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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
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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]:
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Figure 1: Schematic diagram of the fuidized bed dryer.
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Figure 2: Fluidization curve of turkey berry.
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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.

4 Journal of Food Quality



SSE � 
M

j�1

MRtest,j − MRpre,j 
2

M − n
, (14)
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2
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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].
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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

0 200 400 600 800 1000 1200 1400 1600 1800
Time (min)
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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 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

0.0029 0.00295 0.003 0.00305 0.0031 0.00315
1 (Tin)

-23.3

-22.9

-22.5

-22.1

-21.7

Ln
 (D

ef
f)

0.8 m/s
2.1 m/s
3.4 m/s

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).
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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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