy consumption and reinforcing discoloration towards
darker and brownish. The best drying conditions are in the
medium temperature range, which is still able to reduce
moisture content to a safe range (around 2-10%) with a fairly
high drying rate, but does not cause too extreme color
degradation as at the highest temperatures, resulting in a
compromise between drying speed, energy efficiency, and
leaf color preservation. From the modeling side, evaluation
of several thin-layer models showed that Newton's model
provided the best statistical fit for the experimental data at the
temperature tested, thus being chosen as the best
mathematical model to represent the kinetics of wasabi leaf
drying in a gas-fired rack drying system. The practical
implication of these results is the availability of a more
rational basis for designing and controlling the drying process
of wasabi leaves, where industry players can use Newton's
models to predict drying curves, choose operating
temperatures that are balanced between color quality and
energy consumption, and optimize energy use in the
production process of dried wasabi leaves as coloring agents
and value-added processed products.

REFERENCE
[1] M. Lu, Y. Jiang, W. Zhao, J. Zhang, Z. Chen, and J.

Ning, “Effects of different drying methods on color
difference, taste and chemical components of Yunnan
Congou black tea,” LWT, vol. 223, May 2025, doi:
10.1016/j.1wt.2025.117696.

[2] H. S. Kusuma, R. A. Nasution, and D. Permatasari,
“Drying process on kaffir lime leaves using microwave:
Evaluation of the drying performance and energy

https://doi.org/10.29165/ajarcde.v10i2.906



(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

D. ISWADI/ASIAN JOURNAL OF APPLIED RESEARCH FOR COMMUNITY DEVELOPMENT AND EMPOWERMENT. VOL 10 (2026), No.2

analysis of different microwave powers and sizes of
leaves,” Applied Food Research, vol. 3, no. 2, Dec.
2023, doi: 10.1016/j.afres.2023.100317.

J. L. MacDonald et al., “First report of wasabi mottle
virus causing ringspot and vein-clearing symptoms on
wasabi (Wasabia japonica) in North America,” 2021,
Bellwether Publishing, Ltd. doi:
10.1080/07060661.2020.1805642.

E. C. Betz and Z. K. Punja, “Management of powdery
mildew, caused by Erysiphe cruciferarum, on wasabi
(Wasabia japonica) plants in British Columbia,”
Canadian Journal of Plant Pathology, pp. 1-10, 2020,
doi: 10.1080/07060661.2020.1764109.

H. S. Kusuma, Y. M. Diwiyanto, D. E. C. Jaya, A. N.
Amenaghawon, and H. Darmokoesoemo, “Evaluation of
drying kinetics, electric and emission study of Musa
paradisiaca L. leaves using microwave-assisted drying
method,” Applied Food Research, vol. 3, no. 2, Dec.
2023, doi: 10.1016/j.afres.2023.100322.

N. Li et al, “Comparison of different drying
technologies for green tea: Changes in color, non-
volatile and volatile compounds,” Food Chem. X, vol.
24, Dec. 2024, doi: 10.1016/j.fochx.2024.101935.

N. N. Mbegbu, C. O. Nwajinka, and D. O. Amaefule,
“Thin layer drying models and characteristics of scent
leaves (Ocimum gratissimum) and lemon basil leaves
(Ocimum africanum),” Heliyon, vol. 7, no. 1, Jan. 2021,
doi: 10.1016/j.heliyon.2021.e05945.

K. R. Gluesenkamp, V. K. Patel, and A. M. Momen,
“Efficiency limits of evaporative fabric drying
methods,” Drying Technology, vol. 39, no. 1, pp. 104—
124, 2021, doi: 10.1080/07373937.2020.1839486.

A. F. Mandujano, M. P. Patricio, J. L. C. Anzueto, E. S.
Moo, H. D. V. Delgado, and N. A. M. Navarro, “Toward
an approach for moisture estimation during hot air
drying of neem leaves (Azadirachta indica) using pulsed
phase thermography,” Drying Technology , vol. 41, no.
4, pp. 480-491, Jul. 2022.

L.Mu, S. Bi, S. Yu, X. Liu, and X. Ding, “An intelligent
moisture prediction method for tobacco drying process
using a multi-hierarchical convolutional neural
network,” Drying Technology, vol. 40, no. 9, pp. 1791-
1803, Feb. 2021.

N. N. Mbegbu, J. O. Ojediran, C. O. Nwajinka, and E.
C. Chukwuma, “Thin layer drying and effect of
temperature on the drying characteristics of bushbuck
(Gongronema latifolium) leaves,” J. Agric. Food Res.,
vol. 18, Dec. 2024, doi: 10.1016/j.jafr.2024.101379.
Q.-V. Nguyen et al., “The effect of drying methods on
chlorophyll,  polyphenol, flavonoids, phenolic
compounds contents, color and sensory properties, and
in vitro antioxidant and anti-diabetic activities of dried
wild guava leaves,” Drying Technology, vol. 41, no. 8,
pp. 1291-1302, Nov. 2022.

https://doi.org/10.29165/ajarcde.v10i2.906

Iswadi et al

407



