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Te dehydration behavior of turkey berries was analysed in a fuidized bed dryer at various inlet air velocities (0.8, 2.1, and 3.4m/s)
and temperatures (50, 60, and 70°C). Te drying parameters and physiochemical values of fruits were extensively studied, as were
themoisture content, rate of drying, moisture difusivity of the sample, shrinking percentage, color variations, retention of vitamin
C, β-carotene, antioxidant capacity, and total phenolic content.Te activation energy varies between 36.82 and 45.63 kJ/mol under
diferent bed conditions. According to the experimental results, it has been observed that the maximum moisture difusion rate
was 2.898×10−10m2/s and maximum retention rates of vitamin C, β-carotene, antioxidant capacity, and total phenolic content
were 1.91mg/100 g d.m, 184 μg/100 g d.m, 21.34mg AAE/100 g d.m, and 513mg GAE/100 g, during the drying of the sample at
70°C and 3.4m/s.Teminimum shrinkage (49.1%) and color variation (ΔE= 11.08) were detected at 3.4m/s and 70°C.TeMidilli
et al. model was ftted, which is the most preferable model for predicting the dehydration characteristics of turkey berries.

1. Introduction

Turkey berry, Solanum torvum (Solanaceae family), is
a pharmaceutical plant that can be taken as a fresh or dried
form. Te vegetables are still used as traditional medicine
by people in South India and other Asian countries,
particularly in rural areas. Tis is an essential medicinal
plant whose leaves, vegetables, and fruits are utilized as
therapeutics for antihypertensive, viral fever, antioxidant,
and antimicrobial purposes [1–3]. In addition, these fruits
are also provided in addition to a regular diet. None-
theless, they have a valuable supply of nutritious foods

that will decay within a couple of days after harvesting,
just like any other foodstuf. To prolong its lifespan, it
must consequently be stored in a cold storage room or
freezer or dried. Furthermore, dried foodstufs are easier
to move from one place to another and store in small
places.

Dehydration of agro-food products in the open sun
(OSD) is a simple and common process employed all around
the world. However, there are other issues involved with
drying in the OSD. Te crop is harmed due to adverse
weather conditions, agro-food product contamination from
external elements, and degeneration caused by overheating
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[4–6]. Furthermore, the drying rate is exceedingly low,
which means that the drying period is substantially longer.
As a result, the dehydration process must be practiced in
a sustainable environment, as well as using a quick pro-
cessing approach, in order to preserve its physical and bi-
ological qualities.

Many types of dryers were widely accessible in the
food industry, including oven dryers, fuidized bed dryers,
microwave dryers, drum dryers, freeze dryers, indirect
solar dyers, and infrared radiation dryers. Among the
diferent kinds of dehydration methods, fuidized bed
dryers (FBDs) are employed all over the world for the
dehydration of agro-food products [4, 7]. Te FBD is
known for its consistent dehydration as well as its efective
heat and mass transfer phenomena, which efectively
remove the moisture from foodstufs within a short period
of time. Furthermore, FBD is a convenient way to avoid
overheating heat-sensitive fruits and vegetables [4, 8–13].
In addition, the FBD is the most popular type of dryer
employed in various sectors, such as chemical industries,
fertilizer industries, medicine industries, agricultural
industries, and milk industries. In industries that handle
particulates, FB dryers exhibit excellent evaporation rates.
Te advantages of FB dryers over traditional dryers in-
clude rapid drying with great product quality, minimal
losses from nutrition, good air-stream interaction with
the wet substances, signifcant heat transfer between the
gas and wet substances, and suitable circulation rates.
Several researchers have reported updated designs for FB
dryers to improve the drying process while consuming the
least amount of energy [9-15].

Numerous studies on the drying kinetics of various food
products have been conducted, including Monukka seedless
grapes [5], terebinth seeds [8], hawthorn fruit [14], soybean
[15], and barberry [16]. Other key quality parameters of
dried foodstufs are shrinkage, color changes, vitamin C,
β-carotene, antioxidant capacity, and total phenolic content;
they also have a substantial impact on consumer acceptance
and attractiveness. Shrinkage and color of several items such
as soybean [15], hawthorn fruit [14], and terebinth seeds [8]
as well as the physiochemical properties of several items such
as blueberries [17], myrtle fruits [18], sea buckthorn fruits
[19], and goji berries [20] have been reported in detail in the
previous literature.

As per the review of extant literature, no research has
been conducted on the mathematical modelling and
minimum fuidization behavior of turkey berry in a FBD.
With these considerations in mind, the current research
was carried out to examine the dehydration parameters of
the samples, like the minimum fuidization velocity, rate of
drying, difusivity of water molecules, amount of energy
required for activation of water molecules, percentage of
volumetric shrinkage, and overall color variation of the
turkey berries at diferent bed conditions. In addition, other
key bioactive properties like vitamin C, β-carotene, anti-
oxidant capacity, and total phenolic content of turkey
berries at diferent bed conditions were also studied. Tis
research also revealed a beftting model for estimating the
dehydration behavior of the turkey berry.

2. Materials and Methods

2.1. Sample Preparation. Te fruits were procured from the
vegetable market, and the damaged and immature samples
were removed from the lot. Turkey berry samples of uniform
size and unimpaired fruit were separated from the entire
bunch of procurements, allowing for additional experi-
mentation. Te mean diameter of the samples was metered
and recorded as 13.2± 0.8mm, and one piece of the berry
weight of 1.9± 0.3 g was utilized for the trials. According to
the AOAC (1990) procedure [21], the initial water content of
the sample was examined by employing 8 g of fresh fruit, and
the mean value was found to be 5.22± 0.03 kg water/kg dry
matter (dry basis). Before introducing the sample into the
chamber, the sorted-out samples were chosen for the studies
and held at 5± 1°C.

2.2. Experimental Setup. Te dehydration behavior and
physiochemical quality of the sample were investigated using
a batch type fuidized bed dryer (FBD), as illustrated in
Figure 1. Te FBD’s primary features include a backward-
type centrifugal blower with VFD, a controllable electric
heater, and an air flter.

Te whole setup as well as the drying chamber is fab-
ricated by S.S (stainless steel) having a height of 0.85m and
an interior diameter of 0.14m. Te air circulated all over the
bed by way of the punctured S.S plate, which has a hole with
a dimension of 3.8± 0.02mm and a trilateral space of
7.8± 0.03mm with only 21± 0.1% open area. A hot wire
anemometer was used to monitor the input air fow with
a precision of 0.2m/s. An electric heater heats the air before
it is fown to the drying chamber. A pressure measuring
instrument was used to record the pressure diference during
the experiment.

2.3. Analysis of Minimum Fluidization Velocity and Drying
Procedure. During the dehydration of samples, the pressure
drop (Δp) and the inlet air velocity were determined, and the
peak “Δp” point was detected as point B, as shown in
Figure 2. Te existence of bed conditions is defned in point
B, which is referred to as the “minimum fuidization point/
semifuidized bed” [22]. Two conditions, such as “A” and
“C,” were selected randomly from the chart, in such a way
that the velocity of A is smaller than B and the velocity of C is
higher than B. In addition, points A (0.8m/s) and C (3.4m/
s) refer to the fxed bed and fuidized bed conditions, and
point B (2.1m/s) is equal to the condition of a semifuid bed.

Drying studies were performed at three inlet tempera-
tures of 50–70°C and three velocities (A, B, and C) as well as
keeping the sample weight at 250 g. Initially, by adjusting the
inlet temperature and fow velocity of air, the dryer attained
a steady-state mode; thereafter, the sample was introduced
into the drying cabin. Every half hour, the entire sample was
emptied from the bed, and the weight was recorded using an
electronic weighing scale with a precision of 0.01 g. Fol-
lowing the weight recording, the fruits were loaded into the
drying chamber for an additional 30minutes to further
reduce their moisture content. Te fruits were loaded till the

2 Journal of Food Quality



moisture level was less than 0.14± 0.05 g water/kg dry matter
(d.b). Tree investigations were carried out for each ex-
perimental condition to establish the reproducibility of the
analysis.

2.4. Drying Curves. Te weight loss of a product as a func-
tion of time is used to evaluate drying parameters system-
atically. Te water content of berries was calculated on a dry
basis (d.b) by the following equation [4, 23]:

Mdb �
Wst − Wdry

Wdry
􏼠 􏼡. (1)

Te moisture ratio (MR) of the berry during the de-
hydration process in a fuidized bed is determined by the
following formula:

MR �
Mst − Meq

Min − Meq
􏼠 􏼡. (2)

Equation (2) is changed in the form of MR�Mst/Min,
and the moisture ratio is a nondimensional unit. Te ex-
periment data were transformed into a moisture ratio and
correlated to the diferent kinds of dryingmodels reported in
the literature which are described in Table 1. Te various
empirical drying models that were employed in this analysis
were intended to fnd a reliable model for the drying per-
formance of turkey berries. Te drying rate (D.R) of the
berry in the time of drying was estimated by the following
equation [5]:

D.R �
Ms,t1

− Ms,t2

t2 − t1
􏼠 􏼡. (3)

2.5. Computation of Efective Moisture Difusivity (Def).
Fick’s second law of difusion equation was employed to
examine drying kinetic parameter and predict Def of the
materials with spherical geometry:

zM

zt
� Deff

z
2

zt
. (4)

Considering that the sample of the turkey berry is almost
spherical and the phenomenon ofmoisture migration occurs
solely through difusion, the MR can be determined by the
following equation [5–8]:

MR �
Mst − Meq

Min − Meq
�

6
π2 􏽘

∞

n�1

1
n
2 exp

−Deffn
2π2t

R
2
p

⎛⎝ ⎞⎠. (5)

During the dehydration periods where themoisture ratio
seems to be beyond 0.6, the frst part of their sequence of
equations is evaluated, and equation (5) can thus be
reformulated as

MR �
6
π2

􏼠 􏼡 exp
−Deffπ

2
t

Rp
2

⎛⎝ ⎞⎠. (6)

Using natural log on both left and right hand sides of
equation (6), the frst-degree equations such as linear
equations are formed and rewritten as

ln MR � ln
Mst − Meq

Min − Meq
􏼠 􏼡 � ln

6
π2

􏼠 􏼡 −
Deffπ

2
t

Rp
2

⎛⎝ ⎞⎠. (7)

By graphing the drying time against natural logarithmic
of moisture ratio data of ln (MR), linear slope S1 was
obtained:

S1 �
Deffπ

2

Rp
2

⎛⎝ ⎞⎠. (8)

2.6. Determination of Activation Energy (Eact). Te Arrhe-
nius relationship is used to defne Eact which communicates
the interrelationship with Def and the supply air tempera-
ture (Tin) as shown in the following equation [5, 8–13]:

10 11 12

8

1

2

3

9

4

6

P 5

7

Figure 1: Schematic diagram of the fuidized bed dryer.
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Deff � Dc exp −
Eact

RUgTin
􏼠 􏼡. (9)

Using natural log on both left and right hand sides of
equation (9), the upcoming fndings are derived:

ln Deff( 􏼁 � ln Dc( 􏼁 −
Eact

RUgTin
􏼠 􏼡. (10)

By graphing the inverse inlet temperature of air (1/Tin)
against natural logarithmic of moisture difusivity values of
Ln(Def), linear slope S2 was obtained:

S2 �
Eact

RUg
. (11)

2.7. Analysis of the Quality

2.7.1. Computation of the Volumetric Shrinkage (VSp).
Te berry dimensions were determined using a digitized
Vernier caliper to compute their initial volume. Further-
more, the sample was measured multiple times along the
relevant axis. After dehydration of the sample, select any
three samples from each test and measure their dimensions.
With the help of equation (12), the change in volume
percentage was calculated as a ratio of the volume of
dehydrated berries (Vf) to the volume of raw berries (Vin)
[8, 14].

VSp �
Vin − Vfi

Vin
􏼠 􏼡 × 100. (12)

2.7.2. Computation of Total Color Change. A tristimulus
colorimeter (Model: VT-10) was measured to assess the skin
color of turkey berries under a D65 light lamp at a 10°
camera angle. On the Hunter scale, color values were
expressed as L—ranging from brightness to darkness
(100−0), “a”—ranging from redness to greenness (positive to
negative), and “b”—ranging from yellowish color to blue-
ness (positive to negative), with the subscripts “f” and “in”
denoting fnal and initial intensity of color. For every sample,
three data points were measured in three distinct locations,
and the mean reading was calculated. Total color diference
(ΔE) values were determined from the variables “L,” “a,” and
“b” [13, 23, 24]:

ΔE �

������������������������������

Lfi − Lin( 􏼁
2

+ afi − ain( 􏼁
2

+ bfi − bin( 􏼁
2

􏽱

. (13)

2.7.3. Determination of Vitamin C and β-Carotene.
According to AOAC No. 967.21 [25], vitamin C, also
known as ascorbic acid (AA), was identifed using the
analytical discoloration of 2,6-dichlorophenolindophenol.
In order to compare the amounts of vitamin C in fresh and
dried turkey berries, 5.0± 0.1 g of each sample was crushed
and diluted in 1 L of distilled water. Te amount of vitamin
C was given as mg AA/100 g d.m. Similarly, β-carotene
content was determined with the help of the spectropho-
tometric method, modifed from López et al. [26]. Hexane,
acetonitrile, and ethanol were used to extract the
β-carotene, which was then measured at wavelengths of
503 nm and 480 nm, respectively. Each test was made
three times.

2.7.4. Determination of Total Phenolic Content and Anti-
oxidant Activity. According to Chen et al. [27], the
Folin–Ciocalteu method was modifed to estimate the ex-
tract’s total phenolic content (TPC). Two 0.5mL aliquots of
the turkey berry extract solution, made with 100% ethanol,
were thoroughly combined in a vortex with 0.5mL of the
Folin–Ciocalteu reagent and 2mL of 20% Na2CO3 solution.
After 15minutes of incubation at room temperature, 10mL
of ultra-pure water was added, and the layer of precipitate
that had developed was removed by spinning for 5minutes
at 4,000× g. At 725 nm, the absorbance was detected in
a spectrophotometer to be compared to a curve that was
calibrated for gallic acid equivalent (GAE).Te fndings were
expressed as mg GAE per 100 g of d.m.Tree measurements
were taken for each test.

Te phosphomolybdenum technique was used to assess
the turkey berries’ overall antioxidant capability [28]. 1mL
of the reagent solution (0.6M sulfuric acid, 28mM sodium
phosphate, and 4mM ammonium molybdate) was added to
2mL of the extract. Each of the tubes was sealed and heated
to 50°C (boiling water bath) for 90minutes. Using a spec-
trophotometer, the absorbing capacity of all the solutions
was detected at 695 nm against a blank of the reagent after
the samples had cooled to ambient temperature. Te fnd-
ings were expressed as ascorbic acid equivalent (AAE) in
AAE mg per gram d.m. Tree measurements were taken for
each test.

2.8. Statistical Evaluation of the Equations. Te six mathe-
matical models are listed in Table 1, and these models were
applied to turkey berry drying data (MR vs. time). MATLAB
software (MathWorks Inc.) was employed to build mathe-
matical models for MR of the product.

Tree indicators, namely, sum of squared errors, root
mean square error, and square of coefcient of correlation
(R2), were applied for choosing the appropriate model to
symbolize the dehydration behavior of the sample and their
equations as described in equations (14)–(16)
[7, 15, 23, 27–29]. A suitable model can be chosen on the
basis of the indicator value such as the maximum values of
R2 as well as the minimum values of SSE and RMSE observed
from the analysis results.

Table 1: Name of the diferent drying models.

Name of model Model equation
Newton MR � Exp(−k1t)

Page MR � Exp(−k1t
m)

Henderson and Pabis MR � a1 Exp(−k1t)

Logarithmic MR � a1 Exp(−k1t) + b1
Midilli et al. MR � a1 Exp(−k1t

m) + b1t

Logistic MR � a1/(1 + b1 Exp(k1t))

a1, b1, k1, and m are mathematical model coefcients.
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SSE � 􏽘
M

j�1

MRtest,j − MRpre,j􏼐 􏼑
2

M − n
, (14)

R
2

�
􏽐

M
j�1 MRtest,j − MRtest􏼐 􏼑 MRpre,j − MRpre􏼐 􏼑

􏽐
M
j�1 MRtest,j − MRtest􏼐 􏼑

2
􏽐

M
j�1 MRpre,j − MRpre􏼐 􏼑

2
􏼔 􏼕

1/2 ,

(15)

RMSE �
1

M
􏽘

M

j�1
MRtest,j − MRpre,j􏼐 􏼑

2⎡⎢⎢⎣ ⎤⎥⎥⎦

1/2

, (16)

where MRtest,j is the experimental moisture ratio of jth data
point, MRpre,j is the predictedmoisture ratio of jth data point,
M is the total number of occurrences, and n is the number of
constants in the model equation.

2.9. Statistical Evaluation of the Quality Analysis. At each
experimental condition, three trials were conducted, and the
mean values were evaluated. A one-way ANOVA test was
performed at 95% probability level using SPSS Statistics 29.0
(IBM Co., New York, USA). In the case of signifcant dif-
ferences between subgroups, the post hoc Tukey test was
used as a statistical test (P< 0.05).

2.10. Microstructure Analysis. A scanning electron micro-
scope was employed to analyse the morphology of dried
turkey berries (FEI Quanta 200 F SEM, Netherlands). To get
SEM micrographs, miniscule pieces of fruit skin were col-
lected and coated with a thin layer of nano-gold under
a vacuum environment to provide an illumination surface
for the electron gun. Gold coat was done with an argon gas,
at a pressure smaller than the ambient pressure on a sputter
coater (HV-DSR1 Sputter Coater).

3. Results and Discussion

3.1. Drying Curves. As shown in Figure 3, the rate of de-
hydration of fruits with respect to time was reduced steadily
during the dehydration of the samples. According to the in-
vestigational fndings, the declining rate of drying was dis-
covered throughout for all circumstances, as well as the fact that
the water transport from the inner core of the sample to the
outermost peel is predominantly regulated by the difusivity
phenomenon. Also, a large amount of evaporation of moisture
was recorded in the early stages of drying of berries, but the
fnal stage had a lower rate.Te highest and lowest drying rates
are 9.4 gram of water at 70°C and 8.6 gram of water at 50°C,
respectively, with fuidized bed velocity of 3.4m/s, during the
initial stage (1 hour), whereas at fxed bed conditions (0.8m/s),
these values were detected as 6.4 gram of water at 70°C and
5.4 gram of water at 50°C.

According to Figure 3, a substantial drying rate was
recorded at higher inlet air temperatures with fuidized bed
velocity. At the same time, the maximum drying rate was
detected at 70°C irrespective of all inlet air velocities [4].
During the dehydration at high temperatures, the vapor

pressure vigorously developed on the cell walls of the inside
fruit structures, so a considerable amount of the turgor
pressure of the fruit structure was reduced.

As a result of the preceding, the porous structure of the
sample increases dramatically and has the proclivity to generate
additional micropores and facilitate water movement from the
center to the surface of the fruit [5]. At 70°C, cracks and
micropores can appear, as can be seen in Figure 4(h). While
there is no substantial efect on cell structure at a low tem-
perature of 50°C, pore formation is inhibited, as seen in
Figure 4(e). Tis is owing to the fruits’ low water permeability,
as shown in Figure 3.

Furthermore, at elevated temperatures and velocity, the
phenomenon of heat and mass transfer processes is faster,
contributing to rapid drying, thereby reducing the de-
hydration duration [8, 30, 31]. As a result of the experiment,
at 70°C and fuidized bed condition, the rate of convective
heat and mass transfer was superior to other conditions,
resulting in a rapid drying rate and a shorter dehydration
period. Figure 5 depicts the variation of the moisture level of
the sample at various input parameters, and every line
represents the amount of duration required to reduce the
water potential from a beginning moisture content of 5.22
(d.b) to a fnal value of 0.14 (d.b).

It is demonstrated that the water level of the fruits
progressively diminished with regard to time in all exper-
iments, and that the dehydration period is signifcantly
shorter in a fuidized velocity condition, irrespective of inlet
air temperature, as shown in Figure 5. Te dehydration
duration of samples at temperatures of 50, 60, and 70°C was
recorded as 1340, 960, and 645min, respectively, at a su-
perfcial velocity of 3.4m/s, as displayed in Figure 5. Te
drying period is shortened in terms of 2-fold times, once the
temperature of incoming air rises from 50°C to 70°C; con-
versely, only around 20% was reduced when the inlet air
velocities rise from 0.8 to 3.4m/s. Te drying of turkey
berries was infuenced more by the temperature of the in-
coming hot air than by its velocity [4, 11].
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Figure 3: Drying rate with respect to time under various drying
input parameters.
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3.2. Estimation of the Mathematical Models. In order to
recognize an appropriate model that forecasts the drying
kinetics of the fruits with the assistance of existing drying
models, described in Table 1, the statistical information,
including the estimations of R2, RMSE, and SSE of various
models utilized, is presented in Table 2.

Te most appropriate drying model to address the de-
hydration behavior of the turkey berry was detected as the
Midilli et al. [29] model, on the basis of the criteria of highest
value of R2 and lowest values of RMSE and SSE. As the
estimated values of R2 vary from 0.9992 to 0.9997, the RMSE
values vary from 0.00006 to 0.00025, and the SSE values

Figure 4: Photo view (a–d) and SEM picture (e–h) of fresh and dried samples at fuidized velocity.
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range from 0.0012 to 0.0096, as presented in Table 2, and the
evaluated values of the coefcients of the Midilli et al. model
are shown in Table 3.

3.3. Efective Moisture Difusivity. Figure 6 depicts the
variation of Ln (MR) with function of drying time at
various input parameters. Te fruit’s Def values were
calculated using equation (7), and its R squared (R2) was
estimated using the linear equation, as listed in Table 4.
Te Def values exhibited a range between 8.792 ×10−11

and 2.898 ×10−10 m2s−1 across various drying conditions.
It is noteworthy that the Def values for turkey berries falls
within the established range of 10−8–10−11 m2/s, consistent
with the Def values reported for a majority of food
commodities, as documented by Xiao et al. [5]. In the
course of dehydration, the Def values were increased due
to better convective heat and mass transfer phenomena
occurring at 70°C and superfcial velocity (3.4 m/s)

circumstances. Table 4 demonstrates that the Def values
varied from 8.792 ×10−11 to 1.305 ×10−10 m2/s at 50°C,
1.535 ×10−10 to 1.918 ×10−10 m2/s at 60°C, and
2.382 ×10−10 to 2.898 ×10−10 m2/s at 70°C during the
dehydration when the inlet air velocities varied from 0.8 to
3.4 m/s. Te preceding data suggest that both input air
velocity and temperature infuenced moisture difusivity
favorably; moreover, the Def values were infuenced
greatly by the temperature rather than air velocity
[7–14, 30, 31].

Elevating the processing air temperature serves to in-
crease the vapor pressure within the cellular structure of the
fruit, primarily the cell wall. Consequently, this leads to
a signifcant alteration in the turgidity pressure of the cell
wall and subsequently enhances the porosity of the sample
tissues. Tese adjustments collectively contribute to a nota-
ble improvement in the permeability of the material, as
observed in the previous research [14].

0 300 600 900 1200 1500 1800
Time (min)

M
oi

stu
re

 co
nt

en
t (

d.
b)

6

5

4

3

2

1

0

A-50°C
A-60°C
A-70°C

B-50°C
B-60°C
B-70°C

C-50°C
C-60°C
C-70°C

Figure 5: Moisture content of the sample with respect to time under various drying input parameters.

Table 2: Numerical values of various drying models at diferent input parameters.

Model
name T (°C)

R2 SSE RMSE
0.8m/s 2.1m/s 3.4m/s 0.8m/s 2.1m/s 3.4m/s 0.8m/s 2.1m/s 3.4m/s

Newton
50 0.9642 0.9646 0.9598 0.0539 0.0580 0.0608 0.0572 0.0566 0.0596
60 0.9614 0.9662 0.9714 0.0515 0.0436 0.0316 0.0585 0.0528 0.0512
70 0.9538 0.9569 0.9482 0.0493 0.0429 0.0486 0.0669 0.0655 0.0734

Page
50 0.9938 0.9926 0.9865 0.0133 0.0119 0.0205 0.0244 0.0265 0.0204
60 0.9881 0.9907 0.9886 0.0162 0.0122 0.0125 0.0336 0.0304 0.0125
70 0.9878 0.9885 0.9879 0.0164 0.0115 0.0195 0.0364 0.0357 0.0194

Henderson and Pabis
50 0.9732 0.9729 0.9659 0.0415 0.0452 0.0519 0.0515 0.0518 0.0571
60 0.9681 0.9724 0.9755 0.0433 0.0356 0.0274 0.0557 0.0524 0.0498
70 0.9619 0.9644 0.9568 0.0645 0.0362 0.0413 0.0645 0.0635 0.0719

Logarithmic
50 0.9991 0.9993 0.9987 0.0004 0.0003 0.0016 0.0053 0.0039 0.0102
60 0.9992 0.9994 0.9985 0.0004 0.0003 0.0017 0.0056 0.0048 0.0122
70 0.9994 0.9993 0.9992 0.0002 0.0002 0.0009 0.0037 0.0046 0.0034

Midilli et al.
50 0.9994 0.9992 0.9992 0.00008 0.00018 0.00014 0.0034 0.0035 0.0096
60 0.9995 0.9994 0.9994 0.00006 0.00013 0.00025 0.0022 0.0035 0.0092
70 0.9996 0.9995 0.9997 0.00006 0.00006 0.00006 0.0012 0.0029 0.0033

Logistic
50 0.9967 0.9959 0.9923 0.0094 0.0067 0.0117 0.0181 0.0203 0.0275
60 0.9924 0.9938 0.9914 0.0103 0.0081 0.0096 0.0282 0.0257 0.0308
70 0.9905 0.9922 0.9921 0.0082 0.0079 0.0076 0.0305 0.0313 0.0327
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Based on the inference, the water migration from inner
portion of fruit to outer surface remarkably increases and
rapid convective mass transfer occurs rapidly using high air
velocity fow over the samples.

3.4. Activation Energy (Eact). Te energy needed to migrate
the water molecules from the inner core of the foodstuf to
outer peel and evaporate it is referred to as activation energy.

Figure 7 depicts the Ln (Def) associated with the reciprocal
of inlet air temperature (1/Tin) under various bed ar-
rangements. Eact was evaluated through equation (9), and
the coefcients of determination (R2) for various inlet factors
are shown in Table 4.

Average Ea values for various inlet parameters were
discovered to be 36.82 to 45.63 kJ/mol in the experimental
investigation of turkey berries dried in FBD.Te value of Eact
varies from 12.7 to 140 kJ/mol for various agro-foodstufs

Table 3: Midilli et al. model values under various input conditions.

Inlet velocity (m/s) Model coefcients
Drying temperature (°C)

@ 50 @ 60 @ 70

0.8

a1 0.9949 1.0018 0.9998
b1 −0.0001 −0.0003 −0.00068
k1 0.0006 0.0018 0.00172
m 1.1221 0.8729 0.9119

2.1

a1 0.9970 1.0011 1.0013
b1 −0.0002 −0.00012 −0.00068
k1 0.00068 0.0015 0.0018
m 1.0728 0.9599 0.9341

3.4

a1 0.9979 1.0053 0.9989
b1 −0.00038 −0.00038 −0.00092
k1 0.0021 0.0029 0.0017
m 0.8831 0.8615 0.9662
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Figure 6: Ln (MR) with respect to time under various drying input parameters.

Table 4: Efective moisture difusivity and activation energy values under various drying conditions.

Drying conditions
Input parameters

Tin (°C)
Def Arrhenius equation

(m2/s) R2 D0 (m2/s) Ea (kJ/mol) R2

0.8m/s
50 8.792×10−11 0.9658

2.144×10−3 45.63 0.998860 1.535×10−10 0.9666
70 2.382×10−10 0.9465

2.1m/s
50 1.153×10−10 0.9646

1.441× 10−4 37.73 0.996260 1.689×10−10 0.9665
70 2.612×10−10 0.9359

3.4m/s
50 1.305×10−10 0.9648

1.384×10−4 36.82 0.998760 1.918×10−10 0.9639
70 2.898×10−10 0.9249
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[16], which is consistent with the fndings. Once the fruit was
dried at fuidized bed condition, the Eact values decreased. As
a result of the promising efect of heat and mass transfer by
convection, the energy required to activate water molecules
was reduced. Higher heat and mass transfer activity in-
creases the dehydration rate as well as the difusivity (Def) of
the water molecules from inner core of the berry to the
outermost peel layer of the sample. Table 4 shows that the
minimum and maximum values of Eact are 3.4m/s and
0.8m/s, and Khanali et al. [13] and Taheri-Garavand and
Meda [28] also showed the same tendency.

3.5. Quality Analysis

3.5.1. Volumetric Shrinkage. Table 5 shows the percentage of
volumetric shrinkage at various bed conditions in FBD, and
the change in dimensions of the berries was calculated by
equation (13). Te experimental results undoubtedly show
that temperature and velocity have a substantial efect on the
sample shrinking. Moreover, Table 5 shows that at fuidized
bed conditions (70°C and 3.4m/s), the volumetric shrinkage
was 49.1± 1.1%, while at fxed bed condition (50°C and
0.8m/s), it was 71.1± 0.9%.

ANOVA carried out for the volumetric shrinkage of
turkey berries showed signifcant diferences (P< 0.05) be-
tween the shrinkage percentages of various bed conditions of
the dried samples, as presented in Table 5. Te signifcant
averages of samples dried at various temperatures (50 to
70°C) were also determined using a multiple comparison
test, and it was shown that there were signifcant changes
(P< 0.05) when the bed conditions changed from fxed to
fuidized (0.8–3.5m/s).

According to Figures 4(b)–4(d), the berries dehydrated
at 50°C had a signifcantly greater efect on its original shape
(greater shrinkage) than the products dehydrated at 60°C
and 70°C. So, the water gradient between both the inside and
external surfaces of the berry is minimal, and the removal of
moisture evaporation was reduced during the low tem-
perature involved in the drying, resulting in less internal
stress developing on the cell wall. Furthermore, at relatively

low temperatures, dried fruit was subjected to warm heat for
a long duration, causing the cell walls of the tissues to be
distorted. Te largest dimension variations were noticed
once the samples were dried at a low fow rate of air entering
and a low inlet air temperature due to minimal permeability,
smaller moisture diferences on the inner and outer surfaces,
and minimal vapor tension development on the cell
structure [14, 32]. As a result, it is possible to deduce that the
processing temperature has a substantial impact on the
shape/volume of the fruits. According to Hatamipour and
Mowla [32], reduction in volume/shape of the product is
negatively related to the evaporation rate of moisture.

3.5.2. Total Color Diference (TCD). In the food sector, color
is one of the most important quality indicators of food
attributes, and color degradation is undesirable. Tempera-
ture and velocity had more infuence on the change of color
of the product, as seen in Table 5, and equation (14) was used
to compute the total color change of the products. Te
brightness (Li) of 71.2, greenness (ai) of −7.83, and yellowish
color (bi) of 25.96 were used to calculate the fresh fruit color
values in this investigation. Te total color diference (TCD
or ΔE) between dehydrated samples was determined to be
substantively diferent as indicated in Table 5. At diferent
bed conditions, the estimated TCD scores for dehydrated
samples ranged from 11.08 to 21.12. ANOVA carried out for
the volumetric shrinkage of turkey berries showed signif-
cant diferences (P< 0.05) between the TCD values of
various bed conditions of the dried samples, as presented in
Table 5. Te signifcant averages of samples dried at various
temperatures (50 to 70°C) were also determined using
a multiple comparison test, and it was shown that there were
signifcant changes (P< 0.05) when the bed conditions
changed from fxed to fuidized (0.8–3.5m/s).

Table 5 shows that both parameters like brightness and
yellowish color were dramatically lowered, resulting in
a greater change in darkness as well as decreased greenness.
Figures 4(a)–4(d) depict the infuence of changing the
surface color of the products as they dehydrate in FBD.
When low inlet air velocity and low temperature were
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Figure 7: Ln (Def) vs. (1/Tin) under various drying conditions.
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involved in the dehydration of the sample by this means, it
took drying for longer periods of time; consequently, it was
strongly afected by both caramelization and enzymatic
browning reactions [23]. Commonly, when the foodstufs
are subjected to high-temperature settings, total phenolic
acids are oxidised, and carbohydrates or amino acids un-
dergo chemical reactions.Te amount of color deviation was
afected by drying air temperature and processing duration,
as well as the amount of oxygen present in fow of inlet air
[13, 23, 24].

3.5.3. Retention of Vitamin C and β-Carotene. Te vitamin
C content of the dried turkey berries is shown in Table 6.
Fresh fruit has 3.81± 0.44mg/100 g d.m. Tis is consistent
with past studies demonstrating that turkey berries contain
2.86mg/100 g d.m [1] and 4mg/100 g d.m [2], respectively.
Te analysis of variance revealed signifcant diferences
(P< 0.05) in the mean values of the vitamin C content of
dried berries under various bed conditions, which are dis-
played in Table 6. In all nine studies, vitamin C retention was
best when the sample was dried at an air temperature of 70°C
and an air velocity of 3.4m/s. Te dried samples demon-
strated a considerable loss of 79% in vitamin C at low intake
air temperature and low inlet air velocity (0.8m/s and 50°C),
while at 70°C in fuidized bed conditions, only about 50% is

lost. According to the fndings of the experiments, 36–42%
of the vitamin C content was maintained at an input
temperature of 60°C that was constant and bed conditions
that ranged from fxed to fuidized (0.8–3.5m/s). According
to López et al. [26], drying time, pretreatment choice, and
processing temperature all afect how much vitamin C is
retained. But in order to keep the vitamin C content un-
altered, processing temperature is crucial.

β-Carotene is a carotenoid and a fat-soluble pigment.
From the results, it was found that the percentage loss of
β-carotene was slightly lower when the inlet temperature
increased at the same bed conditions. During dehydration of
turkey berries, degradation of β-carotene was more no-
ticeable at 50°C with about 40–46% loss with respect to its
original value when bed conditions varied from fxed to
fuidized (0.8–3.5m/s). At 60°C, losses of 31–36% were
observed, as listed in Table 6, from fxed to fuidized bed
conditions, respectively, while during drying at 70°C, losses
in the range of 25%–30% occurred. Similar reports from
other authors indicate that long drying times infuence the
loss of this compound [26, 27]. ANOVA carried out for the
β-carotene of turkey berries showed signifcant diferences
(P< 0.05) between the β-carotene retention values of various
bed conditions of the dried samples, as presented in Table 6.
Te signifcant averages of samples dried at various tem-
peratures (50 to 70°C) were also determined using a multiple

Table 5: Variation of shrinkage and total color change of the turkey berry under various drying input parameters.

V (m/s) Tin (°C) Shrinkage (%)
Total color variations (ΔE)

Lf af bf ΔE

0.8
50 71.2± 0.9a 53.42± 0.8c −2.98± 0.12a 15.34± 0.12c 21.12± 0.14a
60 65.9± 1.2bc 58.86± 0.6b −3.73± 0.07b 15.31± 0.17c 16.76± 0.22c
70 59.6± 1.4e 64.12± 1.2a −5.22± 0.08c 17.16± 0.14a 11.65± 0.15e

2.1
50 68.3± 1.6b 53.5± 0.8c −3.12± 0.06a 15.72± 0.28bc 20.81± 0.11ab
60 60.7± 1.3de 59.08± 0.6b −3.94± 0.04b 15.93± 0.17b 16.14± 0.16d
70 54.6± 1.8f 64.28± 0.4a −5.28± 0.10c 17.54± 0.16a 11.25± 0.15fe

3.4
50 63.9± 1.3cd 53.82± 1.0c −3.26± 0.12a 15.98± 0.12b 20.39± 0.11b
60 55.8± 1.4f 59.16± 0.6b −3.98± 0.08b 16.11± 0.19b 15.96± 0.14d
70 49.1± 1.1g 64.37± 0.2a −5.31± 0.05c 17.61± 0.15a 11.08± 0.12f

Diferent letters in same column indicate a signifcant statistical diference (P< 0.05).

Table 6: Variation of vitamin C content, antioxidant capacity, and total phenolic content of the turkey berries under various drying input
parameters.

V (m/s) Tin (°C) Vitamin C content
(mg/100 g d.m)

β-Carotene content
(μg/100 g d.m)

Total phenolic
content (mg
GAE/100 g)

Total antioxidant
capacity (mg

AAE/100 g d.m)
Fresh — 3.81± 0.44a 400± 4.56a 676.18± 8.38a 53.42± 0.21a

0.8
50 0.80± 0.01h 100± 1.24i 422.61± 9.12h 11.75± 0.35h
60 1.07± 0.02g 124± 1.56g 453.04± 8.12efg 14.96± 0.16f
70 1.37± 0.04e 168± 1.56d 486.85± 5.28cd 18.68± 0.12d

2.1
50 1.22± 0.05f 108± 1.72h 436.14± 7.24gh 13.33± 0.21g
60 1.45± 0.02de 132± 1.78f 466.56± 8.15ef 16.53± 0.17e
70 1.75± 0.04c 176± 1.56c 500.37± 5.17bc 19.77± 0.33c

3.4
50 1.49± 0.03d 120± 2.15g 446.28± 6.56fg 14.93± 0.31f
60 1.68± 0.04c 144± 1.98e 473.33± 4.36de 18.17± 0.23d
70 1.91± 0.01b 184± 1.56b 513.90± 8.38b 21.34± 0.16b

Diferent letters in same column indicate a signifcant statistical diference (P< 0.05).

10 Journal of Food Quality



comparison test, and it was shown that there were signifcant
changes (P< 0.05) when the bed conditions changed from
fxed to fuidized (0.8–3.5m/s).

3.5.4. Retention of Total Phenolic Content (TPC) and Anti-
oxidant Capacity (AOC). From basic phenolic molecules to
highly polymerized compounds, phenolic substances all
have an aromatic ring with one or more hydroxyl sub-
stitutions as part of their structural makeup. Te analysis of
variance revealed signifcant diferences (P< 0.05) in the
mean values of the TPC of dried berries under various bed
conditions, which are displayed in Table 6. In all nine
studies, the TPC retention was best when the sample was
dried at an air temperature of 70°C and an air velocity of
3.4m/s. Te dried samples demonstrated a considerable loss
of 37.5% in the TPC at 0.8m/s and 50°C inlet conditions,
while at 70°C in fuidized bed conditions, only about 24% is
lost, as presented in Table 6. According to the fndings of the
experiments, 30–33% of the TPC values were maintained at
an input temperature of 60°C that was constant and bed
conditions that ranged from fxed to fuidized (0.8–3.4m/s).
According to Alkaltham et al. [18], the reduction of TPC
during dehydration may be related to polyphenols binding
with other substances, such as proteins, or changes in the
chemical composition of polyphenols that are not accessible
for extraction or analysis. Te availability of phenolic
molecule precursors resulting from nonenzymatic in-
terconversion between the phenolic molecules may be the
cause of the production of phenolic compounds at high
temperatures [16–20].

Based on the experimental fndings, it was discovered
that decreasing the input temperature of the air while
maintaining the same bed conditions (0.8 or 3.4m/s)
resulted in a somewhat higher percentage loss of the TAC.
As the turkey berry dried, the TAC degraded more no-
ticeably at 50°C, losing 72 to 78% of its original value when
the bed condition changed from a fxed to fuidized bed state
(0.8–3.5m/s). From fxed to fuidized bed conditions, losses
of 66 to 72% were seen at 60°C, whereas losses in the range of
65 to 60% occurred during drying at 70°C, as presented in
Table 6.

Te decrease of this antioxidant activity is infuenced by
long drying times, according to observations from other
authors [16–20]. In order to establish the statistically sig-
nifcant diference among the nine samples dried at various
temperatures (50 to 70°C), a multiple comparison test was
also carried out. Te results showed that fewer diferences
(P> 0.05) were seen when the bed conditions varied from
fxed to fuidized (0.8–3.5m/s). Te major antioxidants in
turkey berries, phenolic compounds and β-carotene, re-
spond to drying temperature, oxygen content, and other
processing variables in various ways. Te experimental
fndings indicate a strong link between TPC, vitamin C, and
β-carotene and the antioxidant activity of the berries
[16–20].

3.6. Microstructural Analysis (SEM). Figure 4 shows the
picture and SEM images of the sample skin prior to and after
dehydration in FBD. Te fresh sample picture and SEM
images are depicted in Figures 4(a) and 4(e). Te SEM
picture of a fresh berry in Figure 4(e) shows a comprehen-
sible vision of the waxy covering on its surface. Whenever
the berries are dehydrated at hot air inlet temperatures
(above 60°C), the waxy-covered surface begins to disinte-
grate or break, allowing pores to develop. Figure 4(f) shows
a tiny waxy cover and some fragmented wax particles after
drying at 50°C. Te SEM images of berry peels dried at 60
and 70°C are shown in Figures 4(g) and 4(h). Both
Figures 4(g) and 4(h) reveal a decomposed waxy surface
layer, as well as micropores and tiny tears upon the peel of
the berrydepicted in Figure 4(h).

It is reasonable to conclude that the superior drying rate
and numerous micropores are created by high processing
temperatures. Te surface of the berry exhibits higher po-
rous structures that are formed as a result of the drying of the
berries at an incoming air temperature that was high, as
observed from the SEM images. High temperature air
supplied over the sample, consequently, increases the heat in
cells, increasing the internal stress on the cell wall, which
may enhance the vapor pressure and result in greater water
permeability from the interior of the sample.

As a result of the high-temperature air passing over the
sample, the heat in the cells rises, increasing the internal
stress on the cell wall. Tis may increase the vapor pressure,
resulting in greater water permeability in the sample’s in-
terior. Conversely, at a low processing temperature, in-
sufcient vapor pressure developed, resulting in limited
permeability and poor cell structures [14, 33]. Figures 4(a)–
4(d) depict photos of fresh fruits and dried samples at 50, 60,
and 70°C, and it can be seen that volumetric shrinkage was
greater at 50°C (Figure 4(b)) than at 60°C and 70°C
(Figures 4(c) and 4(d)).

4. Conclusions

Te following results were obtained as a result of the ex-
tensive study of turkey berries dried in FBD.Te mean value
of the initial water content of the turkey berry was computed
to be about 5.22± 0.03% (d.b), and the minimum fuidiza-
tion velocity of the berries in FBD was observed to be 2.1m/
s. Te processing temperature plays a predominant role in
the course of turkey berry drying compared to the inlet air
velocity. High temperature (70°C) and fuidized velocity
(3.4m/s) greatly infuence the drying kinetics of turkey
berries and improve their physical and chemical properties,
such as color and shrinkage, vitamin C, β-carotene, anti-
oxidant capacity, and total phenolic content. Te maximum
retention rates of vitamin C, β-carotene, antioxidant ca-
pacity, and total phenolic content were 1.91 1.91mg/
100 g.d.m, 184 μg/100 g d.m, 21.34mg AAE/100 g d.m, and
513mg GAE/100 g, respectively. Te maximum efective
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moisture difusivity (Def) and minimum energy required to
activate water molecules (Ea) were detected at high tem-
peratures (70°C) and fuidized velocity conditions (3.4m/s).
Te drying performance of the sample is far more precisely
described by the Midilli et al. model compared to other
mathematical models.

Nomenclature

a, b, k, and
n:

Model coefcients

Wst: Sample weight at a specifc time (g)
Wdry: Sample dry weight (g)
DR: Drying rate (kg water/kg dry matter. min)
t, t1, t2: Drying time (minutes)
Rp: Radius of the product (meter)
Sp: Shrinkage of the product (%)
Tin: Inlet temperature of air (°C)
Eact: Activation energy (m2/s)
D0: Preexponential factor of the Arrhenius

equation (m2/s)
RUg: Universal gas constant (kJ/kg-mol/K)
Meq: Equilibriummoisture content of the sample (kg

water/kg dry matter)
Mst: Moisture content at any time (kg water/kg dry

matter)
Min: Initial moisture content of the sample (kg

water/kg dry matter)
Vin: Initial volume of the product (m3)
Vin: Final volume of the product (m3).
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Te data supporting the fndings of this study are included
within the article.
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Neem oil is a promising alternative for synthetic chemicals in food preservation and an active functional agent in food packaging.
Drying studies were conducted on neem seeds using diferent drying methods, and the oil yield profle and nutritional content
such as azadirachtin content, functional groups, and elemental composition were analysed. Tray drying at 60°C showed a faster
drying rate with a minimum quality of the oil. Te process parameters were statistically optimized by analysing the efect of drying
methods and thickness (15 and 30mm) on azadirachtin content and oil yield. Maximum oil yield and azadirachtin content of 42.1
and 0.053% were obtained in solar drying with 15mm bed thickness. Fourier-transform infrared spectroscopy analysis showed
that there is no change in the functional group when the neem seeds were dried, and the peak absorption wavenumber confrmed
the presence of O-H stretching, C-H stretching, C-O stretching, C-H bending, O-H bending, C�O stretching, and N-H stretching.
Sun- and solar-dried neem seeds showed maximum retention in elemental composition when compared to the tray-drying
method.

1. Introduction

Neem (Azadirachta indica) which is known as “Geed Hindi”
in Somalia which means that “the Indian tree” belongs to the
mahogany family “Meliaceae.” Tere are about 14 million
neem trees in India which can grow well up to 40 to 60 feet
high in all types of soil [1]. Neem oil has excellent anti-
bacterial, antifungal, antioxidant, and plasticizer properties
and fnds its applications in food preservation, packaging,
and storage due to the presence of bioactive phytochemicals
such as azadirachtin, salannin, nimbidin, gedunin, nimbin,
isomargolonone, margolone, nimbolide, and margolone.
Neem oil is an attractive choice for active food packaging
applications due to its antibacterial and antioxidant

characteristics with maximum tensile strength, elongation,
and transparency [2]. Neem fruit pulp represents, about half
the weight of neem fruits which serves as a carbohydrate,
a rich substrate for industrial fermentations [3].

Neem tree seeks attention worldwide due to its medicinal
properties in the feld of ayurveda and due to the presence of
azadirachtin (C35H44O16), a tetranortriterpenoid. Apart
from azadirachtin, it also contains other bioactive compo-
nents such as nimbin, nimbinin, nimbidin, oleic stearic and
palmitic acids, quercetin, and other limonoids. Neem seed
area, oil content, and azadirachtin content vary among
individual tree and agroclimatic zones of India [4].

Te neem tree starts fruiting after 3 to 5 years of planting
and yields upto 50 kg of neem fruits annually from the 10th
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year onwards. Neem fruit is usually oval or nearly round in
shape which has a thin exocarp, yellowish white mesocarp
(bittersweet pulp) of thickness in the range of 3–5mm, and
the endocarp has a white hard inner shell containing brown
kernel which contains 25–45% oil [5].

Neem oil is a vegetable oil which contains high fatty acids
and low terpene content which adds an advantage over tea
tree oil. It is also used in medicines, soap industries, and
cosmetics and can also be used as a mosquito repellent [4].
Every year neem tree yields 3.5 million tonnes of kernels
which can produce 7 lakh tonnes of neem oil. Due to a lack of
processing equipment, India produces only 2.5 lakh tonnes
of the total oil which is just 30% of the total potential [6].

Neem fruit contains 40 to 60% of water which makes it
a highly perishable product and the depulping followed by
drying has to be performed within 3 to 4 days to maintain its
oil quality [7]. It is reported that 50% of the neem seeds
collected have been wasted as there is no attention among
researchers and there is a lack of depulping facilities. Te
manual processing of neem fruits is laborious and time-
consuming and the quality of the oil is greatly afected [1].
Timely depulping and drying are required to get a good
quality oil.

Previous works are available on the aspects of diferent
methods for extracting oil from neem seeds and analysing
the azadirachtin content. However, to the best of our
knowledge there is no study regarding the efect of diferent
drying methods on azadirachtin content, oil yield, and
quality parameters of neem oil and seed cake. To address this
limitation and to reduce the wastage of neem seeds, this
study has been attempted to dry the neem seeds using
diferent drying methods with the following objectives:

(1) To study the drying characteristics of neem seeds
under diferent drying methods

(2) To analyse and compare the efect of drying methods
on the quality of neem seeds

2. Material and Methods

2.1. Collection of Neem Fruits. Fresh neem fruits were col-
lected from Forestry College and Research Institute, Met-
tupalayam, India, and were used for the oil production. Te
pulp of the fresh neem fruits (38% w.b.) was removed using
the single drum neem fruit depulper (capacity: 125 kg/h and
depulping efciency: 94.29%) developed by the Department
of Food Process Engineering, Tamil Nadu Agricultural
University (TNAU), India.

2.2. Drying Studies. During March 2022, 50 kg of depulped
neem seeds having a moisture content of 30% (w.b.) were
sun-dried (2 days) at an average temperature of 35± 5°C and
45± 5% RH. Similarly, 100 kg of seeds were dried in
a compound parabolic collector (CPC) solar dryer at
45± 5°C and a tray dryer at 40± 2, 50± 2 and 60± 2°C until
they reached a fnal moisture content of 8% (w.b.). Te
weight of the neem seeds was measured using an electronic
weighing balance (Ohaus Corporation, NJ, USA) with an
accuracy of ±0.01 g at every one-hour interval. Te drying

characteristics of the neem seeds and the quality of the oil
obtained from the neem seeds were evaluated.

2.2.1. Open Sun Drying. Neem seeds were dried under the
open sun from 9.00 a.m. to 5.00 p.m. Since black painted
trays (41× 81× 4 cm) absorb more heat, they were used
instead of regular trays. Ten kilograms of fresh neem seeds
with an initial moisture content of 30% (w.b.) were kept in
black-painted trays in the open sun until they reached
a moisture content of 8% (w.b.).

2.2.2. Solar Drying. Solar drying of neem seeds was carried
out in a CPC type of solar dryer (1.98m dia.× 2.30m height
with a capacity of 100 kg) provided with temperature and
humidity controllers available in the Department of Re-
newable Energy Engineering, TNAU, India. Te experiment
was carried out between 9.00 am and 5.00 pm.

2.2.3. Tray Drying. Depulped neem seeds with a moisture
content of 30% (w.b.) were dried in a tray dryer (M/s. Teqto
Scientifc, Coimbatore) available at the Department of Food
Process Engineering, AEC & RI, TNAU, India. Te constant
set temperature of 40± 2°C, 50± 2°C, and 60± 2°C were used
in the tray dryer for drying 50 kg of neem seeds until it
reached 8% (w.b.) moisture content.

2.3. Estimation of Azadirachtin Content. Te azadirachtin
content in fresh and dried neem seeds was estimated using
the high-performance liquid chromatography method de-
scribed by Kaushik [8]. Hexane was used as a solvent to
extract oil from the seed kernel powder and ethanol was used
to extract azadirachtin. Azadirachtin was separated using
acetonitrile-water (40 : 60) at a rate of 1mL·min−1 with
a monitoring peak of 214 nm. 10 μL of the sample was in-
jected into the HPLC using an autoinjector, and helium was
used as a degassing agent.

2.4. Oil Yield. To extract oil from the dried neem seeds,
a standardised oil extraction method using a Soxhlet ap-
paratus (NF ISO 734-1) was used. Te oil yield percentage
was calculated using the following equation as mentioned by
Tesfaye and Tefera [9]:

OY(%) �
WIN − WFI

WIN
× 100, (1)

where OY represents the oil yield, %. WIN and WFI represent
the initial weight of the sample placed in the thimble and the
fnal sample weight of the dried sample in the oven, g.

2.5. Physiochemical Properties of Oil. Te specifc gravity was
determined using the AOAC method (1984). Standardized
methods were used to determine the density (AFNOR
T60−214), viscosity (ASTM D−445), iodine value (AFNOR
T60−203), and peroxide value (AFNOR T60−220). Te acid
and saponifcation values were determined using the AOAC
recommendedmethods (1990).Te color value (lightness (L∗),
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redness to greenness (a∗), yellowness to blueness (b∗), and ΔE)
of the extracted neem oil was determined using a Lovibond
Tintometer (Lovibond, LC 100, Te Tintometer Ltd., UK).

2.6. Particle Size Analysis. Fresh and dried neem seeds were
powdered using a ball mill (Yatherm Scientifc, India). Te
particle size analyser (Horiba Scientifc, SZ-100) was used to
measure the particle size of the powdered samples (fresh and
dried neem seeds).

2.7. FTIR Analysis. FTIR (fourier-transmission infrared)
spectrometer (model number: FT/IR-6800, incident angle:
45°, detector: TGS, accumulation: 64, resolution: 4 cm−1,
zero flling: on, apodization: cosine, gain: auto (8), aperture:
auto (7.1mm), scanning speed: auto (2mm/sec), and flter:
auto (10000 hz)) was used to analyse the functional groups
present in the samples. It consisted of a source, in-
terferometer, beam splitter, fxed mirror, movable mirror,
sample holder, and a detector. FTIR sampling procedure was
used to analyse the functional groups in powdered fresh and
dried neem seeds as mentioned by Elzey et al. [10].

2.8. Elemental Analysis. Inductively coupled plasma mass
spectrometer (model: Termo Scientifc™ ICAP™ RQ, type:
single quadrupole ICP-MS, hertz: 2MHz, nebulizer: borosilicate
glass, and spray chamber: quartz, cyclonic) was used to analyse
the elements present in the samples.Te elemental composition
of 7 Li (lithium), 24 Mg (magnesium), 39 K (potassium), 48 Ti
(titanium), 51 V (vanadium), 52 Cr (chromium), 55 Mn
(manganese), 57 Fe (iron), 59 Co (cobalt), 60 Ni (nickel), 75 As
(arsenic), 133 Cs (cesium), 63 Cu (copper), 23 Na (sodium), 44
Ca (calcium), 11 B (boron), 121 Sb (antimony), 31 P (phos-
phorus), 66 Zn (zinc), 95 Mo (molybdenum), 111 Cd (cad-
mium), 118 Sn (tin), and 208Pb (lead) in fresh and dried neem
seeds were evaluated using the standard ICPMS procedure as
mentioned by Novotnik et al. [11].

2.9. Statistical Optimization. Te experimental data were
statistically analysed using the central composite design
(CCD) technique from Design Expert Software (Version
13.0) and SPSS 2020 software (IBM Corporation, New York,
USA). Te regression coefcients were calculated using the
quadratic model. Te analysis of variance (ANOVA) was
used to identify the model’s signifcant terms. Drying
methods and bed thickness were investigated for their efects
on azadirachtin content and oil yield. Table 1 shows the
dependent and independent variables used in the experi-
mental design.

3. Results and Discussion

3.1.DryingStudies. Tedrying characteristics curve (moisture
content and drying time) of neem seeds dried in a tray dryer,
solar dryer, and sun drying is shown in Figures 1(a)–1(c)–3.
Temoisture content of neem seeds decreased from 30% to 8%
(w.b.) in 300 and 240minutes of tray drying, respectively,
a with bed thickness of 30 and 15mm at a constant tem-
perature of 60± 2°C. It was also noted that there was an in-
crease in the drying time of 480 and 420minutes at 30 and
15 mm bed thicknesses when the temperature was reduced to
50± 2°C. Furthermore, a decrease in temperature to 40± 2°C
resulted in an increased drying time of 660 and 590minutes, at
30 and 15mmbed thicknesses for drying neem seeds from 30%
to 8% (w.b.) moisture content.

In solar drying, the time required to dry neem seeds with
a bed thickness of 30 and 15mm from an initial value of 30%
(w.b.) to a fnal value of 8% (w.b.) was recorded at 540 and
420minutes, respectively, with the maximum recorded tem-
perature of 50± 5°C. Corresponding to sun drying with the
same two-bed thicknesses, resulted in a maximum drying time
of 780 and 630minutes to dry neem seeds to 8% (w.b.)
moisture content with the maximum recorded temperature of
35± 5°C.

It is clear that a higher temperature of 60± 2°C reduced
the drying time to 300minutes, whereas sun drying at a low
temperature of 35± 5°C resulted in the longest drying time of
780minutes. Tis is because of higher heat transfer at higher
temperatures [12, 13]. Higher vaporisation of water also
resulted in faster drying of neem seeds [14].

Figures 4(a)–4(c) to 6 show the drying rate curve of
neem seeds dried in a tray dryer, solar dryer, and sun
drying. Initially, tray-dried neem seeds at 40, 50, and 60°C
showed a drying rate of 0.02 ± 0.01−0.049 ± 0.01 (g/g. min)
for diferent bed thicknesses (15 and 30mm) until critical
moisture content was reached, and then it showed
a drying rate from 0.002 ± 0.001 to 0.007 ± 0.001 (g/g.
min), respectively. Te constant high temperature in tray
drying caused faster drying. Te drying rate increased as
the drying temperature and time increased.

Similarly, an initial drying rate of 0.036± 0.01−0.041± 0.01
(g/g. min) was observed for solar-dried neem seeds under 15
and 30 mm bed thicknesses, respectively, until a critical
moisture content was reached. It showed a falling drying rate of
0.0027± 0.0001 (g/g. min) in solar drying after 6 hours. Like-
wise, the sun-dried neem seeds showed an initial drying rate of
0.022± 0.01−0.028± 0.01 (g/g.min) followed by a falling drying
rate of 0.0006± 0.0001 (g/g. min) after 6 hours.Tis decrease in
drying rate was due to the subsurface removal of water from the
neem seeds at a lower rate.

Table 1: Experimental design for the optimization of azadirachtin content and oil yield.

Variable Independent variable Dependent variable

Number Temperature, °C Bed thickness, mm (1) Azadirachtin content, %
(2) Oil yield, %

Levels Sun drying (35± 5) Solar drying (45± 5)Tray drying (40± 2, 50± 2 and 60± 2) 15± 1 and 30± 1
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Similar results were obtained by Bhaskara Rao and
Murugan [15] for neem leaves drying, Firdissa et al. [16] for
Arabica cofee variety drying, Curtis et al. [17] for galip nuts
drying, and Olalusi et al. [18] for drying of locust beans
Figure 5.

3.2. Efect of the Drying Method and Bed Tickness on Aza-
dirachtin Content. Figures 7(a) and 7(b) show the efect of
drying methods and bed thickness on the azadirachtin
content of neem seeds. Azadirachtin content of fresh neem
seeds was found to be 0.057%. It was observed that the
azadirachtin content ranged between 0.040 and 0.054% at
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Figure 1: (a) Moisture content of neem seeds under tray drying at 60°C. (b) Moisture content of neem seeds under tray drying at 50°C.
(c) Moisture content of neem seeds under tray drying at 40°C.
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Figure 2: Moisture content of neem seeds under solar drying.
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Figure 3: Moisture content of neem seeds under sun drying.
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diferent combinations of drying methods and bed thick-
nesses. Minimum azadirachtin content in the range of
0.040–0.046% was obtained in the tray drying method at
temperature of 60± 2°C and a bed thickness of 15mm. It was
noted that with an increase in temperature above 50± 2°C in
tray drying, a decrease in azadirachtin content was observed.

Tis might be due to the exposure of neem seeds to more heat
which resulted in the reduction of the azadirachtin content.

Similar results were reported by Bhaskara Rao and
Murugan [15] for neem leaves drying and Firdissa et al. [16]
for Arabica cofee variety drying. Maximum temperature of
up to 50± 2°C in tray drying resulted in azadirachtin content
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Figure 4: (a) Drying rate of neem seeds under tray drying at 40°C. (b) Drying rate of neem seeds under tray drying at 50°C. (c) Drying rate of
neem seeds under tray drying at 60°C.
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Figure 5: Drying rate of neem seeds under solar drying.
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Figure 6: Drying rate of neem seeds under sun drying.

Journal of Food Quality 5



in the range of 0.049–0.054%. Decreasing the bed thickness
to 15mm, resulted in the azadirachtin content of
0.046–0.051% for diferent combinations of tray drying with
the temperature of 40± 2 and 50± 2°C. Azadirachtin content
of 0.040−0.049% and 0.048−0.054% was obtained in sun and
solar drying at the temperatures of 35± 5 and 45± 5°C with
15 and 30mm bed thicknesses, respectively.

Tables 2 and 3 show the F value of the statistically analysed
azadirachtin content of neem seeds dried under diferent
drying methods (sun, solar, and tray drying) and bed thick-
nesses. Te R2 value was found to be 0.988 for the diferent
combinations of tray drying (40, 50, and 60°C) and bed
thickness (15 and 30mm). Whereas, sun and solar drying with
15 and 30mm bed thickness had an R2 value of 0.712. Te
suggested quadratic model revealed that diferent drying
methods and bed thickness had a signifcant efect on aza-
dirachtin content (p≤ 0.05). Te azadirachtin content was
statistically analysed andmentioned in the following equations:

Azadirachtin content (%) � +0.0536 − 0.0046A + 0.0001B

− 0.0002AB − 0.0033A
2

− 0.0006B
2
,

(2)

Azadirachtin content (%) � +0.050 + 0.0024A + 0.0001B.

(3)

3.3.Efect of theDryingMethodandBedTickness onOilYield.
Te efect of drying methods and bed thickness on oil yield is
shown in Figures 8(a) and 8(b). It was observed that
a minimum oil yield of 33−37% was obtained at a minimum
temperature of 35± 5 and 40± 2°C in sun and tray drying
with a maximum bed thickness of 30mm, respectively. Tis
decrease in oil yield might be due to less exposure of heat to
the neem seeds. Increasing the temperature and decreasing
the bed thickness to 50± 2°C and 15mm in tray drying

resulted in an increase in oil yield from 40.3 to 42.5%. Te
solar (45± 5°C) and tray drying (50± 2 and 60± 2°C) with
bed thickness of 15mm resulted in a maximum oil yield of
42.5−45.6%, respectively.

Similar work of oil extraction from neem seeds by
Tesfaye and Tefera [9] and Djibril et al. [19] showed an oil
yield of 43.71% and 48.98± 0.34%, respectively. A little lower
oil yield of 32.5% was obtained in neem seed kernels using
50% of ethanol as solvent by Saha et al. [20]. Also, a max-
imum oil yield of 53.5% was obtained by Subramanian et al.
[21] at an optimum condition of extraction time (6 h) using
a solvent mixture of 50 : 50 (n-hexane : ethanol).

Te combination of drying methods and bed thickness
showed a signifcant efect at (p≤ 0.05) on oil yield with an
R2 value of 0.981 and 0.966 using the suggested quadratic
model as shown in Tables 2 and 3. Te obtained data were
statistically analysed and are represented by the following
equations:

Oil yield (%) � +40.92 + 4.34A − 2.19B + 0.7750AB

− 0.6350A
2

− 0.9100B
2
,

(4)

Oil yield (%) � +41.52 + 5.50A − 1.81B + 0.025AB

− 1.81A
2

− 1.33B
2
.

(5)

3.4. Optimization of Process Parameters. Te experimental
results showed a maximum azadirachtin content of
0.050−0.054% at diferent combinations of drying methods
and bed thicknesses (solar and tray drying with 15 and
30mm). Te central composite design was used to fnd the
optimum combination of temperature and bed thickness,
which resulted in maximum azadirachtin content and oil
yield. Te RSM showed that the maximum azadirachtin
content and oil yield of 0.052 and 0.054%, 42.1, and 45.6%,
respectively was obtained under solar (45± 5°C) and tray
drying (50± 2°C) at a bed thickness of 15mm with
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Figure 7: (a) Efect of tray drying and bed thickness on azadirachtin content. (b) Efect of drying methods (sun and solar drying) and bed
thickness on azadirachtin content.
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a desirability value of 0.88 and 0.93 and was found to be
statistically signifcant at p≤ 0.05. Te optimum combina-
tion of azadirachtin content and oil yield is shown in
Figure 9.

3.5. Quality Analysis. Quality analyses were carried out for
the dried neem seeds and oil obtained from diferent drying
methods i.e., sun drying (35± 5°C), solar drying (45± 5°C),
and tray drying (50± 2°C). Since the optimized drying
combination of tray drying (50± 2°C with 15mm bed
thickness) showed maximum azadirachtin content and oil
yield, this combination was used for quality analysis.

3.6. Physiochemical Properties of Oil. Figures 10(a)–10(e)
show the physicochemical properties of oil obtained from
the sun-dried, solar-dried, and tray-dried neem seeds. Te
oil obtained from the tray-dried neem seeds had a higher
specifc gravity (0.93± 0.008), acid value (8.3± 0.18mg/g),
saponifcation value (189.4± 2.90 KOH/g), viscosity
(45.21± 1.25mm2/s), and peroxide value (1.45± 0.023 meq
of O2/kg), respectively. When compared to the solar- and
sun-dried neem seed oil, the higher temperature in the tray
dryer caused lipid hydrolysis, which resulted in oil degra-
dation and indirectly increased acid and peroxide value [9].
Te constant set temperature in the tray dryer resulted in

Table 2: Analysis of variance of efects of diferent combinations of tray drying and bed thickness on azadirachtin content and oil yield.

Source Degrees of freedom Azadirachtin content (%) Oil yield (%)
F value∗ F value

Model 5 118.15 72.36
Temperature (°C) (A) 1 407.48 273.89
Bed thickness (mm) (B) 1 0.0516 69.64
AB 1 0.6018 4.37
A 2 1 182.37 5.10
B 2 1 5.07 10.47
∗ Fvalue-ANOVA coefcient (it is the ratio between the mean sum of squares between the groups to the mean sum of squares within the groups).

Table 3: Analysis of variance of efects of diferent combinations of drying methods (sun and solar drying) and bed thickness on aza-
dirachtin content and oil yield.

Source Degrees of freedom Azadirachtin content (%) Oil yield (%)
F value∗ F value

Model 5 12.37 37.97
Temperature (°C) (A) 1 24.59 153.26
Bed thickness (mm) (B) 1 0.1628 16.69
AB 1 — 0.0016
A 2 1 — 14.46
B 2 1 — 7.87
∗ Fvalue-ANOVA coefcient (it is the ratio between the mean sum of squares between the groups to the mean sum of squares within the groups).
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Figure 8: (a) Efect of tray drying and bed thickness on oil content. (b) Efect of drying methods (sun and solar drying) and bed thickness on
oil yield.
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lipid breakdown and a reduction in the molecular weight of
the triglycerides present in the oil, resulting in an increased
saponifcation value [9]. Te oil of the tray-dried neem seeds
was found to be darker than that of the solar- and sun-dried
neem seeds.

Similar studies were carried out by Tesfaye and Tefera
[9], and they obtained the minimum acid value (14.46mg
KOH/g), saponifcation value (194.48mg KOH/g), specifc
gravity (0.90), and pH (4.86). Also, Djibril et al. [19] found
that neem oil had an acid value of 10.2mg·g−1, a saponif-
cation value of 200mg·g−1, and an iodine value of 72.8 g.
100 g−1 for neem seed. Te variations in the quality and
quantity of neem oil obtained might be due to the varietal
diferences and extraction methods.

Te color values in terms of L∗, a∗, and b∗ were found to
be 53.9± 0.127, 12.8± 0.24, and 35.9± 0.42 for sun-dried
neem seeds, 36.7± 1.173, 10.54± 0.344, and 20.21± 0.3163
for solar-dried neem seeds, and 26.5± 0.143, 7.4± 0.153, and
6.3± 1.104 for tray-dried neem seeds, respectively. Te efect
of drying methods on the color value of neem seed oil was
statistically signifcant at p≤ 0.01. Due to the increased heat
exposure, the L∗ value of neem oil decreased as the drying
temperature increased [22].

3.7. Particle Size Analysis. Table 4 shows the particle size
analysis of fresh and dried powdered neem seed kernels
under diferent drying methods. Te particle size of the
powdered fresh, sun-, solar-, and tray-dried neem seeds was

recorded as 711.5± 92.2, 265.3± 26.1, 662.0± 81.1, and
1335.5± 273.3 nm, respectively. Te particle size of the tray-
dried neem seed powder was found to be higher than the
solar- and sun-dried seed powders. Tis is because of the
uniform drying of neem seeds in the tray drying method.
Similar to the present work, Shewale and Rathod [23]
analysed the diferent particle sizes of neem leaf powder
(0.1−0.2, 0.2−0.3, and 0.3−0.4mm) to study the efect of
drying methods on the phenolic contents of neem. Also,
Tesfaye and Tefera [9] analysed the powder size of neem seed
(355 μm) for extracting neem oil using the Soxhlet extraction
methods. Te particle size is also equally important for the
efective oil extraction.

3.8. FTIR Analysis. Figure 11 shows the results of the FTIR
analysis of powdered fresh and dried neem seeds. It showed
the presence of diferent functional groups in diferent
absorption wave numbers and it was found to be varied
among samples based on the drying method opted. Te total
number of functional groups found in the seeds is 6. Fresh
neem seeds showed peaks at a wavenumber of 2970.44,
1737.73, 1375.12, 1220.27, 904.42, and 518.05 cm−1, re-
spectively. Similarly, sun-dried neem seeds showed peaks in
the wavelength of 2928.27, 1732.36, 1375.12, 1214.13,
1005.62, and 535.68 cm−1. Te solar-dried neem seeds
exhibited the peaks at the wavenumber of 2916.78, 1743.86,
1375.12, 1214.13, 1029.38, and 518.05 which was followed by
the tray-dried neem seeds at 2910.64, 1732.36, 1380.49,
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1214.13, and 541.82 cm−1. Te spectra of FTIR verifed the
occurrence of amines, aromatic compounds, carboxylic acid,
amino acids, alkyl halide, alkanes, and phenols in the seeds.

Te peak absorption wavelength of 2910.64, 2916.78,
2928.27, and 2970.44 represents the C-H stretching vi-
bration modes in the hydrocarbon chain which was ob-
served in fresh, sun-dried, solar-dried, and tray-dried neem

seeds. Whereas, the peak values at 1737.73 cm−1 matching
with the stretching vibrations of the C�O in carboxylic
acids, aldehydes, and ketones were found in tray-dried
neem seeds and at 1732.36 cm−1 in solar-dried neem
seeds, and at 1743.86 cm−1 in sun-dried neem seeds
compared to the fresh neem seeds with a peak value of
1732.36, respectively [24].
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Te absorption bands of dried neem seeds in the range of
1375 cm−1 were designated to the frequency stretching that
comes from the C-O bonds of acetyl esters, C�O, CH2
wagging, and C-H stretching compared to the peak value of
fresh neem seeds at 1380.49 cm−1. It was reported that the
aliphatic C-C position occurred in the range of
1214.13−1220.27 cm−1 and frequency values of around
1005.62 cm−1 in neem seeds was the stretching vibration C-
O. Te FTIR spectra verifed the occurrence of halides, al-
iphatic amines, aromatic, carboxylic groups, amides, al-
kanes, and alkenes. Similar to the present study, the presence
of the terpenoid group was confrmed with the same level of
peak by Senthilkumar and Sivakumar [25].

Similar studies of FTIR spectroscopy on the de-
termination of the composition of adulterated neem and
faxseed oil, performed by Elzey et al. [10] showed that 2900,
1700, and 1100 cm−1 confrmed the presence of C-H
stretching, C�O stretching, and C-O stretching. Corre-
spondingly, Iqbal et al. [26] studied FTIR analysis for highly

stabilized neem oil and mixture (neem and grass oil)
emulsion and found that the wavenumber of 1642 and
2928 cm−1 was not changed when neem oil was added with
grass oil which confrmed that there is no interaction be-
tween these oils and other ingredients.

3.9. Elemental Analysis. Elemental compositions such as Li,
Mg, K, Ti, V, Cr, Mn, Fe, Co, Ni, As, Ce, Cu, Na, Ca, B, Sb, P,
Zn, Mo, Cd, Sn, and Pb are shown in Figure 12.

Increases in the percentage of 117.51, 19.791, 20.662, 20,
15.404, 25.011, 16, 166.667, 192.727, and 10.417ppm were
observed in the elemental composition of Na, Ca, B, Sb, P, Zn,
Mo, Cd, Sn, and Pb. Te elemental composition was found to
be 92.113± 0.87, 1359.02± 24.04, 4.922± 0.137, 0.005± 0.0001,
927.7± 20.19, 18.636± 0.35, 0.075± 0.0007, 0.009± 0.0002,
0.055± 3.742, and 0.432± 0.0061ppm for fresh neem seeds,
respectively. Te minimum elemental composition of
78.773± 0.64, 1442.79± 14.72, 5.939±0.044, 0.006± 0.34,

Table 4: Particle size analysis of powdered neem seed kernels under diferent drying methods.

S. No Method of drying Particle size of
neem seed powder (nm)

1 Fresh neem seeds 711.5± 92.2
2 Sun-dried 265.3± 26.1
3 Solar-dried 662.0± 81.1
4 Tray-dried (50± 2°C with 15mm bed thickness) 1335.5± 273.3
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Figure 11: FTIR analysis of powdered neem seeds.
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964.602± 14.43, 23.297± 0.634, 0.063± 0.0003, 0.023± 0.0006,
0.136± 0.003, and 0.0675± 0.002 ppm were obtained for sun-
dried neem seeds. Solar-dried neem seeds showed maximum
retention in the elemental composition of 200.356± 2.95,
1627.99± 34.33, and 5.289± 0.028 for Na, Ca, and B. Te el-
emental composition of Sb, P, Zn, Mo, Cd, Sn, and Pb was
found to be maximum for tray-dried neem seeds with
0.004± 6.25, 1070.6± 5.82, 20.076± 0.150, 0.087± 0.0002,
0.024± 0.001, 0.161± 0.0004, and 0.477± 0.0021ppm, re-
spectively.Tis increase in composition was observed since the
seeds were concentrated during drying by the removal of water.

Similar studies by Novotnik et al. [11] on neem powder
showed that trace elements, namely, Al, Fe, Co,Cu,Ni, Cd,V, Zn,
As, Se, M, Pb, and Cr were present in the composition of
3100±10, 1510±40, 1.56±0.02, 19.9±0.2, 17.8±0.8,
0.034±0.001, 9.3±0.4 29, 16.2±0.7, 0.63±0.02, 0.54±0.01,

1.57±0.06, 4.6±0.1, and 197±5mg·kg−1, respectively. Corre-
spondingly, Zhang et al. [27] mentioned that 17 trace elements,
namely, B, Na, Ca, Cr, Cd, Cu, Fe, Se, Pb, Al, Mn, Ni, As, Mg, P,
K, and Zn was recorded with the composition of 18.86±0.08,
10215±248, 6967±338, 1.75±0.4, 0.024±0.001, 2.7±0.1,
107±20, 0.21±0.00007, 0.257±0.100, 101±4.00, 17.40±0.11,
0.92±0.17, 0.066±0.001, 2487±67, 4873±185, 15860±947, and
26.4±3.7μg·g−1 in freeze-dried blueberry and the strawberry.
Te quality of neem oil depends on the elemental composition
and the diference in content might be due to the variety, varying
climatic conditions, and extraction techniques [28].

4. Conclusion

In this study, three diferent drying methods (sun drying,
solar drying, and hot air at 40, 50, and 60°C) were applied to
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neem seeds and the efects of these drying methods on the
azadirachtin content, functional groups, and elemental
composition were studied. Te drying methods signifcantly
afected the oil yield and azadirachtin content of the neem
samples. Te optimum conditions for obtaining maximum
azadirachtin and oil yield were found in solar drying at a bed
thickness of 15mm. Based on the study, there was a change
in the quality of the oil for diferent drying methods and this
might be because of an increase in temperature and drying
time. Regarding the functional groups, FTIR results showed
that there is no change in functional groups when the neem
seeds are dried under diferent drying methods without
allowing the functional compounds to degrade in the
specifed temperature ranges. Among the drying methods,
sun-dried samples showed the least values of elemental
composition while solar-dried and hot air-dried samples
contributed to the maximum retention of elements. Tis
study will be highly useful for food sectors that use neem oil
in preservation, packaging, and storage.

5. Disclosure

Te frst author and third author presented the same work
“Impact of diferent drying techniques on neem seeds drying
kinetics and oil quality” in International Symposium “Ag-
ricultural Engineering Innovation for Global Food Security
and India @2047: Agricultural Engineering Perspective”
organized by Indian Society of Agricultural Engineers, New
Delhi, and Agricultural Engineering College and Research
Institute, Tamil Nadu Agricultural University, Coimbatore,
India.

Data Availability

Te data that support the fndings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

Te authors declare that they have no conficts of interest.

Acknowledgments

Te authors (P. Rajkumar and P. Sudha) gratefully acknowl-
edge the funding of the Coromandel International Limited
(Bioproduct division), Chennai, for this research work.

References

[1] M. A. Adedeji and O. K. Owolarafe, “Some physical properties
of neem seeds & kernels (Azadirachta indica) as a function of
moisture content,” Carbon, vol. 86, pp. 78–92, 2015.

[2] S. Sanuja, A. Agalya, and M. J. Umapathy, “Synthesis and
characterization of zinc oxide – neem oil – chitosan bio
nanocomposite for food packaging application,” International
Journal of Biological Macromolecules, vol. 74, pp. 76–84, 2015.

[3] P. Kumar, N. Singh, L. S. Devi et al., “Neem oil and its
nanoemulsion in sustainable food preservation and packag-
ing: Neem oil and its nanoemulsion in sustainable food
preservation and packaging: Current status and future

prospectsurrent status and future prospects,” Journal of Ag-
riculture and Food Research, vol. 7, Article ID 100254, 2022.

[4] S. Dubhashi, V. Pranay, M. Singaiah, J. Satwik,
V. V. L. N. Prasad, and P. V. Diwan, “Studies on extraction
and HPLC analysis of azadirachtin from kernels of neem
seeds,” Journal of Advanced Pharmacy Education & Research,
vol. 3, no. 1, pp. 27–30, 2013.

[5] S. H. Heroor and S. R. Bharadwaj, “Production of bio-fuel
from crude neem oil and its performance,” International
Journal of Environmental Engineering and Management,
vol. 4, no. 5, pp. 425–432, 2013.

[6] R. C. Solanki, S. N. Naik, S. Santosh, and A. P. Srivastava,
“Design, development and evaluation of neem depulper,”
Agricultural Mechanization in Asia Africa and Latin America,
vol. 48, no. 4, p. 46, 2017.

[7] N. D. Bup, E. N. Aweh, and I. N. Mbangsi, “Physical prop-
erties of neem (Azadirachta indicaa. juss) fruits, nuts and
kernels,” Sky Journal of Food Science, vol. 2, no. 8, pp. 14–23,
2013.

[8] N. Kaushik, “Determination of azadirachtin and fatty acid
methyl esters of Azadirachta indica seeds by HPLC and GLC,”
Analytical and Bioanalytical Chemistry, vol. 374, no. 7-8,
pp. 1199–1204, 2002.

[9] B. Tesfaye and T. Tefera, “Extraction of essential oil from
neem seed by using soxhlet extraction methods,” In-
ternational Journal of Advanced Engineering, Management
and Science, vol. 3, no. 6, pp. 646–650, 2017.

[10] B. Elzey, D. Pollard, and S. O. O. Fakayode, “Determination of
adulterated neem and faxseed oil compositions by FTIR
spectroscopy and multivariate regression analysis,” Food
Control, vol. 68, pp. 303–309, 2016.

[11] B. Novotnik, T. Zuliani, J. Ščančar, and R.Milačič, “Content of
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Fish drying is one of the traditional methods where the fshermen land their catch on the beaches for drying traditionally under
sun for several days. Dried fsh provides valuable and economical sources of animal protein. Te quality of dried fsh is sig-
nifcantly infuenced by the presence of microorganisms. Terefore, this study aims to determine the physical quality changes in
anchovy under three diferent solar drying methods which are open sun drying (OSD), solar greenhouse tunnel dryer (GTD), and
forced convective solar dryer (FCD) and to verify the chemical and microbial contamination in solar-dried anchovy. About
(20 kg) of fresh anchovy were taken for experiments. Quality analyses were conducted in the samples before, during, and after
drying. Te parameters analyzed included three main analyses which are physical, chemical, and microbial analyses. Te drying
rate was higher in GTD compared to the two other methods. Moisture content, drying rate, and moisture ratio were signifcantly
afected by drying methods. GTD required less time (6 hr) to dry anchovies compared to other drying methods (9 hr time). Te
highest reduction in lightness is in GTD dried anchovies followed by FCD and OSD. Te drying methods and drying time
statistically afect the lightness (L) of dried anchovies (p≤ 0.05). Te water activity of solar-dried anchovies was 0.3. Experi-
mentally dried anchovies were found to have lower microbial count compared to the dried fsh quality standards. Te total viable
count (TVC) in fresh anchovy was 6.44 log CFU/g compared to the greenhouse tunnel dryer 2.90 log CFU/g, open sun dryer 4.16
log CFU/g, and forced convective dryer 4.19 log CFU/g anchovies. Water activity and moisture content did not afect total viable
count (TVC) signifcantly, but it afects total fungal count (TFC) (p≤ 0.05). Tere was a signifcant diference on Krusal Wallis
between the samples of three methods of drying and a fresh one on the water activity, ash content, and fat content (p≤ 0.05).

1. Introduction

Te high protein and nutritious content of fsh makes it the
staple diet in many countries around the world. Te
coastline of Oman is very long comparing to other Gulf
countries, and therefore, fshing is the most economic ac-
tivity for many people in the coastal area. Oman is the
biggest fsh producer in the Gulf region [1]. Fish production
in Oman is estimated at about 840,000 tons, with a total
value of RO 364 million in 2020 [2].

Anchovy is a small coastal fsh that can be found in many
diferent environments inmost seasons. It also used to produce
diferent traditional products like dried, marinated, salted,
smoked, and pickled anchovies. Te anchovies are usually
caught using a trawling net in the Arabian Gulf regions and
that carried out in conditions with low hygienic, where it is
dried traditionally in the open sun drying for three to fve days,
and then it is stored in conditions with ambient temperature
[3]. Also, anchovies are considered as traditional products in
Oman and other countries. Anchovies are a very healthy food
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that are especially useful for supplying high-quality protein that
is superior to that found in meat and eggs [4]. However, in
areas with hot climates, fsh perishes quickly and for that
reason people normally try to extend their shelf life by
employing various methods like smoking, salting, and drying
[5]. Sun drying is a traditional method of preserving fsh that is
used all around the world [6]. Drying fsh especially anchovies
creates income for local communities in many countries. Te
process of drying fsh is a physical process as the fsh is exposed
to hot air and the moisture evaporates from the surface area to
the air.Tis process can extend the shelf life of the products and
produce the desired texture and favors and these practices are
done in many communities and societies [7]. Anchovy fsh
contains high moisture content, which leads to faster de-
terioration. Moisture content is a key factor afecting the
quality of anchovy fsh during storage and handling [8].

Te process of drying is not only used to increase the
shelf life of any fresh product but also to reduce the weight,
volume, package, storage, and cost of transportation and to
increase the productivity of marine and agriculture [9].
Traditional fsh drying methods have the drawback of losing
30–40% of the dried fsh’s quantity to dogs, birds, cats, and
rodents [10]. In fact, this component lowers the earnings
from dried fsh. In addition, sun-dried fsh could develop
health risks and unhygienic when insects and larva attack the
dried fsh. Microorganisms have an impact on dried fsh’s
quality. Nowadays, health concerns of consumers make the
determination of microbiological quality and safety of dried
fsh very important. Te quality of products is also con-
sidered to be themain infuential parameter in the open solar
drying technique as it was afected by unexpected rain and
foreign bodies left by the animals and birds. As fsh products
are very perishable, because of their important microbial
load, satisfactory solar drying may preserve their physico-
chemical quality which allows their storage over an extended
period. No specifc study was conducted to assess the impact
of drying methods on microfora and fatty acids content of
anchovies in the Oman seas. Terefore, the objective of this
study is to improve the quality of locally produced dried fsh
using solar driers. It determines the physical quality changes
in anchovy under solar drying methods. Tis study also
verifes the chemical and microbial contamination in solar-
dried anchovy.

2. Materials and Methods

About 20 kg of fresh anchovies were purchased from Oman
local market and stored in a cool box with ice to being
transported from a Barka’s beach, Oman to be fnally shifted
to the Laboratory in College of Agricultural and Marine
Sciences. Before drying, there were three diferent analyses
carried out which are physical, chemical, and microbial
analyses, and each analysis has diferent tests as shown in

Figure 1. During drying, there were three diferent methods
of drying which are open sun drying (OSD), greenhouse
tunnel drier (GTD), and forced convective solar drier (FCD).
Water activity, color, and weight were measured each hour
during drying. Weather data like temperature, relative hu-
midity, and solar radiation were recorded each hour during
July 2021 from 7 AM to 4 PM at SQU Experimental Station.
Physical, microbial, and chemical analysis were conducted
before and after drying experiment.

2.1. Fish Drying Experiments

2.1.1. Open Sun Drying (OSD) Method. A quantity of fresh
anchovy was purchased from the local market and placed on
perforated trays. Te anchovy samples were placed at a 1-
meter height from ground to obtain an appropriate amount
of solar radiation.

2.1.2. Forced Convective Solar Dryer (FCD). A preliminary
model design of a forced convective solar dryer was installed
at Sultan Qaboos University Experimental Station, Muscat,
as shown in Figure 2. It consisted of two main parts: (1)
upper inclined solar collector and (2) lower fat drying
chamber. Te solar collector is composed of a single glass
cover tilted by an angle of 23.6° to the south and black granite
was used on the bottom to absorb the highest amount of
solar radiation [11]. Te surrounding air was drawn through
the forced convective solar dryer by centrifugal fans with an
air velocity of 0.36m/s that were placed in the lower
chamber. Te fsh samples, placed inside the drying
chamber, are dried by the conventional hot air fush that is
coming from the main solar collector.

2.1.3. Greenhouse Tunnel Dryer (GTD). Greenhouse tunnel
dryers consist of two parts which are a solar heat collection
section and a drying chamber and it is 15m length with 2m
width as shown in Figure 3. Te structure of GTD was
covered by a polyethylene sheet and the air inlet (1.8× 0.2m)
was protected by a fne nylon mesh to prevent the intrusion
of small particles such as dust and insects. Two fans were
fxed opposite to the air inlet side to withdraw the heated
drying air through the cavity of the GTD, and they were
operated at an air velocity of constant fow at 0.36m/s [11].

2.2. Physical Quality Analysis

2.2.1. Moisture Content. In order to calculate the moisture
content of fresh fsh, whole sample of anchovy was weighed
before and after oven drying at 105°C for 24 hours with fve
replicates. Te percentage of moisture content in wet-basis
(Xm, %) was calculated as follows:

moisture content% �
f ish samples wet weight (g) − f ish samples dr iedweight(g)

f ish samples wet weight (g)
× 100. (1)
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Figure 1: Overall experimental design.

Figure 2: Installed forced convective solar dryer (FCD) at agricultural experimental station, SQU.
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2.2.2. Color Measurements. In the color measurement of the
study, the values of color for fresh samples and dried treated
anchovies were taken using a colorimeter (NR110, Shenzhen
TreeNH Tech, China). For each method of drying, three
samples were taken and fve replicated were taken for each
measurement (N). Te color was measured in the central
part of anchovy body.Te color coordinates of L∗, a∗, and b∗

were taken by the colorimeter device. Furthermore, the
Chroma for the color intensity and hue for the color purity
angle were detected in the study [12].

2.2.3. Water Activity Measurement (aw). Water activity
measurement (aw) for the anchovy’s samples were de-
termined using a lab-based water activity meter (M.10′972,
HygroLab C1, Rotronic, USA). For each method of drying,
whole sample was taken and three samples were measured,
and the measurements of each sample were recorded in
every hour of drying starting from the start of the fsh drying
process.

2.3. Chemical Quality Analysis

2.3.1. Fatty Acids. Te fsh sample (0.2 grams) was weighted
in a 10.0ml Sovirell pyrex tube and then grounded to small
pieces.Ten, a 4.0ml of chloroform :methanol mixture of 2 :
1 (v/v) was mixed in the tube. 1.0ml of the internal standard
was then added and clearly mixed for around 30 seconds
using a lab vortex mixer. Te mixture was left in a freezer at
−20°C for overnight. Next, the frozen sample was clearly
fltered and then dried using a rotary evaporator. Te
remained residue was dissolved in a 6.0ml of diethyl ether.

Ten, it was easily transferred to a test tube and let dried in
a stream of treated nitrogen. Next, a 1.0ml portion of
Caustic Soda (NaOH) was added to a 0.5M methanol. Te
sample was then mixed using a lab vortex mixer. It was
heated for around 15minutes at a boiling temperature of
100°C. Next, the mixture was cooled in liquid water for rapid
heat loss. Nearly 2.0ml of BX3/CH3OH (X F or Cl) mix was
then added and mixed using a vortex mixer [13]. Te
mixture was heated for nearly 5min at a boiling temperature
of 100°C. Te mixture was then cooled. A subsequent
portion of 1.0ml of hexane and 2.0ml of water (H2O) were
added to the mix. It was mixed for nearly 15 seconds using
a lab vortexmixer.Temixture was placed in a lab centrifuge
at 3000 rpm. Nearly 1.0ml of hexane was added to the
available mixture using a lab vortex mix. Te sample was
centrifuged for the collection of the hexane phase of 1.0ml.
Te total 2.0ml hexane phase was collected. Te collection
was concentrated or diluted based on the fnal fat content.
Finally, a gas chromatographic analysis was conducted using
a GC (M. GC-2010 Plus, brand Shimadzu, United States) for
the fatty acid analysis.

2.3.2. Ash. Te weight of porcelain crucible was recorded.
2.0 grams sample was placed on the crucible. Te weight (g)
of the crucible with the sample was taken.Te crucibles were
placed in mufe furnace (Model: RWF 12/5, CARBOLITE)
and heated at 600°C± 2°C for 5 hours. Ten, the crucibles
were allowed to cool into a lab desiccator. Finally, the weight
of the crucibles (g) after ashing was recorded. Tree repli-
cates were taken for each ashing method. Te ash content
(%) is calculated as follows:

ash% �
crucible weight after ashing − crucible and sample weight before ashing

weight of sample
× 100. (2)

Figure 3: Greenhouse tunnel dryers (GTDs), agricultural experimental station, SQU.
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2.3.3. Fats. A number of fasks were oven dried, cooled, and
weight recorded prior to soxhlet extraction. 1–5 g of fsh
samples were placed into numbered extraction thimbles.
100ml of petroleum spirit was added into the soxhlet dis-
tillation fask. Te extractor was fxed to each of the indi-
vidual fask and placed on the heater part. Te extraction
solvent was then heated at 50°C. Te extraction was per-
formed for 8 hours. Timbles were removed from the

Soxhlet apparatus. Te distilled solvent was collected and
stored in a separate bottle. Te collected fat was removed in
the fask. Ten, it was dried in a conventional air-drying
oven at 80°C for 1 hour to remove remained solvent in the
fask. Weight of the fasks (g) in replicates (N) including the
collected fat was taken. Te percentage of fat (%) is calcu-
lated by using the following equation:

fat % �
removed flask with fat weight (g) − empty f lask weight(g)

sample′s weight (g)
× 100. (3)

2.4. Microbial Assessment

2.4.1. Preparation of Media. Several selective and non-
selective media were prepared according to Al Bulushi [14]
as in Table.1. 19.5 g of Sigma powder of Potato Dextrose Agar
(PDA) was mixed with a 500ml of distilled water.

11.75 g of Sigma powder of standard plate count (SPC)
was mixed with a 500ml of distilled water in a media bottle.
9.5 grams of the Sigma powder of maximum recovery dil-
uent (MRD) was mixed with 1000ml of distilled water.
Following the same sterilization process, 225ml of the
diluent was placed for each experiment. 9.0ml test tubes
were used for each diluent. 18.3 g of Sigma powder of
tryptone bile X-glucuronide agar (TBXA) was mixed with
500ml of the distilled water. 15.0ml of the agar media was
poured in Petri dishes and cooled at room temperature °C.
33.16 g of Sigma powder of baird parker agar (BPA) was
thoroughly mixed with 500ml of distilled water on a boiling
plate using a lab vortexmixer. 25ml of concentrated egg yolk
emulsion was then added to the agar. 15ml of the agar was
poured on a petri dish plate for the S. aureus microbial
count. Violet-red bile agar was used for the enumeration of
coliforms species and Enterobacteriacea count. 20.76 g of
Sigma-powder of violet-red bile agar (VRBA) was mixed
with 500ml of distilled water on a boiling plate using

a vortex mixer. All prepared medium were then sterilized at
121°C for 2.5 hours in an autoclave (Tomy SX-500 Lab
Autoclave, TOMY, USA). 15.0ml of individual agar media
was placed and cooled to room temperature in a separate
Petri dish.

2.4.2. Total Fungal Count (TFC). Te total fungal count was
conducted for the fsh sample. 25.0 g of the fsh sample was
placed into a sterile stomacher bag (Seward, UK). Nearly,
225ml of the maximum recovery diluent was added to the
collected mass in the stomacher bag to achieve the initial
10−1 dilution. Te mixture was then homogenized using
a lab-based stomacher (Seward, UK) for 1minute. Solutions
were serially up to 10−3 dilutions.

0.1ml or 100 μl from each test tube of the three dilutions
of 10−1, 10−2, and 10−3 dilution was aseptically transferred
into duplicate plates of the Potato Dextrose Agar (PDA)
plate. Te mixture was then spread on a fame starting from
the highest dilution of 10−3 to the lowest dilution 10−1. All
the petri dish plates were incubated aerobically at an ambient
temperature of nearly 25°C for 3–5 days in a lab incubator.
Te colony forming units counts were counted using
a colony counter equation:

cfu � 􏽘
n�1

number of colonies on the plate ×
1

di lution factor X volume taken
. (4)

2.4.3. Total Aerobic Bacterial Count (TABC). 25.0 grams of
the fsh sample was placed into a sterile stomacher bag.
Nearly 225ml of the maximum recovery diluent was added
making a 10−1 dilution. Tis mixture was homogenized in
a stomacher bag for 1minute. Dilutions of 10−2 and 10−3

were prepared using 1.0ml into 9.0 dilutions.
0.1ml or 100 µl from the three dilutions were transferred

aseptically in duplicate plates of Standard Plate Count Agar
(SPCA) plate. Te mixture was then spread on the petri
dishes on alcohol famed spreading from the highest dilution
of 10−3 to the lowest dilution of 10−1. All petri dish plates
were incubated aerobically at 35°C for 48 hours. Colony

counts were taken after the 48 hours using the colony
counters. Equation (4) was used to calculate the colony
forming units per gram of the fsh sample.

2.4.4. Enterobacteriaceae Count. For Enterobacteriaceae
count, 12.0ml of molten VRB Agar at 44−47°C was added
using a pouring plate technique. All petri dish plates were
incubated for 24 hours at 35°C in a lab microbial incubator.
Colony counters were used to count the pink colonies on the
plates. Colony forming units per gram of the fsh sample was
calculated using equation (4).

Journal of Food Quality 5



2.4.5. Bacterial Test

(1) Enumeration of E. coli in Dried Fish. 50 grams of fsh
sample was placed in a beaker and mixed well. 25 grams of
the mix was taken to the stomacher bag of 225ml of
diluent to make a 10−1 dilution. 10−2 and 10−3 dilutions
were made using a vortex mixer of mixing 1.0ml into 9ml
of dilutions. 0.1 ml from each test tube of 10−1, 10−2, and
10−3 dilution was aseptically transferred in duplicate of
Tryptone Bile X-Glucuronide Agar (TBXA) plate. Next,
spreading of 0.1 ml from the dilution using alcohol famed
spreading was conducted starting from the highest di-
lution of 10−3 to the lowest dilution of 10−1. Colony
counters were used to count the blue or green colonies on
the plates. Colony forming units per gram of the fsh
sample was calculated using equation (4).

(2) Enumeration of Staphylococcus aureus. Te dilution
mixes of 10−1, 10−2, and 10−3 were prepared using the same
tools and techniques explained in the previous sections.
Molten Baird–Parker Agar was used in the agar medium for
the incubation of S. aureus. All petri dish plates were in-
cubated for 24 hours at 35°C in a lab microbial incubator.
Colony counters were used to count the black colonies on
the plates. Colony forming units per gram of the fsh sample
was calculated using equation (4).

(3) Enumeration of Coliforms. Te dilution mixes of 10−1,
10−2, and 10−3 were prepared using the same tools and
techniques explained in the previous sections. 1.0ml from
each dilution in duplicate was aseptically transferred to
sterile petri dishes. Around 12ml of molten VRB Agar at
47°C was prepared on microbial petri dishes. All petri dish
plates were incubated for 24 hours at 35°C in a lab microbial
incubator. Colony counters were used to count the pink
colonies on the plates. Colony forming units per gram of the
fsh sample was calculated using equation (4).

2.5. Data Analysis. Tree tests of repeated drying were
conducted throughout the experiment. All data were
tabulated in an excel sheet for data analysis. Summary
statistics was carried out for the study analysis. Mean and
standard deviation were reported. Analysis of Variance
ANOVA with a p≤ 0.05 was considered for the signif-
cance diference analysis. Chi-square analysis along with
Pearson’s correlation methods was conducted. p≤ 0.05
was considered for signifcance level.

3. Results and Discussion

3.1. SolarData. Temaximum temperature was 49.35°C and
that was around 12 PM. Te average temperature was
around 43.99± 3.34°C and the minimum temperature was
39.04°C (Figure 4). Maximum relative humidity was 28.76%
at around 8 AM and the average was around 19.17± 5.07%,
and the minimum RH was11.99%. Average solar radiation
was 565.50± 0.18W/m2.

3.2. Efect of Drying Methods on Physical Quality
Characteristics of Anchovy

3.2.1. Moisture Content, Drying Rate, and Moisture Ratio.
Moisture content was signifcantly afected by drying time
(p � 0.04345) and drying methods (p≤ 0.00001)
(Figure 5(a)).Te percentage of moisture content reduction
for OSD was about 78.90% after 9 hours drying, for FCDwas
about 79.08% after 9 hours drying and for GTD was 80.27%
after 6 hours of drying, and it is the highest reduction
comparing to the other methods.Te results showed that the
GTD sample has the lowest moisture content compared to
FCD and OSD and that could be related to high temperature
inside the greenhouse tunnel dryer [11]. Similarly, the drying
rate was highly infuenced by drying methods (P≤ 0.00001)
and the time of drying (p � 0.03874) (Figure 5(b)). Te
study confrmed that the drying rate was higher in GTD
compared to the two other methods. Similar trend was
observed in the moisture ratio of dried anchovy in all three
methods, where drying time ((P≤ 0.00001)) and drying
methods (p � 0.03511) signifcantly infuenced the moisture
ratio of dried anchovy. Tis might be related to the lowest
average RH and highest average temperature during daytime
in GTD and for that the evaporation process of the drying air
would be increased [11].

3.2.2. Color Change. Color is a key factor in drying tech-
nique selection and optimization, as well as market value.
Te results showed that the lightness of anchovy was highly
afected by drying methods (P≤ 0.01) and drying time
(P≤ 0.01) (Figure 6). Te L∗ value of anchovies was changed
during the drying process in all drying methods. Te
lightness was high in the fresh sample and decreased sig-
nifcantly at the end of drying. During drying, anchovies
dried in GTD showed the highest decrease on L∗ value from
51.19± 1.19 to 9.95± 0.82 from hour 0 to hour 6, re-
spectively. Tis was followed by anchovies dried in FCD

Table 1: Types of media used in the microbial assessment.

Tests Media Manufacturer
Total fungal count (TFC) Potato dextrose agar (PDA) Sigma-Aldrich
Total viable count (TVC) Standard plate count agar (SPCA) Sigma-Aldrich
Te diluent Maximum recovery diluent Sigma-Aldrich
Escherichia coli counts c.f.u/g Tryptone bile X-glucuronide agar (TBXA) Sigma-Aldrich
Staphylococcus aureus counts c.f.u/g Baird–Parker media agar (simply BPA) Sigma-Aldrich
Coliforms total counts and Enterobacteriacea count c.f.u/g Violet-red bile agar (simply VRBA) Sigma-Aldrich
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Figure 4: A typical day weather data during the experimental period.
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lightness was decreased from 51.19± 1.19 to 7.20± 1.02 from
hour 0 to hour 9, respectively (Figure 6). Same scenario was
observed on anchovies dried in OSD, where the L∗ value
reported was decreased from 51.19± 1.19 to 10.39± 0.42
from hour 0 to hour 9, respectively. Tis could be due to the
reaction of nonenzymatic and decomposition of pigments of
color which produce darkness [11]. Nadia et al. [15] reported
similar results for air dried sardine (Sardina pilchardus)
muscles. With drying time, the color attribute of L∗ is
showed a decrease trend for all dryingmethods.Te anchovy
L∗ values decreased due to the binding of the unsaturated
fatty acids with oxygen, thereby accelerating anchovy oxi-
dation and afecting the Maillard reaction [16]. In addition,
the highest reduction in lightness is in GTD dried anchovies
followed by FCD and OSD and this might be related to high
temperature in GTD. It has been reported in diferent re-
searches that the decrease in L∗ value increases the darkness
of some food materials and destruction of the pigments
[11, 17].

3.2.3. Water Activity. Te water activity is a very reliable
indicator for food preservation and of microorganism
growth and spoilage of dry fsh products. Each type of
food has exhibited a water activity limit below which
microbial growth stops. Almost all bacteria grow at about
aw � 0.85, while fungi at aw < 0.7 and mould and yeast at
about aw � 0.61 [18]. Figure 7 shows the water activity
value of dried anchovy using GTD, OSD, and FCD. Te
water activity was statistically infuenced by drying
method (p< 0.01) and drying time (p< 0.01). Te GTD
showed the highest reduction in water activity during
drying time. During drying process, the water activity of
anchovies dried in GTD was decreased from 0.92 ± 0.02 to
0.30 ± 0.04, water activity of FCD anchovies was decreased
from 0.92 ± 0.02 to 0.30 ± 0.01, and the water activity of
anchovies dried in OSD was decreased from 0.92 ± 0.02 to
0.35 ± 0.04. After the drying process, it was found that the
percentage of water activity reduction in GTD was 67.95%
after 6 hours drying. However, it was 49.23% and 43.33%
for FCD and OSD after 9 hours drying, respectively. In
addition, the water activity level in GTD was decreased
rapidly compared to other methods and that showing the
anchovy fsh are sufciently dried and are able to prevent
the growth of hazardous microorganisms. Te reduction
in the water activity prevents oxidation and enzymatic
reaction [19]. Oparaku et al. [20] found that moulds keep
their growth at water activity not less than 0.7, while
bacteria likes to grow at water activity of 0.9 [21].
Terefore, keeping water activity at a level of about
aw � 0.6 ensures the absence of microbial growth of most
microorganisms. Te storage stability of the product is
also afected by aw, as dried products have a longer shelf
life than moist products. Controlling water activity can
help to prevent fsh spoilage. For every microorganism,
there are minimal, optimum, and maximum levels of
water activity for growth. Reducing water activity (aw) can
thus decrease putrefaction and improve fsh
preservation [22].

3.3. Efect of Drying on Chemical Quality Characteristics of
Anchovy

3.3.1. Fatty Acids. Te study revealed a signifcant diference
in fatty acids compositions among the three diferent drying
methods as well as fresh samples with (p≤ 0.05). Tere is
also a signifcant correlation between polyunsaturated fatty
acids contents in mg/g and the amount of Omega-3 fatty
acids compositions mg/g with (p≤ 0.05). As poly-
unsaturated fatty acids increase the Omega-3, fatty acids
increase. Tis explains the presence of 5,8,11,14,17-Eico-
sapentaenoic acid, methyl ester, (all-Z)- and 4,7,10,13,16,19-
Docosahexaenoic acid, methyl ester in the anchovies fsh
sample. Results showed a signifcance diference of fatty acid
composition for tunnel dried sample (p value� 0.039),
forced convective drying (p value� 0.0282), and open sun-
dried sample (p value� 0.0300) from that of the fresh sample
prior to drying. Table 2 shows fatty acids in fresh, GTD,
OSD, and FCD anchovy’s samples for the four main types of
fatty acids which are Omega-3, saturated, mono-
unsaturated, and poly-unsaturated. In the fresh sample,
Omega-3 fatty acids were the highest (9.32± 0.22), followed
by saturated fatty acids (4.81± 1.37), polyunsaturated fatty
acids (2.95± 0.92), and monounsaturated fatty acids
(1.68± 0.23). Te omega-3 fatty acids are the highest in all
diferent samples compared to the other fatty acids. For the
comparison between samples of anchovies before and after
drying, the results of this study show sample after drying has
a high amount of fatty acids in all dried samples compared to
fresh sample.

3.3.2. Fat Contents in Wet-Basis of Samples. Figure 8 shows
the percentage of fat content in anchovy’s samples before
and after drying. Fat content was increased in dried samples
after the drying process compared to fresh samples. It was
highly increased in FCD anchovy samples followed by GTD
and OSD and this due to the reduction that happens of
moisture content after the drying process. Tis fnding of an
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Figure 7: Water activity values of anchovy dried using GTD, OSD,
and FCD.
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increase in fat content after drying is similar to the study of
Abraha et al. [23] who have carried out a comparative study
on the quality of dried anchovy (Stelophorus heterolobus)
using open sun rack and solar tent drying methods. Te
increase of fat content could be related to dehydration that
was caused by increasing the temperature during drying
process [24].

3.3.3. Total Ash Contents of Sample. Figure 9 shows the
percentage of ash content in anchovy’s samples before and
after drying. Ash content was increased in samples after
drying process. Increasing of ash content in anchovies after
drying can be related to decreasing of moisture content in
anchovies.Tis result is similar with those Tenyang et al. [24]
who reported that the ash content of fsh is increasing during
drying process. Besides, there was a signifcant efect of water
activity (aw) and moisture content (MC) on ash content. As
well, increasing ash content can be related to increasing the
dry matter content per unit of weight for sample after
dehydration [25].

3.4. Efect of Drying on Microbial Quality Characteristics of
Anchovy

3.4.1. Total Fungal Count (TFC), Total Aerobic Bacterial
Count (TABC), and Enterobacteriaceae Count. Table 3
shows the results of diferent microbial counts in Fresh,
GTD, OSD, and FCD, and it is clear that the microbes were
decreased in the samples after the drying process. Using
statistical analysis found that water activity and moisture
content do not afect TVC signifcantly with (p � 0.072,
p � 0.081), respectively. However, they signifcantly afect
TFC with p≤ 0.05. Experimentally dried anchovies found
lower microbial content values compared to the dried fsh

quality standards that reported by the studies of [26, 27].
Similarly, various research studies reported that the allow-
able level of TVC has to be less than 105 log cfu/g, TFC has to
be less than 103 log CFU/g, and Enterobacteriacea has to be
less than 102 log CFU/g [26, 27]. Microorganism growth is
accelerated by long periods of open sun drying in high
humidity environments [10]. Bacterial activity stops when
the moisture content of the fsh falls below 25%, while fungal
activity stops when the moisture level falls below 15% [28].
Te stability of microbiological growth in dried fsh is de-
termined by the amount of moisture present during the
processing and storage period [29].

4. Conclusions

Anchovies are among the highest quantity fsh in Oman. It
has a lot of socioeconomic dimension to food and feed
security in the country. Te most common problem that
infuenced the safety and quality of dried anchovies is
contamination caused by fungi and bacteria. Te present
study used three types of drying methods (open sun dryer,
greenhouse tunnel dryer, and forced convective dryer) to

Table 2: Fatty acids in fresh, GTD, OSD, and FCD anchovies samples.

Fresh OSD FCD GTD
Omega-3 9.32± 0.22 40.05± 6.47 42.44± 4.94 50.99± 4.69
Saturated 4.81± 1.37 22± 6.13 23.49± 6.54 21.80± 6.06
Monounsaturated 1.68± 0.23 7.47± 1.43 8.78± 1.19 7.31± 1.30
Polyunsaturated 2.95± 0.92 14.35± 4.97 15.41± 4.65 21.35± 7.82
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Figure 8: Fat content (%) value of anchovy before and after drying
using GTD, OSD, and FCD.
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Figure 9: Ash content (%) value of anchovy before and after drying
using GTD, OSD, and FCD.

Table 3: Diferent microbial analysis tests in fresh, GTD, OSD, and
FCD of anchovies samples.

Tests
Type of sample

Fresh OSD FCD GTD
TVC (log CFU/g) 6.44 4.16 4.19 2.90
TFC (log CFU/g) n.d 0.60 0.60 0.78
Enterobacteriaceae count (log CFU/
g) 2.45 n.d n.d n.d

aw 0.92 0.35 0.30 0.29
MC wb (%) 75.82 16.44 15.86 14.96
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determine each drying method characteristics and to de-
termine the physical, chemical, and microbial quality
changes in anchovy under solar drying methods. Generally,
temperature plays a vital role in the process of drying as it lay
to increase the drying rate and leads to reduce the drying
time. GTD required less time (6 hr) to dry anchovies
compared to other drying methods (9 hr).Te independence
variable (drying methods and drying time) showed a sig-
nifcant efect (p≤ 0.05) on anchovy’s lightness values.Tere
was a signifcant diference between the fresh and dried
samples on the water activity, ash content, and fat content
(p≤ 0.05). Experimentally dried anchovies found lower
microbial content values compared to the dried fsh quality
standards. Water activity does not afect TVC signifcantly,
but it signifcantly afects TFC with p≤ 0.05. Solar dryers
protect the dried fsh from atmospheric and insect con-
taminations as well as microbial contaminations as they dry
fsh in a signifcantly shorter time and shelter the dried fsh
from rain, dust, insects, rodents, animals, and humid
environments.
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Dried fruit slices are important, healthy, and popular snacks and gain importance day by day due to their high nutritional content. In
this context, this study mainly focused on the production of healthy apple chips snacks and the determination of degradation kinetics
of antioxidant activity, total phenolic compounds, and color values of apple chip snacks during convective hot air drying at three
diferent temperatures (45, 55, and 65°C) and sample thicknesses (1.5 and 5± 0.5mm). Te drying kinetics, desorption isotherms,
activation energy, and half-life of the apple chip snack were also calculated. Te Page and GAB models are the best models for the
determination of the drying (>0.992) and desorption (>0.9979) behavior of apple snacks with the highest R2 values. Te drying of all
samples took place in the falling rate period. Te Def values increased depending on the increasing air temperature and slice
thickness. Te antioxidant activity, total phenolic compounds, and total color change of the 5mm thick samples were degraded
following the frst-order reaction kinetics. Te higher antioxidant activity, phenolic compounds, L∗ values, and lower half-life values
were observed in conditions where the thickness (1.5mm) and temperature (45°C) are low.Te activation energy values calculated for
the total phenolic compounds are higher than those calculated for the antioxidant activity. As a result, it can be concluded that apple
chip snacks with high nutritional value can be produced by choosing low temperatures and slice thickness.

1. Introduction

Apple is a very popular fruit consumed both in season and
out of season. Te high nutritional value (ascorbic acid and
polyphenol contents, and antioxidant activity), health-
promoting efects (cardioprotective efects, and so on),
and the desired taste are among the reasons for the pref-
erence for this fruit [1–3]. Apple chip snack, as a novel food
product, has desired crispy taste and high nutritional value,
and favor. Apple chip snacks can be obtained by hot air
drying, freeze-drying, pufng drying, or combined drying
techniques such as hot air drying + pufng drying [4]. Zhu

et al. [4] reported that the hot air +CO2 pufng dried apple
chip snacks have a higher rehydration rate, and sensorial and
textural properties compared to other drying techniques. In
addition, several studies related to the development of
functional apple snacks using emerging technologies such as
vacuum impregnation [5–7], ohmic heating [7], and novel
integrated freeze-drying process [8], are in the literature.

Hot air drying is a suitable technique for the production
of apple chip snacks because of providing uniform hot air
and temperature distribution over the product, the sim-
plicity of the process, ease of the production, low energy
consumption and drying time, and is cheap [9]. Te air
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temperature, airfow rate, relative humidity, and product
thickness are important factors in terms of both de-
terminations of drying behavior and the quality (color, total
phenolic content, and antioxidant activity) of the product
[9–11]. For this reason, the efect of process parameters has
to be investigated and optimum conditions have to be de-
termined. When the studies were examined, although there
were studies in which diferent methods were used to obtain
apple chips, there was no study examining the change in the
phenolic content and antioxidant activity of apples during
the drying process. Te aim of this study is to determine the
efect of diferent drying temperatures (45, 55, and 65°C) and
thicknesses (1.5 and 5± 0.5mm) on the drying kinetics,
drying rate, efective moisture difusivity, color, antioxidant
activity, and total phenolic compounds of apple chip snacks.
In addition, desorption isotherms and color, antioxidant
activity, and total phenolic degradations during drying were
also investigated. Te activation energy and half-life of the
apple slices were also calculated.

2. Material and Methods

2.1. Material. Granny Smith variety of apples (12± 1 cm)
that were at the same maturity level were supplied from
Pamukkale/Denizli. Te apples were taken from equal sizes
as much as possible and stored in the refrigerator (4°C) until
drying. Te apples were washed, dried, peeled, and inedible
parts were removed. Te thickness of the apple slices was
determined using a caliper, and the apples were sliced with
a knife (1.5 and 5± 0.5mm).

2.2. Methods

2.2.1. Drying Apple Slices with Hot Air. Te apple slices were
dried at three diferent drying temperatures (45, 55, and
65°C) and constant air velocity (0.2m/s) in a drying cabinet
(Yücebaş Makine Tic. Ltd. Şti., İzmir, Turkey). From the
beginning, the tray used for weighing was removed from the
dryer every 30min and weighed, and the data were recorded.
After drying, the product was frst kept at room temperature
for 30minutes in the desiccator, then at 4°C for 1 hour, and
then cooled and frozen at − 20°C. During the drying process
(every 30min), the total antioxidant and total phenolic
compounds, and color values were determined.

Drying kinetics were determined and efective moisture
difusivity (Def) and activation energy (Ea) values were
calculated.

Moisture content (equation (1)) and drying rate
(equation (2)) were calculated according to the given
equations:

Mt �
m − DM
DM

, (1)

Drying Rate(DR) �
Mt+dt − Mt

dt
, (2)

where Mt is the moisture content at any time t (kg water/kg
dry matter (DM)), m is the weight of the sample (g), DM is
the amount of DM contained in the sample (g), Mt+dt is the
moisture content at time t+dt (kg water/kg DM), and dt is
the drying time (min).

Deff was calculated according to Fick’s second law
(equation (3)); the series was simplifed and the frst term
was used [12].

MR �
M − Me

M0 − Me

�
8
π2 􏽘

∞

n�0

1
(2n + 1)

2 exp − (2n + 1)
2π

2

4
Deff t

L
2􏼢 􏼣,

(3)

where t is the time (s), Deff is the efective moisture dif-
fusivity (m2/s), L is the thickness (m). For long drying times
(MR< 0.6), a limiting case of equation (3) was assumed and
expressed in the logarithmic form as in the following
equation:

lnMR � ln
8
π2

􏼠 􏼡 −
π2

Deff

4L
2􏼠 􏼡t, (4)

where Deff is typically calculated by plotting the experi-
mental moisture ratio in the logarithmic form versus drying
time. From equation (4), a plot of lnMR versus drying time
gives a straight line with a slope of the following equation:

Slope �
π2

Deff

4L2
. (5)

Te relationship between the Def and the air tempera-
ture was assumed to be the Arrhenius function and Ea was
calculated using the following equation:

Deff � D0 exp −
Ea

RT
􏼒 􏼓, (6)

where D0 is the preexponential factor (m2/s), Ea is the ac-
tivation energy (kJ/mol), T is the absolute temperature (K),
and R is the gas constant (R� 8.31451 J/molK).

2.2.2. Modeling Studies of the Drying Kinetics. Te selected
thin-layer drying models are shown in Table 1. Te ft of the
models was determined by the regression coefcient (R2),
the error of the root mean square (RMSE), and the chi-
square (χ2) values [12].

2.2.3. Modeling of the Desorption Isotherms. Te models
used to determine the moisture sorption isotherms of foods
are given in Table 1. Te parameters (k, C, and M0) of the
sorption models were determined from the experimental
data by nonlinear regression analysis using the Microsoft
Excel program (MS Ofce Excel 2016). Te ft of the models
was determined by the regression coefcient (R2), the error
of the root mean square (RMSE), and the chi-square (χ2)
values.
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2.2.4. Analysis

(1) Water Activity Measurement. Te water activity values of
fresh and dried apple slices were determined using a water
activity measuring device (GBX, Fast-Lab, France) with an
accuracy of ±0.001.

(2) Preparation of Extracts. In order to obtain the extract,
approximately 2 g of apples were taken during the drying
process and crushed with a mortar. Te crushed samples
were taken into fasks and 10mL of 70% ethanol was added.
It was exposed to ultrasonication in an ultrasonic water bath
(Wise Clean Wisd WUC-D06H, Daihan, South Korea) for
10min, then agitated for 15min in an orbital shaker (SHO-
1D, Daihan, South Korea) at 200 rpm and centrifuged for
10minutes at 10°C at 7450 rpm (NF 800R, Nüve, Turkey).
Te upper phase was taken into a 25mL fask, the remaining
residue was passed through the same processes again and the
obtained upper combined with the previous one, and the
extract was completed with 70% ethanol to 25mL volume.
Te prepared extracts were stored at − 20°C.

(3) Determination of Antioxidant Activity by DPPH
Method. DPPH stock solution was prepared in methanol
with a fnal concentration of 24mg/100mL. Te solution
was diluted with methanol by diluting the stock solution so
that the fnal absorbance was 1.20± 0.02. Te calibration
curve was obtained with Trolox®. Trolox® solution was
prepared with a concentration of 12.5mg/25mL and a fnal
concentration of less than 50 μM in the spectrophotometer
cuvette for the Trolox® calibration curve. In the experi-
ments, 150 μL of the sample or standard 2850 μL of DPPH
working solution was mixed in test tube and the reaction
was continued for 60minutes in a dark environment. At the
end of the time, the absorbance was read in a spectro-
photometer (EMC-11, Duisburg, Germany) at a wave-
length of 515 nm. Samples that did not fall within the
calibration curve range at the end of the reading were
diluted until they entered this range [22].

(4) Determination of Total Phenolic Compounds. Te
Folin–Ciocalteu (FC) method has used the determination of
the total phenolic compounds of samples. Te
Folin–Ciocalteu agent was diluted 1 :10 by volume using
distilled water. To prepare the sodium carbonate solution

(20%), sodium carbonate was weighed to 75 g/L and the
measuring fask was flled to the volume line with distilled
water. In order to prepare the gallic acid calibration curve,
500mg/L stock solution was prepared and dilution was
made so that the fnal concentration was 5–100mg/L in the
linear region. 2mL of sample or standard was taken and
10mL of diluted FC agent was added. 8mL of 20% sodium
carbonate was added between 1–8minutes after the reaction
started and the mixture was left in a dark environment for
2 hours. At the end of the period, absorbances were read at
760 nm wavelength. If the results read did not fall within the
calibration curve, necessary dilutions were made [23].

(5) Color Measurement. Te color values of the samples were
measured with a colorimeter (Hunter Associates Laboratory,
Model: MiniScan XE, USA). In addition, Hue Angle,
Chroma, and total color change (ΔE) values were
calculated [24].

2.2.5. Modeling Studies for Investigation of Bioactive Com-
ponents and Color Changes

(1) Kinetic Models. Te zero-order, frst-order, and second-
order kinetic models were presented in equations (7–9),
respectively.

C � C0 ± k0 ∗ t, (7)

C � C0 ∗ exp ±k1 ∗ t( 􏼁, (8)

1
C

�
1
C0
± k2 ∗ t. (9)

where C is the value of bioactive component or color pa-
rameter at any time t, C0 is the bioactive component or color
parameter value at time t= 0, k0, k1, and k2 are the kinetic
constants (1/min), and t is the drying time (min).

Te degree of dependence of the reaction on temperature
was determined by calculating both Q10 and activation
energy values. Te relationship between reaction rate and
temperature was defned by Arrhenius in 1889, and this
expression, which is still valid today, is given in equation
(10). Te activation energy was calculated using this equa-
tion. Ea was calculated by using the slope of the line obtained
by drawing the 1/T-lnk graph:

Table 1: Tin layer drying and desorption models.

Models Equation Reference

Tin layer drying models

Page MR� exp (− ktn) [13]
Henderson and Pabis MR� a exp (− kt) [14]

Lewis MR� exp (− kt) [15]
Logarithmic MR� a exp (− kt) + b [16]

Desorption models

Guggenheim, Anderson and de Boer (GAB) M � (M0Ckaw/[(1 − kaw)(1 − kaw + Ckaw)]) [17]
Braunauer, Emmett and Teller (BET) M � (M0Ckaw/[(1 − aw)(1 + (C − 1)aw)]) [18]

Oswin M � k(aw/1 − aw)n [19]
Henderson M � k(− ln(1 − aw)/C)(1/n) [20]
Halsey M � (− C/ln aw)(1/n) [21]
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k � k0 ∗ exp
− Ea

RT
􏼒 􏼓, (10)

where k is the kinetic constant (min− 1), ko is the Arrhenius
constant or frequency factor, R is the gas constant (8.314 J/
mol·K), and T is the temperature (K).

2.2.6. Calculation of the Q10 Value and Half-Life Time.
Q10 value, which is another kinetic coefcient showing the
dependence of the reaction on temperature, is a criterion
that shows the efect of increasing the temperature by 10°C
on the reaction rate [23] and was calculated using the fol-
lowing equation:

Q10 �
k2

k1
􏼠 􏼡

10/T2− T1( )

, (11)

where k1 is the kinetic constant at temperature T1 (1/min), k2
is the kinetic constant at temperature T2 (1/min), T1 and T2
are the temperatures (K).

Half-life time is the time required for the loss of 50% of
the bioactive components [23]; for the frst-order reactions,
it is presented in the following equation:

t(1/2) � − ln(0.5)∗ k
− 1

. (12)

2.2.7. Statistical Analysis. Tedata obtained as a result of the
experiments carried out in two parallels and three replica-
tions were analyzed by using the SPSS statistical package
program 20.0 (SPSS Inc., USA). Te level of diference
between the means was determined using the Duncan
multiple comparison test (p≤ 0.05).

3. Results and Discussion

3.1. Drying Kinetics of Apple Slices. Te initial moisture
content and water activity of the apple slices were found as
6.74 kg water/kg DM and 0.962, respectively. Te water
activity values of apple chip snacks were measured as 0.348
(45°C), 0.278 (55°C), and 0.299 (65°C) for 1.5 mm thick
samples and 0.425 (45°C), 0.396 (55°C), and 0.353 (65°C) for
5mm thick samples, respectively. Te changes in the
moisture content of samples versus drying time are given in
Figure 1. As can be seen in Figure 1, the drying times de-
creased with the increase in the drying temperature and the
decrease in the slice thickness. Te drying time of 1.5mm
and 5mm thick samples ranged between 120–180min and
180–330min, respectively. As a matter of fact, it took
120min for themoisture content of 1.5mm thick apple slices
to decrease from 6.74 to 0.27 kg water/kg DM at a temper-
ature of 65°C. During the process, the process was completed
in 180minutes for apple slices with a thickness of 5mm at
the same temperature. In this context, it can be said that both
drying temperature and slice thickness have a signifcant
efect on the drying time (p< 0.05). Similarly, Jeevar-
athinam et al. [25] reported that temperature has a signif-
cant efect on drying time, moisture removal, and drying
rates. It is expected that the drying time will decrease as the

product thickness decreases and the temperature rises. As
the thickness decreases, the amount of water that will
evaporate from the product will decrease as well as the
distance related to the water reaching the surface will de-
crease, thus reducing the drying time [26, 27]. With the
increase in temperature, the evaporation rate of water in-
creases, which shortens the drying time. It is also known that
the temperature gradient is inversely proportional to the
drying time. As the temperature increases, the gradient
increases, and the drying time becomes shorter. Similar
fndings were also obtained by several researchers
[25, 27–30]. Te hot air drying times of apple slices (4mm
thickness× 20mm radius) were found as 195, 170, and
140min for 50, 60, and 70°C temperatures and 1.5 m/s air
velocity [28]. Hot air (60− 65°C, 0.5m/s), microwave-
vacuum (2W/g), freeze (plate temperature of 30°C at
0.2 kPa), microwave-vacuum (2W/g) + freeze-drying time
(plate temperature of 30°C at 0.2 kPa) of apple slices
(20× 20× 8mm) were found as 5.5 h, 0.6 h, 24 h, and 12.5,
respectively [29]. Te hot air drying times of organic apple
slices were found as 400, 300, and 240min (5mm thick
slices) and 640, 560, and 460min (9mm thick slices) for 40,
50, and 60°C drying temperatures, respectively [27]. Dif-
ferent drying techniques, product thicknesses, and drying
conditions afect the drying time. A study has investigated
the efect of drying temperature (40–50°C), airfow rate
(0.6–1.1m/s), apple slice thickness (4–12mm), and relative
humidity (25–28–40–45%); it was stated that the most
important factor was found as slice thickness. Te 3-fold
increase in apple slice thickness increased the drying time by
more than 500min. In addition, researchers reported that,
although the thickness is not important in the presence of
free water to be removed at the beginning of drying, the
importance of the thickness increases as the amount of water
that will evaporate decreases [31].

Table 2 shows the model parameters of selected thin-
layer drying models for the determination of the drying
behavior of apple snacks. When Table 2 is examined, it is
seen that all selected thin-layer models explain the drying
behavior of apple chips with a high R2 value (>0.972). Te
highest R2 and lowest X2 and RMSE values were generally
obtained from the Page model. In addition, mathematical
models that are simple and contain fewer terms are generally
preferred to describe the drying behaviors of food materials.
In this context, it is appropriate to choose the Page model.
Similarly, in the literature, it is reported that the Page model
could adequately describe the drying behavior of fuidized
bed drying of apple cubes [32], and the hot air drying be-
havior of cylindrical apple slices at diferent temperatures,
slice thicknesses, air velocities, and relative air humidities
[31]. Te drying (k, h− 1) and model (n, dimensionless)
constants of the Page model generally increased with in-
creasing temperature. Vega-Gálvez et al. [33] reported that
the drying constant increased whereas the model constant of
the Page model decreased depending on the increasing
temperature. In addition, the drying constants of the Page
model obtained for 1.5mm thick samples are higher than
that obtained for 5mm. It is thought that the reason for this
situation is that the apple slices dried faster at high
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temperatures and low thickness due to the high evaporation
rate. MR values that are calculated with the Page model
versus experimental MR values are shown in Figure 2. MR
values were generally gathered around a straight line. Tis
shows that the Page model explains the hot air drying be-
havior of apple slices to a high extent.

Te drying rates of apple slices were calculated and
graphs were drawn of the drying rate versus moisture

content (Figure 3). Although a temperature rise period was
observed for the 5mm thick apple slices that were drying at
55 and 65°C temperatures, the drying of all samples took
place in the falling rate period.Tis is expected for biological
materials. It shows that the moisture movement in the apple
slices is mainly controlled by molecular difusion [28]. In
addition, with the increase in temperature, the evaporation
rate of water increased and the drying rate increased. Tis is
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Figure 1: Changes in the moisture content values of apple slices during drying ((a)� 1.5± 0.5mm thickness, (b)� 5± 0.5mm thickness).
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an expected situation. It was also observed that there was an
inverse relationship between the thickness and the drying
rate. When the drying rates of apple slices were examined
depending on the thickness, it can be said that the drying
rates of 1.5mm thick apple slices are approximately
3–4 times higher than those with a thickness of 5mm.
Similar fndings were also obtained by Wang and Chao [34]
and Sacilik and Elicin [27]. Wang and Chao [34] studied the
efect of diferent thicknesses (3, 5, and 7mm) and air

temperatures (50, 60, and 75°C) on the drying rate of the Fuji
apple slices, and the researchers stated that the drying rate
increased with increasing drying temperature and de-
creasing slice thickness. Te efective difusion coefcient
was calculated from the slope obtained by plotting the graph
of ln MR versus ln t (min). Def values were calculated as
3.37E − 07 (R2 � 0.982), 3.73E − 07 (R2 � 0.9335), and
4.29E − 07 (R2 � 0.9405) m2/s for 1.5mm slice thickness and
3.07E − 06 (R2 � 0.9458), 3.12E − 06 (R2 � 0.9062), and

Table 2: Tin layer mathematical models.

Models Tickness (mm) Drying air
temperature (°C) Model parameters χ 2 RMSE R 2

Page

1.5

45 k� 1.566 n� 1.103 0.0012 0.0287 0.992
55 k� 2.342 n� 1.175 0.0009 0.0249 0.995
65 k� 2.533 n� 1.112 0.0008 0.0220 0.996

Henderson and Pabis
45 k� 1.540 a� 1.007 0.0013 0.0299 0.992
55 k� 2.163 a� 1.003 0.0011 0.0266 0.994
65 k� 2.397 a� 1.001 0.0009 0.0229 0.996

Lewis
45 k� 1.531 0.0011 0.0300 0.992
55 k� 2.159 0.0009 0.0266 0.994
65 k� 2.394 0.0007 0.0229 0.996

Logarithmic
45 k� 1.653 a� 0.987 b� 0.024 0.0013 0.0270 0.993
55 k� 2.295 a� 0.985 b� 0.019 0.0011 0.0240 0.995
65 k� 2.521 a� 0.986 b� 0.016 0.0011 0.0210 0.997

Page

5

45 k� 0.403 n� 1.072 1.48E − 05 0.0035 0.999
55 k� 0.588 n� 1.173 1.55E − 05 0.0034 0.999
65 k� 0.581 n� 1.413 3.11E − 05 0.0047 0.999

Henderson and Pabis
45 k� 0.439 a� 1.016 0.0001 0.0101 0.999
55 k� 0.664 a� 1.029 0.0007 0.0226 0.995
65 k� 0.732 a� 1.054 0.0035 0.0500 0.977

Lewis
45 k� 0.431 0.0002 0.0118 0.998
55 k� 0.645 0.0008 0.0257 0.993
65 k� 0.695 0.0035 0.0550 0.972

Logarithmic
45 k� 0.400 a� 1.047 b� − 0.040 5.18E − 05 0.0062 0.999
55 k� 0.538 a� 1.117 b� − 0.104 0.0002 0.0123 0.998
65 k� 0.423 a� 1.372 b� -0.350 0.0009 0.0228 0.995
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Figure 2: Predicted MR versus experimental MR ((a)� 1.5± 0.5mm thickness, (b)� 5± 0.5mm thickness).
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4.31E − 06 (R2 � 0.9551) m2/s for 5mm slice thickness at 45,
55, and 65°C temperatures. Tese values were found lower
compared to the estimated values for apple slices. Te Def
values of hot air-dried apple slices were calculated as
4.85E − 9m2/s [35], 1.9E − 10 and 7.0E − 10m2/s [31],
2.27E − 10 and 4.97E − 10m2/s [27], 0.964E − 09 and
2.28E − 09 [36], 1.70E − 09-4.45E − 09m2/s [37], 0.841E − 9-
2.060E − 9m2/s [38]. Diferent drying conditions (temper-
ature, air fow rate, and so on) and slice thickness may be the
reason for diferent values. Te Def values increased

depending on the increasing air temperature and slice
thickness. Similar fndings were also obtained by [4, 27, 31].
Tis is thought to be due to the fact that air temperatures
accelerate moisture difusion. In addition, Zhu et al. [35]
reported that the temperature rising intensifed the mobility
of water molecules. Activation energy values were calculated
as 10.56 kJ/mol and 14.70 kJ/mol for 1.5mm and 5mm
sample thicknesses, respectively. It can be stated that 5mm
thick samples are more susceptible to temperature change
compared to 1.5mm thick samples. Higher Ea values such as
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Figure 3: Changes in the drying rate of apple slices versus moisture content ((a)� 1.5± 0.5mm thickness, (b)� 5± 0.5mm thickness).

Journal of Food Quality 7



28.37 kJ/mol [39], 19.80 kJ/mol [28], 19.34 kJ/mol [36], and
113.018 kJ/mol [35] were observed for hot air-dried apple
slices. It can also be stated that 5mm thick samples are more
susceptible to temperature change compared to 1.5mm
thick samples.

3.2. Desorption Isotherms. In order to determine the de-
sorption isotherms of apple slices, the water activity values of
samples were measured at half-hour intervals during drying,
and the compatibility of these values with the models was
examined and the results were given in Table 3. When
Table 3 is examined that although χ2 and RMSE values for
GAB model are higher than BET and OSWIN models for
1.5mm slice thickness, the highest R2 values were obtained
from the GAB model. Te lowest R2 values were obtained
from the BETmodel. Te BETmodel gives the most suitable
results in water activity values between 0.05 and 0.45,
however, our water activity values are not in this range. It
may be the reason for low R2 values [40]. For both thick-
nesses, it can be said that the GAB model is the best model
for the determination of the desorption behavior of apple
slices with the highest R2 value. GAB model was also found
the best model for representing the desorption isotherm
5mm thick apple slices at 45°C [33]. According to the
monolayer (C) values which ranged between 0 and 2 (except
for the BETmodel for 1.5mm thickness), it can be stated that
all isotherms are J-Type [41]. It can be said that there is an
increase in the k value depending on the temperature, but
there is no trend for the monolayer (C) and monolayer
moisture content (M0) values. In addition, the k values
calculated for 1.5mm thick samples were higher than that
calculated for 5mm, and the opposite efect was observed for
the C value.

3.3. Antioxidant Activity, Total Phenolic Compounds, and
Color Values. Te antioxidant activity and total phenolic
compounds of fresh apple slices were found as 289.24 μmol
Trolox equivalence/100 g DM and 957.63mg Gallic acid
equivalence/100 g DM, respectively. During the drying
process, quality losses of dried foods occur depending on the
drying conditions. For this reason, the changes in antioxi-
dant activity, total phenolic compounds, and color values of
apple chips during the drying process were investigated.
While 1.5mm thick samples lost 50% of their antioxidant
activity in the frst half-hour, 5mm thick samples were lost
in 1 hour. It was also observed that 90% of the antioxidant
activity was lost as a result of the drying process for all
thicknesses and temperature values. Te antioxidant activity
values of apple chips were measured as 32.37, 34.44, and
31.60 μmol Trolox equivalence/100 g DM for 1.5mm
thickness and 24.41, 31.45, and 25.79 μmol Trolox equiva-
lence/100 g DM for 5mm at 45, 55, and 65°C, respectively.
According to the antioxidant activity values, it can also be
said that the highest values were observed for 55°C tem-
perature and 1.5mm thickness. Te drying times of the

5mm thick sample were longer than the 1.5mm thick
sample. It may be the reason for lower antioxidant activity.
Lower drying times result in higher quality in the dried
product by minimizing undesirable changes [42, 43]. It is
known that polyphenols and ascorbic acid contribute to the
antioxidant activity of apples [2]. As a result of the drying
process, approximately 55% decrease occurs in the total
phenolic compounds of apples, while the loss of antioxidant
activity is around 90%. It is known that ascorbic acid de-
composes under the infuence of heat, light, and metal. Tis
is thought to be due to the loss of ascorbic acid.

Te total phenolic compounds of the apple chips de-
creased depending on the increasing drying temperature and
increasing thickness (411.90, 398.00, and 361.86mg Gallic
acid equivalence/100 g DM for 1.5mm thickness and 368.45,
340.94, and 303.99mg Gallic acid equivalence/100 g DM for
5mm thickness at 45, 55, and 65°C, respectively). Te
phenolic compound loss is around 55%. Kidoń and Gra-
bowska [42] reported that the initial total phenolic content
of red fesh apple is 421mg GAE/100 g DM and convective
drying (60°C) and convective (60°C) +microwave vacuum
(60 s at 1.0 kW, 60 s at 0.2 kW, 20 s without microwave
radiation at 28 kPa) drying processes caused 20% reduction
in the total phenolic content.

Te color values of fresh apple slices were measured as
L� 72.41, a� 0.41, and b� 19.63, respectively. Te color
values of 1.5mm thick samples were L� 70.49, a� 8.37, and
b� 34.50; L� 65.35, a� 15.05, and b� 36.26; L� 73.52,
a� 9.54, and b� 35.32 for 45, 55, and 65°C, respectively. Te
color values of 5mm thick samples were L� 62.06, a� 13.65,
and b� 38.68; L� 62.81, a� 10.28, and b� 34.42; L� 68.72,
a� 10.21, and b� 39.99 for 45, 55, and 65°C, respectively.
According to the color values of the fnal product, it can also
be said that the L value was generally found to be lower than
the initial value (fresh apple), and the a and b values were
found to be higher. Similar fndings were also obtained for
hot air-dried, freeze-dried, hot air + pufng dried, and hot
air +CO2 pufng dried apple slices [4], microwave + freeze-
dried, microwave-vacuum+ freeze-dried, freeze-dried, and
hot air-dried apple slices [29]. Sacilik and Elicin [27] also
reported that higher temperatures resulted in darker apple
slices. Although the L value of the samples with a thickness
of 5mmwas found to be lower than those with a thickness of
1.5mm, generally higher a, and b values were obtained. In
addition, a general decrease in color values was observed
depending on the temperature. Te heat efect and enzy-
matic and nonenzymatic browning reactions may be the
reason for the formation of brown pigments that cause the
lower and higher a, b, and ΔE values [42]. Te ΔE values of
apple slices were calculated as 16.97, 23.25, and 18.19 for
1.5mm thickness and 25.40, 20.20, and 22.90 for 5mm
thickness at 45, 55, and 65°C, respectively. In light of these
fndings, it can be said that the total color change increases
signifcantly as the thickness increases (p< 0.05). In addi-
tion, although the efect of temperature change in 1.5mm
thick samples was found to be statistically signifcant
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Table 3: Desorption model parameters and statistical results.

Models Tickness (mm) Drying air
temperature (°C) Model parameters χ 2 RMSE R 2

GAB

1.5

45 k� 0.983 C� 4.885 M 0 � 0.316 0.250 0.378 0.9992
55 k� 1.162 C� 0.321 M 0 �1.097 1.871 3.270 0.9979
65 k� 2.001 C� 0.463 M 0 � 0.239 0.641 0.506 0.9999

BET
45 C� 13.587 M 0 � 0.258 0.005 0.058 0.5706
55 C� 3.917 M 0 � 0.334 1.164 0.881 0.5051
65 C� 81.090 M 0 � 0.272 0.968 0.762 0.3014

Oswin
45 k� 0.531 n� 0.754 0.122 0.295 0.9112
55 k� 0.582 n� 0.829 0.858 0.756 0.7934
65 k� 0.760 n� 0.715 1.040 0.790 0.8920

Henderson
45 C� 0.708 n� 0.020 11.710 2.892 0.9662
55 C� 0.647 n� -0.168 26.981 3.902 0.8536
65 C� 0.566 n� 0.607 41.995 5.020 0.9128

Halsey
45 C� 1.127 n� 1.012 17.612 9.011 0.8940
55 C� 0.974 n� 1.022 13.367 10.554 0.7582
65 C� 0.872 n� 0.870 14.254 12.771 0.8757

GAB

5

45 k� 0.941 C� 1.209 M 0 � 0.665 0.138 0.326 0.9992
55 k� 0.979 C� 1.036 M 0 � 0.459 0.643 0.671 0.9979
65 k� 0.991 C� 1.742 M 0 � 0.348 0.324 0.450 0.9999

BET
45 C� 4.238 M 0 � 0.331 0.400 0.582 0.5706
55 C� 1.098 M 0 � 0.293 0.849 0.824 0.5051
65 C� 1.335 M 0 � 0.271 0.416 0.558 0.3014

Oswin
45 k� 0.520 n� 0.839 0.171 0.380 0.9112
55 k� 0.420 n� 0.906 0.699 0.748 0.7934
65 k� 0.324 n� 0.964 0.314 0.485 0.8920

Henderson
45 C� 1.131 n� 0.562 0.057 0.220 0.9662
55 C� 1.361 n� 0.426 0.585 0.684 0.8536
65 C� 1.334 n� 0.491 0.343 0.507 0.9128

Halsey
45 C� 0.359 n� 1.020 0.481 0.638 0.8940
55 C� 0.256 n� 0.756 4.039 1.798 0.7582
65 C� 0.243 n� 0.850 0.739 0.744 0.8757

Table 4: 0, 1st and 2nd order reaction kinetic constants.

Temperature (°C) Tickness
(mm)

0 order reaction
kinetic constant

(k0)
R 2

1st order reaction
kinetic constant

(k1)
R 2

2nd order reaction
kinetic constant

(k2)
R 2

Antioxidant activity

45
1.5

74.25 0.7338 0.7182 0.9220 0.0097 0.9914
55 85.60 0.6890 0.7863 0.8991 0.0100 0.9956
65 117.81 0.7980 1.1067 0.9480 0.0149 0.9865
45

5
44.98 0.8620 0.4792 0.9848 0.0074 0.9524

55 70.88 0.9492 0.6101 0.9892 0.0080 0.8246
65 82.68 0.8319 0.8090 0.9853 0.0120 0.9623

Total phenolic
compounds

45
1.5

191.03 0.9918 0.2941 0.9940 0.0005 0.9724
55 222.42 0.9981 0.3432 0.9774 0.0006 0.9235
65 303.65 0.9958 0.4933 0.9807 0.0009 0.9357
45

5
107.42 0.9794 0.1728 0.9966 0.0003 0.9957

55 181.53 0.9682 0.3118 0.9905 0.0006 0.9848
65 214.65 0.9721 0.3897 0.9931 0.0008 0.9699

Total color change (ΔE)

45
1.5

8.7268 0.9749 0.5902 0.9208 0.0426 0.8496
55 8.1814 0.6736 0.1855 0.7320 0.0077 0.7603
65 3.6072 0.8530 0.1625 0.8697 0.0100 0.8561
45

5
0.7939 0.9976 0.0334 0.9969 0.0014 0.9959

55 9.0028 0.9675 0.6317 0.9881 0.0520 0.9540
65 11.309 0.7587 0.7099 0.8240 0.0542 0.8978
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(p< 0.05), the efect of temperature on the total color values
of 5mm thick samples was found to be insignifcant
(p> 0.05).

3.4. Modeling Studies for Investigation of Bioactive Compo-
nents and Total Color Changes. Teir degradations were
investigated using zero, frst- and second-order reaction
kinetic models, and the results are given in Table 4. Te
reaction kinetics, in which the highest R2 values were ob-
tained, was chosen as suitable. Te total phenolic com-
pounds of the 1.5mm thick samples conformed to the 0th-
order reaction kinetics. Both the antioxidant activity and
total phenolic compounds of the 5mm thick samples were
degraded in accordance with the 1st-order reaction kinetics.
However, the antioxidant activities of 1.5mm thick samples
were degraded in accordance with the second-order reaction
kinetics. Arora et al. [2] also reported that the degradation
kinetic of the antioxidant activity and total phenolic content
of apples after cutting followed the frst-order reaction ki-
netics. It was observed that the ΔE values of the apple slices
changed in accordance with the frst-order reaction kinetics.
Palazón et al. [44] reported that a higher correlation co-
efcient was obtained from the zero-order reaction kinetic
model for L∗, a∗, b∗, and ΔE∗ values of apple-based beikost
samples stored at 37°C, whereas the higher correlation co-
efcient was obtained from 1st-order reaction kinetic model
for vitamin C andHMF. Saavedra et al. [45] reported that the
pseudo-zero-order reaction kinetic model satisfactorily
described the changes in ΔE∗ values of apple cluster snacks
stored at 18, 25, and 35°C.

It is important to determine the shelf life, which refers to
the nutritional and sensory acceptability of foods [45].
Considering these reaction kinetics, Q10 value, half-life, and
activation energy values were calculated and the results are
given in Table 5. In all three reaction kinetics, the reaction
rate constants increased with the increase in temperature
and decreased as the thickness increased. For both antiox-
idant activity and total phenolic compounds, the Q10 value
calculated for 65− 55°C temperatures was found to be greater
than that calculated according to 45–55°C temperatures. Te
half-life decreased with increasing temperature and in-
creased with thickness. Higher activation energy values were

calculated for 5mm thick samples. In addition, it can be said
that the activation energy values calculated for the total
phenolic compounds are higher than those calculated for the
antioxidant activity.

4. Conclusion

Nowadays, as the perception of living a healthy life has
grown, there is an increase in the pattern of consumption of
healthy snacks. One of the products frequently consumed
within the scope of these snacks is apple chips. In this study,
the changes in the quality characteristics of apple slices at
diferent air temperatures and slice thicknesses were in-
vestigated during the production of apple slices consumed as
a healthy snack. According to the fndings of this study, it
was concluded that during the drying process, approxi-
mately 45% of the total phenolic compounds and 10% of the
antioxidant activity of apple chips were preserved. It is also
concluded that the thinner samples (1.5mm) were dried
faster and the biochemical quality are better preserved than
thick samples (5mm). Although the drying temperature of
65°C is advantageous in terms of drying time and rate, it was
observed that the antioxidant activity, phenolic compounds,
and color of the samples dried at 45°C were better preserved.
In this context, conditions, where the thickness and tem-
perature are low, can be considered advantageous in terms of
preserving the quality characteristics of apple chip snacks. It
is predicted that the fndings obtained from this study will
shed light on the selection of drying conditions to preserve
the quality properties of apple slices for scientifc studies on
the drying of apple slices. Furthermore, work will be carried
out on the efect of diferent drying techniques such as freeze
and pufng on the antioxidant activity and total phenolic
compounds of the apple chip snacks.

Data Availability

Te data that support the fndings of this study are available
from the corresponding author upon reasonable request.
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Table 5: Kinetic parameters of antioxidant activity and total phenolic compounds degradation of apple slices.

Temperature (°C) Tickness (mm) Q 10 value k (1/min) t 1/2 (h) E a (kJ/mol)

Antioxidant activity

45
1.5

1.031 0.0097 0.36
19.0255 0.0100 0.35

65 1.490 0.0149 0.23
45

5
1.273 0.4792 1.45

23.3955 0.6101 1.14
65 1.326 0.8090 0.86

Total phenolic compounds

45
1.5

1.164 191.03 2.50
20.6555 222.42 2.16

65 1.365 303.65 1.58
45

5
1.804 0.1728 4.01

36.5355 0.3118 2.22
65 1.250 0.3897 1.78
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Stevia rebaudiana has grown in popularity and consumption across the world as an excellent natural sweetener due to its 300 times
sweetness than sugar. Since Stevia leaves are often used in their dried state, the drying process has an inevitable efect on the
attributes of fnished product. In this study, Stevia leaves were microwave dried at fve diferent levels of powers ranging from 180
to 900W to evaluate the infuence of power levels on moisture ratio (MR), drying rate and time, efective moisture difusivity,
specifc energy consumption (SEC), color, and biochemical characteristics. Among the fve selected thin layer models for
evaluating the drying behavior, the semiempirical page model described the drying kinetics very well with R2> 0.997.Te efective
difusivity increased from 3.834 × 10− 11 to 1.997 × 10− 10 m2/s with increasing microwave power, while SEC frst increased till
320W to a value of 9.77MJ/kg and then followed a decreasing trend. Furthermore, multilayer feed forward (MLF) artifcial neural
network (ANN) using backpropagation algorithmwas used to predict themoisture ratio of Stevia leaves duringmicrowave drying.
Te result showed that the ANNmodel with 15 neurons in 1 hidden layer could predict the MR with a high R2 value (0.999).Tus,
ANN modelling can successfully be used as an efective tool for predicting drying kinetics of samples. Furthermore, the color
properties showed signifcant diferences between fresh and dried samples except for the hue angle, and the variation in their
values was not afected by the microwave dryer’s power output. At 720W power level, the highest content of stevioside (11.84mg/
g) and rebaudioside A (7.11mg/g) along with maximum retention of ascorbic acid (∼86%) was observed, while the highest total
phenol content (56.98mg GAE/g) and antioxidant capacity (74.22%) was reported in microwave dried samples at 900W.

1. Introduction

Stevia rebaudiana Bertoni, belonging to the family of
Asteraceae (Compositae), is a small perennial shrub
which is indigenous to Paraguay, Brazil, and Argentina
[1]. Stevia leaves, a natural sweetener, are seen as an
alternative to artifcial sweeteners because of its sweet-
ness which is 300 times higher than sucrose with the
added benefts of having no calories, no carbs, and
without producing blood sugar spikes [2]. Stevia leaves
can be eaten fresh or dried, and crushed or sweet
components can be extracted from them. Te dried
leaves with moisture content of 10–13% are used to make
commercial sweetener [3]. Depending upon the variety

and growing conditions, the dried leaves have stevioside
(sweet component) in the range of 4–20% [4].

Like other medicinal herbs, drying of Stevia leaves is
necessary for storage and consumption. Te drying involves
the reduction of moisture to a limit which allows safe and
long storage life. Te moisture reduction during drying
reduces the volume which minimizes the material required
for packaging and space for storage and also reduces the cost
of transportation [5]. Lately, microwave type of drying is
favored because of short drying time period, uniformity in
energy dissipation, enhancement of energy recovery, and
quality of fnal product [6–8]. Te microwave is an elec-
tromagnetic radiation having a frequency in the range of
300MHz–300GHz. Te varying electric feld causes the
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rotation of polar particles, and collision of these particles
cause friction which emits thermal energy [9, 10]. As a result,
signifcant volumetric heat and gradient of internal vapour
pressure are produced within the sample, which pushes
moisture towards the surface of the sample from its core.
Tis is the reason that microwave drying substantially
completes in less time leading to improved quality of the
food product and less energy consumption. Tis is in
contrast to traditional drying, which transfers heat from the
sample’s surface to its core and lengthen the drying process
[11–13].

Teoretical, semitheoretical, and empirical thin layer
mathematical models are used to understand drying phe-
nomena. Many of the models provide an acceptable re-
gression to experimental drying data due to their empirical
nature; however, they are only confned to processing sit-
uations [14]. Due to their learning capabilities and suitability
for nonlinear processes, artifcial neural networks (ANNs)
have a number of advantages over traditional modelling
methodologies [15–17]. Tey are able to model without
making any assumptions about the characteristics of the
underlying phenomenological mechanisms [14]. Recently,
several studies have been reported the application of mi-
crowave radiation in drying of leaves of morisa xak
(Amaranthus caudatus) [18], celery [19], coriander [19],
Laurus nobilis [5],Moringa oleifera [20], and Kafr lime [21].
Te neural network as an approximation approach has been
used for microwave drying of thyme leaves [22] and tea
leaves [23]. Also, there are not many studies on microwave
drying of Stevia leaves in the literature. Tose investigations
used only single microwave level power (700 or 800W)
[24, 25].

Tis study is the frst (i) to examine how the microwave
power level afects the kinetics of drying Stevia leaves and
select the best model among fve thin layer drying mathe-
matical models, (ii) to determine the efective moisture
difusivity and specifc energy consumption, (iii) to develop
the ANN model for drying of Stevia leaves at diferent
powers, and (iv) to study the efect of microwave powers on
color and biochemical attributes.

2. Materials and Methods

2.1. Plant Material. Fresh leaves of Stevia rebaudiana
Bertoni were harvested from a local greenhouse located
in Ludhiana, Punjab, India. Te leaves were meticu-
lously detached from the stem and selected based on
visual analysis to have nondestructive appearance and
similar green color and size of leaves for the experiment.
To preserve the original fresh quality, the plucked leaves
were kept in a refrigerator at 5.0 ± 2°C until they were
utilized in drying trials. Te determination of the initial
moisture content of fresh leaves was carried out using
the method described by the AOAC method [26]. Fresh
Stevia leaves had an initial moisture content of 80.66%
on a wet basis. Te thickness of Stevia leaves were es-
timated by a calibrated digital caliper (Mitutoyo, model
Absolute Digimatic, Japan) and was observed as
0.24 ± 0.005 mm.

2.2. Equipment and Procedure of Drying. Te microwave
drying of Stevia leaves was carried out using a domestic
microwave oven (IFB Industries Limited, 34BC1, China)
with maximum output power of 900W at 2450MHz. Te
oven has technical features of 230–240V and 50Hz. With
a revolving glass plate with a diameter of 30 cm at the base of
the oven, the drying chamber had a dimension of
376mm× 498mm× 500mm. In addition, it had a digital
control facility for modifying the processing time and could
operate at various power levels.

For carrying out the drying trials, samples of 25 g of
Stevia leaves were used which were weighed using a digital
balance (SP J602, OAHUS Corporation, USA) with a pre-
cision of 0.01 g. Te samples were dried at varying micro-
wave power output from 180 to 900W and at each of these
power outputs, three replications were carried out. Te
experiments had a reproducibility of 5% or less. Weighing of
samples was carried out at a defned time gap by shifting the
glass plate, and in less than 10 seconds, each weighing
process was fnished. Drying was continued until the weight
of the sample reduced to 0.1 g/g·db.

2.3. Moisture Ratio, Drying Rate, and Mathematical
Modelling. By drying the fresh Stevia leaves in an oven for
24 hours at 105°C, the moisture content of the leaves was
evaluated [26]. Tese moisture contents were utilised to
estimate the moisture ratio using the formula and ftted into
fve popular thin layer drying models to determine the
moisture ratio as a function of drying time, which are shown
in Table 1.

Te moisture ratio of Stevia leaves was determined using
the following equation (1):

MR �
Mt − Me

M0 − Me

. (1)

Te drying rate was estimated with experimental
moisture content data using following equation (2):

DR �
Mt+dt − Mt

dt
, (2)

where MR is the moisture ratio (dimensionless), DR is the
drying rate (g water/g dry matter·min), M0 is the initial
moisture content (g/g db), Me is the equilibrium moisture
content (g/g db), Mt is the moisture content at the specifc
time, and Mt+dt is the moisture content (g/g·db) at t+ dt [6].

2.4. Efective Moisture Difusivity. Te estimation of the rate
of moisture movement during the drying process can be
represented with efective difusivity. Fick’s second law of
difusion can be applied to proximate the mass transfer in
a sample regardless of the sort of mechanism engaged in
drying [27].

MR �
8
π2

exp −
π2Deff

4L
2􏼠 􏼡t, (3)

where L is the sample’s half thickness (m),Def is the efective
moisture difusivity (m2/s), and t is the drying time (s). Te
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aforementioned equation (3) can be expressed as follows in
logarithmic form:

ln(MR) � ln
8
π2

􏼠 􏼡 −
π2 × Deff × t

4L
2􏼠 􏼡. (4)

Plotting experimental drying data as ln(MR) versus
drying time (t) yields a straight line with a slope. Te slope is
further equated equal to (π2 × Deff )/4L2 and used to cal-
culate the difusion coefcient.

2.5. Specifc Energy Consumption. Specifc energy con-
sumption (SEC) is defned as the amount of energy required
to remove a unit mass of water from Stevia leaves and is
estimated using mathematical formula given as follows[27]:

SEC �
P × t × 10− 6

mW

, (5)

wheremw is the mass of water (kg) evaporated from the sample,
P is the microwave power (W), t is the drying time, 10−6 is the
conversion coefcient of J to MJ, and t is the drying time.

2.6. ANN Modelling. Diferent ANN models to predict the
moisture ratio during microwave drying of Stevia leaves were
designed and tested using MATLAB software (R2018a,
MathWorks, USA). Te most common renowned ANNs,
multilayer feed-forward with backpropagation learning algo-
rithm were selected. In the supervised training method used by
this algorithm, the network weights and biases are frstly
initialised at random. Tere are at least three layers (input-
hidden-output) of nodes in MLF. Te ANN contained two
inputs (microwave power and time of drying) and one output
variable (moisture ratio), as shown in Figure 1.

Before being divided into subgroups for training, valida-
tion, and testing, the experimental statistics was initially
shufed. For estimating the gradient along with training the
network weights and biases, 70% of the data were used, while
15% were used for network evaluation and 15% were used for
testing. Tansig was employed as the network transfer function
in this study, with the Levenberg–Marquardt algorithm serving

as the training function. Trial and error was utilised to calculate
the number of neurons in the hidden layer in order to produce
the optimum ANN model. Finally, three statistical criter-
ia—mean square error (MSE), rootmean square error (RMSE),
and coefcient of determination (R2)—were calculated to assess
the performance of the ANN model as follows:

MSE �
1
n

􏽘

n

i�1
MRpredicted,i − MRreal,i􏼐 􏼑

2
,

RMSE �
1
n

􏽘

n

i�1
MRpredicted,i − MRreal,i􏼐 􏼑⎡⎣ ⎤⎦

1/2

.

R
2

� 1 −
􏽐

n
i�1 MRpredicted,i − MRreal,i􏼐 􏼑

2

􏽐
n
i�1 MRpredicted,mean − MRreal,i􏼐 􏼑

2 .

(6)

2.7. Color Characteristics. Te diferent color values (L∗, a∗,
and b∗) of the Stevia leaves were measured with a colorimeter
(Konica Minolta CR-10 color reader, Japan). Te value L∗ is
the measure of lightness which vary from zero for black to 100
for perfect white, value a∗ measures redness when positive/
greenness when negative, and value b∗ measures yellowness
when positive/blueness when negative. Tese values (L∗,a∗,
and b∗) were converted into chroma [28] and hue angle [29]
using following equations (7) and (8):

Chroma C
∗

( 􏼁 � a
∗2

+ b
∗2

􏼒 􏼓
1/2

, (7)

Hue angle h
∗

( 􏼁 � tan− 1 b
∗

a
∗􏼠 􏼡when a

∗ > 0 and b
∗ > 0, (8)

h
∗

( 􏼁 � 180° + tan− 1 b
∗

a
∗􏼠 􏼡when a

∗ < 0 and b
∗ > 0 or b

∗ < 0, (9)

h
∗

( 􏼁 � 360° + tan− 1 b
∗

a
∗􏼠 􏼡when a

∗ > 0 and b
∗ < 0. (10)

2.8. Steviol Glycosides. Temethod of Ai et al. [30] was used
to extract the steviol glycosides from Stevia leaves. Amixture

of 0.2 g of powdered dried Stevia leaves and 10mL of
methanol-water solution (6 : 4 v/v) was sonicated (40 kHz,

MR

Outer layerHidden layerInput layer

Power

Time

Figure 1: Confguration of artifcial neural network model.
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250W) at 60°C for 30minutes followed by centrifugation for
5min at 5000× g.Te resulting supernatant was diluted with
60% methanol to 50mL. Te repetition of extraction was
carried out three times followed by fltration of extracts
through a membrane flter (0.45 μm pore size) before being
subjected to HPLC (high-performance liquid chromatog-
raphy) analysis.

Te determination of steviol glycoside was carried out
using high-performance liquid chromatography (Agilent
Technologies 1260, Wilmington, DE) equipped with an
ODS2 column (4.6mm× 150mm, 5 μmparticle size; Agilent
Technologies) and fuorescence detector. Te mobile phase
was a mixture of acetonitrile and phosphate (32 : 68 v/v).Te
other parameters were as follows: column temperature 25°C,
fow rate 1ml/min, and injection volume 20 μl. Te ste-
vioside and rebaudioside A contents were quantifed at
210 nm based on peak area, and results were expressed as mg
per g sample.

2.9. Ascorbic Acid. Te level of ascorbic acid in the samples of
Stevia leaves was estimated using the 2, 6-dichloroindophenol
titration method [26]. One gram of Stevia leaves sample was
grounded with a mortar and pestle using 3% metaphosphoric
acid followed by fltration throughWhatmanNo. 1 flter paper.
Te ascorbic acid solution was titrated against dye solution (2,
6-dichloroindophenol using phenolphthalein as an indicator to
an end-point of faint pink color which should persist for at least
15 s). Results were expressed in the form of mg/100 g of each
sample.

2.10. Total Phenolic Content. Te total phenolic content
(TPC) wasmeasured spectrophotometrically (Model: UV-2601
UV/VIS Double Beam, Rayleigh, China) at 765nm using the
Folin–Ciocalteu technique [31]. Te calculation of total phe-
nolics of leave samples was carried out using the linear equation
generated from the calibration curve plotted by taking gallic
acid as standard. Te concentration of gallic acid solution was
taken in the range of 5–25µg/ml for preparing the standard
curve.Te TPC of Stevia leaves was expressed as equivalents of
gallic acid/g (mg GAE/g) of dried leaves.

2.11. DPPH Radical Scavenging Activity. Te antioxidant
activity (AA) of the samples was estimated using 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay according to the
method described by Şahin et al. [32]. Te proton-donating
activity decreased the absorbance which was recorded at
a wavelength of 517 nm and inhibition% was calculated
using following formula:

Inhibition% �
A0 − As

A0
× 100, (11)

where A0 and As stand for the absorbance of control
(methanol) and sample, respectively.

2.12. StatisticalAnalysis. Origin Pro 8.5 software was used to
do the nonlinear regression analysis. Te reduced chi-square
(χ2), root mean square error (RMSE), and coefcient of

determination (R2) were used to determine how well the
drying curve fts performed. Higher R2 values and lower χ2
and RMSE values are regarded as indicators for a suitable
model [33]. Statistical analysis was carried out using SPSS
software version 20 for Windows. Te means± SD for
triplicate assays of all parameters were examined for sig-
nifcance using ANOVA with t-test to determine any sig-
nifcant diference between the treatments at p < 0.05.

3. Results and Discussion

3.1. Moisture Ratio, Drying Rate, and Modelling of Drying
Curves. Figure 2 displays the moisture ratio versus drying
time for Stevia leaves dried in a microwave at various levels
of microwave power. It is evident that when the microwave
power level grew from 180 to 900W, the drying durations of
the leaves were drastically reduced to 2.5minutes from
15minutes. For Stevia leaves, it took 15, 9, 5.5, 4, and 2.5min
at 180, 360, 540, 720, and 900W, respectively, to reach the
fnal moisture level (<10% wet basis). As the level of mi-
crowave power raised four times, the average drying time
dropped by 6 times. Tis suggests that mass movement
within the leaves occurred faster under larger power level
because generation of more heat takes place within the leaves
and result in a huge vapour pressure diferential between the
product’s center and surface due to the typical microwave
volumetric heating [27]. Similar results have been reported
in the literature for microwave drying of diferent leaves of
Pandanus amaryllifolius [34], coriander [35], and Ficus
carica Linn [11]. Te drying rate versus time is depicted in
Figure 3 for various microwave power levels. Te current
microwave drying experiment only shows a brief period of
acceleration at the start, with no steady rate period.
Moreover, it was observed that the increase in microwave
power amplifed the drying rate. Tese results are in ac-
cordance with fndings for microwave drying of diferent
food items such as parsley [36] and mango ginger [14].

Te information of drying was used to explain the
microwave drying kinetics of Stevia leaves. Te nonlinear
regression analysis was used to ft the experimental data with
commonly used fve model equations. Te coefcient of
determination (R2), root mean square error (RMSE), and the
chi-square (χ2) between the experimental and projected
moisture ratio values were used to assess the model’s ftness.
Te statistical fndings for Stevia leaves undergoing mi-
crowave drying from all models are displayed in Table 1.
Analyzed parameter values included the R2 value between
0.77643 and 0.9994, χ2 value between 0.0001 and 0.0164, and
RSME value between 0.0072 and 0.1279 for diferent models.
Te page model was found to be the most suitable one for all
the experimental data with the value of coefcient of de-
termination (R2) greater than 0.997, root mean square error
(RMSE) lower than 0.0003, and the chi-square (χ2) lower
than 0.01 in comparison to the statistical parameters ob-
tained for other models selected for investigation (Table 1).
Similar outcomes were noted when drying parsley leaves
[36] and Ficus carica L. leaves [11] in the microwave.
Comparison of experimental data with predicted pagemodel
is shown in Figure 2. It is observable that the value of the
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drying constant k rose together with the growth in the level
of microwave power. Tis indicates that with the increase in
microwave power the curve of drying becomes steeper
signifying quicker drying of leaves [37].

3.2. Efective Moisture Difusivity. Te method of slopes,
which involves graphing ln(MR) versus drying time (t) with
regard to data acquired at various microwave power levels,
was used to estimate moisture difusivity. Te efective
moisture difusivity values (Def) and corresponding values

of coefcients of determination (R2) at various power levels
are shown in Table 2. In this investigation, Def values of
Stevia leaves ranged from 3.009 × 10− 11 to 2.636 × 10− 10 m2/
s. Terefore, it was noted the Def values enhanced with
increasing the power level which might be due to the de-
velopment of a higher moisture gradient between the leaf
samples and ambient along with an increment in the driving
force of mass transfer and moisture difusivity [38]. Te
microwave drying of leaves of purple basil [39] and Ficus
carica L. [11] had comparable results. Moreover, values of
efective difusivity determined in the current investigation
were within the general range 10−12 to 10−8m2/s for food
items [27].

3.3. SpecifcEnergyConsumption. Te SEC values for various
levels of microwave output power, which range from 6.78 to
9.77MJ/kg water, are shown in the Table 2. Tis table shows
that the fnal SEC of leaves enhances whenmicrowave power
increases from 180 to 360W. Similarly, initial increase in
SEC have been reported in microwave drying of onion slice
[40]. In case of microwave drying of peppermint leaves, the
SEC increased throughout the microwave power range of
200–600W [38]. Tis might be explained by the last phases
of the drying’s decreasedmoisture content, which resulted in
lower energy absorption by the samples and higher energy
requirements for moisture removal [11]. However, Te SEC
of Stevia leaves decreased with an increase in power from
540 to 900W which might be due to the decreasing drying
time [41]. However, a minor fall in SEC between 540 and
720W may be due to the fact that these powers (540 and
720W) have quite closer drying time of leaves (330 and
240 sec, respectively).

3.4. ANN Modelling. Development of an artifcial neural
network (ANN) was carried out using multilayer feed for-
ward topology and to determine the amount of hidden
neurons, these topologies were evaluated. Te MSE against
the number of hidden neurons was plotted to provide insight
into how the number of hidden neurons afects the per-
formance of the artifcial neural network, as shown in
Figure 4. MSE is an average squared diference between
outputs and targets, and lower values are considered for an
optimal model. Among the diferent artifcial neural net-
works, the best network was a three layered topology with 15
neurons in the hidden layer (2-15-1).

Te comparison between the experimental and the best
ANN model’s predicted moisture ratio during the drying
procedure is shown in Figure 5. Correlation coefcient (R)
predicted by the ANN for training, validation, and testing
was 0.99991, 0.99994, and 0.99996, respectively. Figure 6
displays the experimental MR as well as the projected MR by
the best ANN for all microwave power levels. Te outcomes
demonstrated that the ANN is able to predict the drying
kinetics of the Stevia leaves with high accuracy when they are
dried using microwave energy. For the best ANN, it was
discovered that the R2, MSE, and RMSE values were 0.9999,
1.51 × 10− 5, and 0.039, respectively. Terefore, according to
the results obtained in this investigation, a potentially
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Figure 2: Variation of moisture ratio during microwave drying of
Stevia leaves at diferent powers.
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Figure 3: Variation of drying rate during microwave drying of
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efective method for the prediction of drying kinetics of
microwave drying Stevia leaves is ANN modelling.

3.5. Color Characteristics. Te color parameters of dried
Stevia leaves are depicted in Table 3. Te microwave dried
leaves showed a signifcant reduction (p< 0.05) in the values
of L∗, b∗, and a∗ in comparison to the fresh ones. Similarly,
the values of chroma of Stevia leaves undergone microwave
drying were signifcantly diferent from fresh leaves except
the values of hue angle. Te increase in the level of mi-
crowave power from 180 to 900W did not demonstrate
a signifcant infuence (p> 0.05) on L∗, b∗ and a∗, hue angle,
and chroma values. Tis indicates that the change in pa-
rameters of color was not dependent on the level of mi-
crowave power. Tese fndings are in good agreement with
results of microwave-dried parsley leaves [36] and coriander
leaves [35]. It is evident that a nice green tone was main-
tained even though microwave drying caused some dark-
ening of the leaf color in comparison to the fresh Stevia
leaves.

3.6. Steviol Glycosides. Te efects of diferent microwave
powers on the steviol glycoside content of Stevia leaves are
shown in Table 4. Te stevioside and rebaudioside A con-
tents of dried leaves were signifcantly (p< 0.05) reduced in
comparison to fresh leaves. Te increase in power from 180
to 720W signifcantly (p< 0.05) enhanced the stevioside and

rebaudioside A content in dried leaves. Tis might be due to
the reason that Stevia leaves contain steviol glycoside pre-
cursors, which when heated, undergo a chemical reaction to
produce the matching sweeteners [42]. Te highest content
of stevioside (11.84mg/g) and rebaudioside A (7.11mg/g)
was reported in samples dried at 720W. Moreover, the
increment of power level from 720 to 900W decreased the
content of stevioside and rebaudioside A to 9.01mg/g and
6.44mg/g, respectively. When the internal temperature of
the material rises during drying, the occurrence of more
enzymatic reactions takes place as a result of increased
enzyme activity which might have resulted in the decrement
of glycoside concentration [43].

3.7. Ascorbic Acid Content. Table 4 compares the ascorbic
acid levels of samples of Stevia leaves exposed to diferent
microwave power outputs in comparable to fresh leave
sample.Te ascorbic content of dried leaves was signifcantly
reduced in comparison to fresh Stevia leaves, while power
output also signifcantly afected the ascorbic acid content of
leaves. Te lowest value of the ascorbic acid (12.23mg/100 g)
was reported in case of 180W microwave power which has
the longest period of drying.Te decline in the content of the
ascorbic acid in microwave-dried samples was observed to
be linked to the time of drying [44]. Te ascorbic acid was
retained maximum (∼86%) in leaves dried at 720W. Similar
reduction in the values of the ascorbic acid with prolonging
of microwave drying were reported for the microwave
drying of collard leaves [45]. Te ascorbic acid at 900W was
reported as 20.89mg/100 g which is lesser than the value
observed at 720W. Tis might be due to the reason that
though the drying time is short at 900W, but the supply of
heat is more, which might have led to the signifcant deg-
radation of the ascorbic acid [46].

3.8. Total PhenolicContent. Te total phenolic content of the
Stevia leaves dried at diferent microwave power is depicted
in Table 4. Te fresh Stevia leaf sample initially estimated for
the total phenolic content showed a value of 49.96mg GAE/
g. Te total phenolic content of dried samples was signif-
cantly (p< 0.05) afected by the microwave power. Te
power of 180 and 360W showed a signifcant decline in the
content of total phenolics of about 15.55% and 10.58%,
respectively, in comparison to that of fresh leaves.Tis might
be due to the reason that phenolic content, being sensitive to
the time of drying exposure, degraded at lower power (180
and 360W) as a period of drying was larger at these powers.

Table 2: Calculated efective moisture difusivity values and specifc energy consumption for microwave drying of Stevia leaves.

Microwave
power level (W)

Efective moisture difusivity
SEC (MJ/kg water)

Slope D ef (m2/s) R2 Adjusted R-square
180 0.00516 3.834 × 10− 11 0.9920 0.9919 8.14± 0180c
360 0.00828 4.470 × 10− 11 0.9920 0.9920 9.77± 0.29a
540 0.01768 7.493 × 10− 11 0.9320 0.9319 8.94± 0.15b
720 0.02681 1.106 × 10− 10 0.9859 0.9858 8.68± 0.21b
900 0.04521 1.997 × 10− 10 0.9967 0.9966 6.78± 0.23d

SEC: specifc energy consumption and values with same superscript letters in the same column are nonsignifcant at p < 0.05.

0.000

0.001

0.002

0.003

0.004

0.005

M
SE

18 1917 2016151110 12 149 13876
Number of Hidden Neuron

Figure 4: ANN performance evaluation based on the number of
hidden neurons for microwave drying of Stevia leaves.
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Similar fndings related to the phenolic content degradation
were reported for the microwave drying of kiwi slices [47].
With the increase of microwave power from 540 to 900W,
the total phenolic content increased from 52.54 to 56.98mg
GAE/g.Tis might be due to the reason that the increment in
the microwave power generates high vapor pressure and
temperature inside the tissue of plant which disrupts the
polymer cell wall of plant and releases the phenolic com-
ponents from cell walls along with bound phenolic com-
pounds [48]. Similar trend of frst decrease followed by an
increase in the total phenolic content with increasing power
was also observed in microwave drying of pineapple slices
[49]. In another study on microwave drying of coriander
leaves, the total phenolic content enhanced when the mi-
crowave was increased [50].

3.9. DPPH Radical Scavenging Activity. Te change in the
antioxidant capacity of the microwave-dried Stevia leaves
obtained by using diferent microwave power is given in Ta-
ble 4. Te microwave drying signifcantly afected the radical
scavenging activity of Stevia leaves. Te DPPH inhibition
percentages varied from 79.09 to 50.15%. Increasing the mi-
crowave power from 180 to 360W led to the signifcant
decrement in the radical scavenging activity of dried leaves in
comparison to that of fresh leaves. Te degradation of anti-
oxidant compounds during drying is the cause of this decline.
Similar decrement of antioxidant capacity was observed in the
microwave drying of pineapples when microwave power was
increased from 120 to 350W [49]. In comparison to fresh
Stevia leaves, the superior radical scavenging activity was
observed at 900W with a value of 74.22%. A nonsignifcant
diference was observed among the values of DPPH inhibition
percentages at 540, 720, and 900W. Similarly, the microwave

drying of lemon myrtle leaves showed no signifcant diference
for DPPH for three microwave power levels of 720W, 960W,
and 1200W [51]. For the microwave power above 360W, the
increase in the percentage of DPPHmight be due to the growth
of antioxidant characteristics of naturally formed components
or products of the Maillard reaction with antioxidant
activity [52].

4. Conclusion

Stevia leaves were dried in a microwave drier at diferent
power levels (180, 360, 540, 720, and 900W) to evaluate
drying kinetics, efective moisture difusivity, specifc energy
consumption, color changes, and biochemical attributes.
Te increase in the power levels led to the increment of dry
rate and decrement of drying time. Regarding goodness of ft
indices (R2, χ2, and RMSE), page model gave the best ft to
the experimental data among fve diferently selected
models. At all microwave power levels tested, this model
predicted very well the moisture content as a function of
drying time. Te values of efective moisture difusivity
enhanced from 3.009 × 10− 11 to 2.636 × 10− 10 m2/s with
increment of the power level. Specifc energy consumption
(SEC) frstly increased and then decreased with increasing
the power levels from 180 to 900W. In order to describe
microwave drying of Stevia leaves, a feed-forward artifcial
neural network using a backpropagation algorithm was also
found to accurately predict the moisture content. Te fnal
selected model, 2-15-1 successfully showed the relationship
between input and output parameters with R2> 0.999. Te
ANN has so demonstrated that it could be a viable substitute
for Stevia leaves thin layer drying modelling due to its ac-
ceptable capabilities and simplicity. Te color estimation
demonstrated a signifcant (p< 0.05) change in color

Table 3: Variation of color characteristics for the microwave drying of Stevia leaves.

Microwave power
(W) L∗ b∗ a∗ Hue angle Chroma

Fresh leaves 41.30± 0.17a −11.10± 0.12e 19.55± 0.53a 119.60± 0.91a 22.48± 0.42a
180 38.20± 0.79b −10.20± 0.42d 18.40± 0.79b 119.01± 0.55ab 21.03± 0.17b
360 37.30± 0.50bc −9.50± 0.29cd 17.90± 0.06bc 117.95± 0.65bc 20.26± 0.24bc
540 36.50± 0.18cd −8.90± 0.01bc 17.30± 0.28cd 117.23± 0.38cd 19.45± 0.06cd
720 35.40± 0.84de −8.20± 0.25ab 16.70± 0.13de 116.15± 0.85d 18.60± 0.18de
900 34.20± 0.71e −7.90± 0.32a 16.20± 0.50e 115.99± 0.85d 18.02± 0.18e

Values with same superscript letters in the same column are nonsignifcant at p < 0.05.

Table 4: Variation in biochemical parameters of Stevia leaves dried at diferent levels of microwave power.

Microwave power (W)
Steviol glycosides Ascorbic acid

(mg/100 g)
Total phenolic content

(mg GAE/g)
Radical scavenging activity

(inhibition %)Stevioside (mg/g) Rebaudioside A (mg/g)
Fresh leaves 12.56± 0.15a 9.22± 0.29a 25.30± 0.02a 49.96± 0.09d 79.09± 0.26a
180 6.22± 0.21f 4.97± 0.19f 12.23± 0.48f 41.19± 0.15f 59.20± 0.13d
360 7.71± 0.10e 5.82± 0.11e 15.35± 0.22e 44.72± 0.36e 50.14± 0.94e
540 10.15± 0.53c 7.11± 0.23c 19.61± 0.70d 52.54± 0.18c 65.02± 0.70c
720 11.84± 0.55b 8.53± 0.01b 21.75± 0.25b 54.82± 0.09b 69.55± 0.11bc
900 9.01± 0.31d 6.44± 0.24d 20.89± 0.47c 56.98± 0.03a 74.22± 0.20b

GAE: gallic acid equivalent and values with same superscript letters in the same column are nonsignifcant at p < 0.05.
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parameters of microwave-dried leaves in comparison to
fresh leaves, though a good green color was maintained.
Moreover, color values of dried levels were not dependent on
the power level. Stevia leaves dried at 720W showed the
highest content of stevioside (11.84mg/g) and rebaudioside
A (7.11mg/g) and maximum (∼86%) retention of ascorbic
content. Te highest total phenol content (56.98mg GAE/g)
and antioxidant capacity (74.22%) were observed in
microwave-dried samples at 900W.
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[32] S. Şahin, E. Elhussein, M. Bilgin, J. M. Lorenzo, F. J. Barba, and
S. Roohinejad, “Efect of drying method on oleuropein, total
phenolic content, favonoid content, and antioxidant activity
of olive (Olea europaea) leaf,” Journal of Food Processing and
Preservation, vol. 42, no. 5, Article ID e13604, 2018.

[33] M. Younis, D. Abdelkarim, and A. Zein El-Abdein, “Kinetics
and mathematical modeling of infrared thin-layer drying of
garlic slices,” Saudi Journal of Biological Sciences, vol. 25, no. 2,
pp. 332–338, 2018.

[34] K. Rayaguru and W. Routray, “Efect of drying conditions on
drying kinetics and quality of aromatic Pandanus

amaryllifolius leaves,” Journal of Food Science and Technology,
vol. 47, no. 6, pp. 668–673, 2010.

[35] A. Sarimeseli, “Microwave drying characteristics of coriander
(Coriandrum sativum L.) leaves,” Energy Conversion and
Management, vol. 52, no. 2, pp. 1449–1453, 2011.

[36] Y. Soysal, “Microwave drying characteristics of parsley,”
Biosystems Engineering, vol. 89, no. 2, pp. 167–173, 2004.

[37] Y. Soysal, O. Serdar, and O. Eren, “Microwave drying kinetics
of thyme,” International Journal of Food Science and Tech-
nology, vol. 38, 2015.

[38] M. Torki-Harchegani, D. Ghanbarian, A. Ghasemi Pirbalouti,
and M. Sadeghi, “Dehydration behaviour, mathematical
modelling, energy efciency and essential oil yield of pep-
permint leaves undergoing microwave and hot air treat-
ments,” Renewable and Sustainable Energy Reviews, vol. 58,
pp. 407–418, 2016.

[39] K. Altay, A. A. Hayaloglu, and S. N. Dirim, “Determination of
the drying kinetics and energy efciency of purple basil
(Ocimum basilicum L.) leaves using diferent drying
methods,” Heat and Mass Transfer, vol. 55, no. 8, pp. 2173–
2184, 2019.

[40] M. Beigi and M. Torki, “Experimental and ANN modeling
study on microwave dried onion slices,” Heat and Mass
Transfer, vol. 57, no. 5, pp. 787–796, 2021.

[41] E. Taghinezhad, M. Kaveh, A. Jahanbakhshi, and I. Golpour,
“Use of artifcial intelligence for the estimation of efective
moisture difusivity, specifc energy consumption, color and
shrinkage in quince drying,” Journal of Food Process Engi-
neering, vol. 43, no. 4, p. 2020, 2020.

[42] R. Lemus-Mondaca, K. Ah-Hen, A. Vega-Gálvez, C. Honores,
and N. O. Moraga, “Stevia rebaudiana leaves: efect of drying
process temperature on bioactive components, antioxidant
capacity and natural sweeteners,” Plant Foods for Human
Nutrition, vol. 71, no. 1, pp. 49–56, 2016.

[43] X. Huang, W. Li, Y. Wang, and F. Wan, “Drying charac-
teristics and quality of Stevia rebaudiana leaves by far-infrared
radiation,” Lebensmittel-Wissenschaft und -Technologie,
vol. 140, Article ID 110638, 2021.

[44] I. A. Ozkan, B. Akbudak, and N. Akbudak, “Microwave drying
characteristics of spinach,” Journal of Food Engineering,
vol. 78, no. 2, pp. 577–583, 2007.

[45] I. Alibas, “Microwave, vacuum, and air drying characteristics
of collard leaves,” Drying Technology, vol. 27, no. 11,
pp. 1266–1273, 2009.

[46] M. A. Ali, Y. A. Yusof, N. L. Chin, and M. N. Ibrahim, “Efect
of diferent drying treatments on colour quality and ascorbic
acid concentration of guava fruit,” International Food Re-
search Journal, vol. 23, pp. S155–S161, 2016.

[47] N. Izli, G. Izli, and O. Taskin, “Drying kinetics, colour, total
phenolic content and antioxidant capacity properties of kiwi
dried by diferent methods,” Journal of Food Measurement
and Characterization, vol. 11, no. 1, pp. 64–74, 2016.

[48] I. Hamrouni-Sellami, F. Z. Rahali, I. B. Rebey, S. Bourgou,
F. Limam, and B. Marzouk, “Total phenolics, favonoids, and
antioxidant activity of sage (salvia ofcinalis L.) plants as
afected by diferent drying methods,” Food and Bioprocess
Technology, vol. 6, no. 3, pp. 806–817, 2012.

[49] N. Izli, G. Izli, and O. Taskin, “Impact of diferent drying
methods on the drying kinetics, color, total phenolic content
and antioxidant capacity of pineapple,” CyTA - Journal of
Food, vol. 16, no. 1, pp. 213–221, 2018.

[50] K. Mouhoubi, L. Boulekbache-Makhlouf, W. Mehaba,
H. Himed-Idir, and K. Madani, “Convective and microwave
drying of coriander leaves: kinetics characteristics and

Journal of Food Quality 11



modeling, phenolic contents, antioxidant activity, and prin-
cipal component analysis,” Journal of Food Process Engi-
neering, vol. 45, no. 1, Article ID e13932, 2022.

[51] M. Saifullah, R. McCullum, A. McCluskey, and Q. Vuong,
“Efects of diferent drying methods on extractable phenolic
compounds and antioxidant properties from lemon myrtle
dried leaves,” Heliyon, vol. 5, no. 12, Article ID e03044, 2019.
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