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Abstract

The study aims to determine the effect of pre-treatment applications and optimum drying condition in a hybrid microwave
dryer at 350 W+ 50 °C, 350 W + 60 °C and 350 W+ 70 °C. In terms of color values, the closest value to fresh was found
in samples soaked in citric acid pre-treatment at 60 °C. The highest effective diffusivity value was determined in citric acid
pre-treated lemon samples at a drying temperature of 70 °C. The highest activation energy was determined in the lemon juice
pre-treated samples. The highest specific moisture removal rate (SMER) and lowest specific energy consumption values were
determined in natural lemon pre-treatment at 50 °C. The enthalpy values of the lemon juice pre-treatment carried out at 50 °C
drying temperature were higher than the other methods. The entropy and Gibbs Free energy values were lower. Considering
the energy efficiency values, the method with the highest energy efficiency was determined in the pre-treatment of lemon
juice. The highest thermal conductivity and thermal diffusion of the dried samples were determined in the samples immersed
in 70 °C citric acid mixture. The highest density values has determined in the samples immersed in 70 °C natural lemon
juice. The lowest specific heat was determined at 50 °C drying temperature in the samples with citric acid pre-treatment.
Considering all drying processes and pre-treatment applications, it was determined that citric acid pre-treatment increased
the evaporation energies of the samples. Drying data was best estimated with the Midilli-Kiiciik model (R%: 0.9998).

Keywords Drying process - Citric acid, and lemon juice pre-treatment - Energy consumption - Evaporation energy -
Physico-chemical properties

Abbreviations Symbols
DS Dry speed =g moisture g dry base™ Ny p Moisture content relative to dry base =g mois-
MR Moisture ratio ture g dry base™!
C Croma D Effective diffusion value=m?s~!
WI Whiteness index M; INitial mass
YI Yellownes index M, Last mass
SMER Specific moisture extraction rate M, INstant moisture content =g moisture g dry
SEC Specific energy consumption base™!
N Watt dt Minute
M INstant moisture content =g moisture g dry
base™!
M, Equilibrium moisture content =g moisture g
dry base™!
M, Initial moisture content =g moisture g dry
< Muhammed Tagova -1
base
muhammed.tasova@ gop.edu.tr . .
k, h,j, m Constant coefficient
! Sustainable Agriculture Program, Horticulture Department, t Represents the time
Agricultural Faculty, Tokat Gaziosmanpasa University, L Thickness value (m) of the product
60250 Tokat, Turkey ” .
L Brightness
2 Biosystems Engineering Department, Agricultural Faculty, a* Redness
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b* Yellowness

E, Total energy consumption
m,, Amount of removed moisture
Q. Evaporation energy

hy, Evaporation latent energy
m,, Amount evaporated moisture
Ty Dry temperature

AH Entalphy

E, Activation energy

In kB Bolztman constant

In hp Planck constant

AS Entrophy

AG Gibbs free energy

W, Uncertainty analysis
Introduction

Drying method is the most preferred method for the preser-
vation of agricultural products. The most well-known and
oldest drying method is the sun drying method. The sun
drying method offers low energy consumption and the pos-
sibility of drying large quantities of product. However, it
also has negative features such as being adversely affected
by weather conditions, not being able to reduce the desired
humidity level, and long drying times [24, 29, 32, 34]. In
addition, when agricultural products dried in the sun drying
method are compared with their fresh properties, significant
quality losses occur. Therefore, over time, alternative drying
methods have been developed to sun drying. Conventional
or hybrid conventional hot air drying processes are one of
the most preferred methods developed and later in drying
processes. According to the open drying method, since the
drying conditions can be controlled with these methods, the
products are reduced to the desired moisture level in a better
quality and faster way [6, 18, 26, 46].

It is reported that 10-25% of the total energy consumed
is spent only in drying processes [20], which varies between
7 and 15% in industrialized countries [2]. Due to the high
amount of energy consumed in drying processes, some pre-
treatments (physical, chemical, thermal, etc.) are applied
both to reduce the amount of energy consumed and to pre-
serve the quality characteristics of the products [15, 34]. The
pre-treatments applied to agricultural products prevent or
reduce the occurrence of local problems such as shrinkage
by ensuring that the drying heat is distributed uniformly in
the product and on its surface [31].

One of the dried agricultural products is lemon. Lemon
(Citrus limon L.) fruit is an agricultural product grown in
many countries with warm summers and winters. Due to its
unique smell and taste, it is used in many sectors, especially
in the food field. It is a species rich in essential oil, vitamins,
and amino acids that are beneficial to human health [1, 33,
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48]. In addition to being consumed fresh, lemon is also used
as a natural flavor and sweetener by brewing after drying
and turning it into tea and powder [43]. There are many
studies in the literature on drying lemon fruit. However, the
originality of this study is to investigate the effect of drying
pre-treatment and drying conditions on the energy analysis
of the lemon drying process in detail.

In this study, it was aimed to dry the lemon slices at dif-
ferent drying conditions (350 W +50 °C, 350 W + 60 °C and
350 W +70 °C) in a hybrid microwave oven and to deter-
mine the effectiveness of citric acid and natural lemon juice
pretreatment. The optimum drying method was investigated
in terms of physico-chemical properties (color, effective
diffusion-activation energy) and energy analyzes (SMER,
SEC, evaporation energy Q,, and thermodynamics) of the
dry product with citric acid and natural lemon juice.

Materials and methods
Drying material and pre-treatments

Fresh lemons used as trial material were purchased from a
local market in Tokat Province in the Black Sea Region of
Turkey. The rot-free and clean lemons to be used for mois-
ture determination and drying processes were separated and
stored at+4+0.5 °C in refrigerator conditions throughout
the trial period [37]. It was then dried by slicing it into a
circle with a thickness of 5+0.01 mm with the help of a
sharp knife.

In this study, Ariston Hotpoint Brand MWHA 33343
model 2450 MHz (Italy) was used as a hybrid drying oven.
Drying trials were carried out at 350 W constant power at
50, 60, and 70 °C drying temperatures. The hybrid micro-
wave oven used in the study is given in Fig. 1.

Hotpoint

Fig. 1 Hybrid microwave oven
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Citric acid and lemon juice pre-treatments were applied
to reduce the drying time and energy consumption of lemon
slices drying processes and to preserve their quality charac-
teristics. Pre-treatments have been applied by dipping lemon
slices into 3% lemon juice and 3% citric acid solution for
15 min. Pre-treatment rates and durations were determined
as a result of researches in the literature.

Drying parameters

To determine the initial moisture content, it was dried in an
oven (Simsek Laborteknik brand-ST-055 model) set at 70 °C
[24] until the mass change was stabilized. 15.05+0.68 g
sample was used for moisture determination. Equation 1 was
used to determine the initial moisture content of the samples.

M; — M,
Ny = M, x 100 (1)

Here M;; Initial mass (g), M;; final mass (g), N, ,: g
moisture/g dry matter.

The initial moisture content of the lemon slices was deter-
mined as 87.07 +£0.10 g moisture/g dry matter on average.
AND brand GF-300 model precision balance (0.01 g) was
used to follow the mass change of lemon slices. Equation 2
has been used to determine the drying speed of lemon slices.

M —M
DS = t (t+dt)
dr

@
where M, Moisture content at time t (g water g drying
substance™!), dt minute, DS drying speed (g water g dry-
ing substance min~!). Equation 3 was used to determine the
time-dependent drying rates of the samples.

M-M,

MR = ——+ 3)

MO - Me
where MR Moisture rate, M Instant moisture content of the
product (g moisture/g dry matter), M, the Equilibrium mois-
ture content of the product (g moisture/g dry matter), M It
is the initial moisture content of the product (g moisture/g
dry matter).

CR400 model/Japanese colorimeter was used to meas-
ure the brightness (L), red/green (a), and yellow/blue (b)
values of fresh and dried lemon slices. Chroma, hue, and
total color change values were calculated using the measured
values. While chroma indicates color tone, low values are
calculated for pale fruits, while high values are calculated
for vivid colors. Hue indicates the location of product color
values within 360° color radiant. 0° from limit angle val-
ues; red, 180°; green, 90°; yellow and 270°; Blue represents
the primary colors. The total color change represents the
value of the total color pigments that are heat-decomposed

(non-enzymatic) in drying processes. Calculated color val-
ues were used in Eqs. 4-6 [27, 3, 36].

Croma = C = (a> +b*)!/?  [27] 4)
o —1(b
Hue A° =tan (—) [3] Q)]
a
Color change value AE

=\/(L—L*)2+(a—a>k)2+(b—b*)2 [36] ©)

Browning index value (BI) shows the browning value of
the product after the drying process of Jerusalem artichokes
was completed. The browning index was calculated with the
use of Eq. 7 [25].

N a+(1.75xL)
T [(5.645 x L) + (a — (3.012 x b))] @

~ [100(x — 0.31)]
- 0.17

BI

Whiteness Index (WI) are commonly measured to derive
numbers that closely correlate with consumers’ preference
for white color. It mathematically combines lightness and
yellow-blue into one term. WI represents the overall white-
ness of food products, which can indicate the degree of dis-
coloration during drying [11, 22]. Equation 8 was used to
calculate the whiteness index [28].

WI\/ (100 — L)? + a2+b? ®)

Yellowness Index (YI) is associated with exposure to
light, chemicals, extreme heat and processing, contamina-
tion, and general product spoilage. Yellowness indices are
mainly used to measure such deterioration with a single
value. They can be used to measure clear, colorless liquids
or solids in transmission and nearly white, opaque solids in
reflection [22]. Equation 9 was used to calculate the jaundice
index [28].

_142.86 x b
- L

Yl )

Equation 10 was used to calculate the effective diffusivity
and activation energy values [7, 49].

%D,
MR = no - 2l
72 412
Ey\
Dy = Dyexp ~RT (10)
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Here D, effective spread value (m*s™"), L Half the thick-
ness value (m) of the product, D, value the diffusion coef-
ficient (m”sec™"), R value gas constant (8.3143 kj mol°K‘1),
Ea activation energy value (kj mol~!) and T (Kelvin®) is
given as the drying air temperature.

Polaxtor brand PLX-15366 model power meter
(+0.02 kWh) was used to measure the energy consumed in
drying processes. By using these energy consumption val-
ues, the specific moisture absorption rate and specific energy
consumption values were calculated.

Equation 11 was used to calculate the amount of mois-
ture removed (SMER) versus the unit energy value in drying
processes [35].

SMER = Moisture removed in the drying process (kg)

Energy consumed by the dryer (kWh)
an
where SMER; specific moisture removal rate (kg KkWh™h).
The amount of energy consumed to remove 1 kg of mois-
ture in drying processes was calculated using the equation
numbered 12 [19].

El
SEC = — (12)

my,

where SEC specific energy consumption (kWh kg~! water),
Meat total consumed energy (kWh), m,, the amount of water
removed (kg).

Equation 13 was used to calculate the latent heat of evap-
oration in the drying processes of lemon slices [5].

Qy = hg Xmy, (13)

hy, = 2.503 x 10° - 2.386 x 10° x (T, — 273.16)

273.16 < T,(K) < 338.72

hy;

. =1/(7.33%x 10" = 1.60 x 10" x T})

338.72 < T; < 533.16

where Q,, evaporation energy (kWh), hy, latent energy of
evaporation (kJ kg™!), m,, the amount of evaporated mois-
ture (kg). T, drying temperature (°K).

Thermophysical properties

As a function of dry-based moisture content of Jerusalem
artichoke samples, thermal conductivity, thermal diffusivity,
specific heat and specific mass properties were calculated.
The thermal conductivity value of Jerusalem artichoke was
calculated with the use of Eq. 14 [29].

@ Springer

k = 0.49 — 0.44exp(~0.206X) (14)

where k is thermal conductivity (W m K™1).
Thermal diffusivity of Jerusalem artichoke samples was
calculated with the use of Eq. 15 [29].

ok
PC, (15)

where o is thermal diffusivity (m?s™1), p is density (kg m™>).
Specific heat values of Jerusalem artichoke samples were
calculated with the use of Eq. 16 [12].

Cp:837+3348< =) (16)

where C, is specific heat (J kg K1), X is drybased moisture
content (kg water kg dry matter™).

Specific heat values of Jerusalem artichoke samples were
calculated with the use of Eq. 17 [23, 42].

X
Py = 147953~ +691.46 a7

where P, is density (kg m™), X 1s initial drybased moisture
content (kg water kg dry matter™!).
Thermodinamic analysis

Equations [18-20] were used to analyze the thermodynamic
behavior of lemons under different drying temperatures [13].

AH=E,—RT (18)
S =R.[ln, —InkB/h,] — InT(°K). (19)
AG = AH -T(°K).AS (20)

here AH enthalpy (cal mol~!), Ea activation energy
(kJ mol™!), In kB Boltzmann constant (J s™1), In hp Boltz-
mann constant (J "K_l), AS entropy (cal mol™!) and AG
represents Gibbs free energy (J mol™') values. Here; a,, rep-
resents the water activity value.

Uncertainty analysis

Equation 21 was used to calculate the total uncertainty value
arising from the standard deviation values occurring during
the drying process and measurement stages [17].

W, = V(X)) + (6)7 + (X5)" + -+ (X,)? 1)

X5 X55 X5 ... X, shows the precision values of measur-
ing instruments.
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Table1l Model equations

No Model Equality Related
resource
Page ANO = exp(—k * (t #x h)) [21]
Yagcioglu ANO = k.exp(-h.t) +j [45]
3 Midilli-Kiigik ~ ANO = h.exp(—j.t*) + (m.t)  [16]

where k, h, j, m; coefficients of modules, ¢ represents time

Mathematical modeling

The change in the moisture content of the drying material
over time creates the drying curve of that product. The dry-
ing curve takes a value at the initial time and undergoes a
rapid change at the beginning and decreases towards the zero
value. A value of zero is obtained when there is no mois-
ture left in the drying material. Equality parameters have
obtained using the Sigma Plot program. The Sigma Plot pro-
gram also gives the model variance analysis results and the
coefficient of stability (R?) value. The stability coefficient
can take values between zero and one. If the values calcu-
lated by the program are equal to the measured value, the
coefficient of determination value is determined exactly. For
this reason, in order to determine the best predictive model,
it is desired that the calculated values and the measured val-
ues are close, that is, the R? value is high. To determine
the most suitable thin-layer drying model for lemon slices,
the mathematical equations commonly used in the literature
were chosen. The selected equations are given in Table 1.

Statistical analysis

It was modeled using SigmaPlot 10. Program to model
the drying data. The R? and reliability values of the mod-
els were calculated according to the determined reliability
value P <0.05. Statistical analysis of color values SPSS17.
ANOVA multiple comparison tests were performed with the
program. Reliability values of color analyzes were calcu-
lated according to P <0.05.

Results and discussion
Drying parameters

Lemon samples were dried at different temperatures in a
hybrid microwave dryer as pre-treated (citric acid-lemon
juice) and without pre-treatment (control). These pro-
cesses continued until the lemon samples reached their
final moisture values. The initial moisture content of the
lemon samples was determined as 88.07 +0.10%. Yogurtcu
[47] dried 8 mm lemon slices using the microwave method

using 4 different powers (90—180-360-600 W). In the study,
they found the initial moisture value of lemon slices to be
87.3+0.5%. Giiler and Dogan [9], examined the drying
performance of lemon slices by pre-treatment in a convec-
tive dryer. In the experiments, the moisture content of fresh
lemon samples was measured as 87.43 +£0.1%. They deter-
mined that the pre-treatment (ohmic scalding) they applied
increased the drying rate. Similar results were found in the
literature about the moisture content of lemon samples. In
line with the findings, it was determined that the drying
properties of lemon slices were affected by the pre-treatment
and drying temperatures. It was determined that the increase
in temperature values and the applied pre-treatments
increased the drying rate. The drying performance values
of the samples under drying processes are given in Fig. 2.
When the drying performance values given in Fig. 2 are
examined, the shortest drying time was found to be 26 min
in the samples dipped in 70 °C natural lemon juice, while the
longest drying time was determined as 40 min in the 50 °C
control samples. Pre-treatment of immersion in lemon juice
reduced the drying time of the lemon slices. It is thought
that the natural citric acid in lemon juice affects the micro-
structure of the lemon, evaporating more moisture during
drying and affecting the drying rate. Polatci et al. [50] 1n
their drying study, they applied pre-treatment (Ethyl oleate)
to the fruits before drying. They determined that the pre-
treatment (Ethyl oleate) affects the drying organs by affect-
ing the microstructure of the fruit and thus shortens the dry-
ing time. Similar results with the literature were also seen in
different pre-treatments. Sadeghi et al. [30] used a convec-
tive, microwave, and combined drye in their lemon drying
study. In the combined drying process in which they applied
microwave power and temperature, the shortest drying time
was obtained after 38 min. A temperature of 60 °C and a
microwave power density of 12.04 W g~! have been used.
It has been determined by the literature findings that micro-
waves using power and temperature reduce the drying rate.
The highest drying rate value was determined as 0.2969 g
moisture g~! dry matter.minute at a drying temperature of
70 °C at 350 W constant power in lemon juice pre-treatment.
Color is an important quality parameter in drying pro-
cess. Because the colors of the dried products affect the
sales. A product with a bad color has no appeal and is sold
less. In this study, the effect of pretreated and untreated
(control) samples on the color values of lemon sliwere
were investigated using different temperatures at constant
350 W power in a hybrid microwave. The obtained results
are given in Table 2. According to Table 2, drying tem-
peratures and applied pre-treatments affected the color
values of lemon samples statistically (P < 0.05). It was
determined that the gloss value of the pre-treated sam-
ples was higher than the control samples. L* gloss value
was obtained close to fresh values in all drying processes

@ Springer
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Fig.2 Drying performance values
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Table 2 Color values of fresh and dried lemon samples
Drying Tempera- L a* b* C AE WI YI BI
method ture
Fresh lemon  — 39.40+1.35° 1.60+0.90° 7.35+1.53° 7.56+1.55%  3278+127°  1866.84+76.12°  26.56+5.05% —
Hybrid 50/°C 31.00+1.75° 3.17+0.61< 5.08+0.92° 6.00+1.02°  2540+125°  2400.62+116.85%  2332+3.37%  24.97+3.64°
ggstfr‘;‘;’ave 60/°C 32.86+2.440 2.15+0.96% 7.10+1.59 745+ 1.75%  2621+1.72°  2285.68+156.27* 30.67+521°  28.63+6.45®
70/°C 33.35+2.66"¢ 4.91+2.01° 6.98+1.52% 8.69+1.84°  2579+237°  2263.90+168.76" 29.72+4.83"°  33.89+7.06°
Hybrid 50/°C 32.08+2.33% 292+1.34% 478+1.61¢ 5.64+2.00°  2683+1.64°  2326.56+146.94° 21.05+586c  22.34+7.22°
filtirci‘::’:ize 60/°C 34.50+1.72% 0.73+0.71° 7.42+1.02° 7.49+1.03°  40.10+139°  217523+106.95% 30.67+3.24°  2525+3.60°
70/°C 34.9742.02° 6.11+2.64° 6.82+2.69 9.19+3.68°  2725+120°  2164.65+106.98°¢ 27.49+9.52% 33.85+4.97°
Hybrid 50/°C 33.73+1.76"¢ 3.32+0.80 520+ 1.44>d 622+1.41°  27.93+0.72°  2217.75+108.44>¢ 21.80+4.99°  23.48+4.46
;ngf)‘;wave 60/°C 34.64+1.52% 1.44+0.35 7.50+3.42° 7.68+3.35%  2832+1.69°  2171.78+84.04%  30.61+13.32%  27.28+4.60°°
juice 70/°C 35.29+1.99° 3.58+1.30° 524£125™  639+1.64°  2935:£140°  211694+12045' 21.06£4.04°  33.07£527

performed at 70 °C drying temperature. In a*, b* and C
values, it was found that the samples dipped in lemon juice
at 60 °C drying temperature was found to be statistically
similar (P < 0.05) compared to fresh. When the total color
change value was examined, the maximum color change
was determined as 40.10 in the samples that were pre-
treated with citric acid at 60 °C. In this method, a lot of
color increase has occurred compared to fresh. Ghanem
et al. [8], stated that the significant increase in the total
color difference in their lemon drying study may be due to
the Maillard reaction between reducing sugars and com-
pounds containing amino groups and resulting in the for-
mation of colored melanoidins.

Due to the color of the lemon, the yellowness (YI) and
whiteness of Windexesdex are more important in terms of
color values. The whiteness index value of the fresh was
statistically (P <0.05) best preserved by the drying process
performed at 70 °C drying temperature in the pre-treatment
of dipping in lemon juice. In terms of yellowness value, the
samples that were pretreated with citric acid at 70 °C were
found to be statistically similar compared to the fresh ones. It
was determined that there is a positive relationship between
drying temperature and browning index. In other words, it was
determined that the browning index increased as the tempera-
ture increased. Wang et al. [43], found that the browning index
increased with the increase in temperature in the study of dry-
ing lemon slices in a pulse vacuum dryer. It was observed that
the obtained findings and the literature findings overlapped.
Alkag et al. [4] when conducting a qualitative analysis in the
study of drying sliced lemons in a heat pump infrared dryer,
they that darkening occurred in lemon slices after drying. They
predicted that this situation may create a disadvantage in the
marketing of the product. They suggested that a pre-treatment
of the lemon slices could be done before drying to prevent the
lemons from darkening. In this study, the effect of pre-treat-
ment applied to lemon slices on the color is given in Fig. 3.

The effect of drying temperature and pre-treatment on the
effective diffusivity and activation energy values of dried

©

Fig.3 Pre-treated (B citric acid/C lemon juice) and untreated (A)
lemon slices

lemon samples are given in Table 3 and time dependent In
MR values are given in Fig. 4.

According to Table 3, the drying temperature and the
applied pre-treatments affected the effective diffusivity
and activation energy values of the lemon slices dur-
ing the drying process. Effective diffusivity is a kinetic
parameter associated with the transport of moisture lost
by dried products [51]. In drying trials, we want this con-
vection to be fast so that drying takes place faster. For
this reason, effective diffusivity values should be high
in drying trials. The highest effective diffusivity value
was found in the citric acid dipping process at a drying
temperature of 70 °C. The effective diffusivity values of
the citric acid pre-treatment have higher than the con-
trol and lemon juice pre-treatment samples. It has been
determined that the effective diffusion value increased
as the temperature value increased. Sadeghi et al. [30]
found that the effective diffusivity values increased with
the increase of microwave power and drying air tempera-
ture in lemon drying studies. Activation energy is the
minimum energy required to start a chemical reaction.
The activation energy must be low. Because the acti-
vation energy is high means that the reaction will start
difficult. Activation energy values have the lowest in
the control samples. Horuz et al. [10] applied a hybrid
(W +°C) drying process in apple drying studies. Accord-
ing to the study results, respectively activation energies
of 120 W +50-60-70 °C, 150 W 4+ 50-60-70 °C and 180
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Table 3 Effective diffusion-
activation energy values of
lemon drying processes

Method Drying temperatures/°C  Effective diffusivity/  Activation
m?s7! energy/
kJ mol™!
Hybrid microwave control 50 2.69%107° 1.20
60 2.73% 107
70 2.76x 107
Hybrid microwave citric acid 50 2.84x107 6.36
60 2.87x107
70 3.26x107
Hybrid microwave lemon juice 50 2.43%107° 7.77
60 2.71x107
70 2.88%107

Hybrit 50 °C Hybrit 60 °C Hybrit 70 °C
2.00 1.00 1.00
= J0.006x + D.2136 y=-0.1133x+0.2733 | y=-0.1136x +0.2374
y=1 - 0.00 @ R?=0.9614 0.00 R?=0.8951
0.00 R*=0.9399
B 20 30 40 0 Qo 20 30 40
0 30 40 50 1.00 -1.00 Lo,
< S 500 B « SN0, ¥=-0.109x+0.2175
c —200 y=-0.1079x+0.285 £ = = D07+ 024p8 = -2.00 ~Le . Rre=0972
< OB —p2-0.9613 _3.00 §R7 =0.9503 <
-4.00 y=-0.1119x+ 0.21889\0\\ O —3.00 y=—0.1285x +0.299 ~ 15
R?= 09572 —4.00 y =-0.1078x + 0.2418 e =S —4.00 R2=0.9123 0 —
R?=0.9789 " (&) T
—6.00 ) . -5.00 - - 500
Time/min Tlme/mln ) o =5. Time/min
Control  ©Citricasit @ Lemon juice

Control ©Citricasit @ Lemon juice

Fig.4 Time dependent In MR values of lemon slices

W + 50-60-70 °C C are 32,46, 32,48 and 13.04 kJ mol~".
According to the literature results, it was observed that
the increase in the power value caused a decrease in the
activation energy. In addition, it has been determined
that the increase in temperature decreases the activation
energy and increases the effective diffusion values.

Table 4 Energy and thermodynamic analysis values

Kontrol @ Sitrik @ Limon

Energy consumption and thermodynamic analysis
values

Energy and thermodynamic analysis values of dried lemon
slices were affected by pre-treatment applications and dry-
ing temperature. The data of the determined parameters are
given in Table 4. The applied pre-treatments improved the
SMER and SEC energy values. It has been determined that
SMER values increased and SEC values decreased as the
temperature value increased in the control samples. How-
ever, it was observed that drying temperatures of 50 and

Method Drying SMER/kg SEC/kWh kg™ Total energy Enthalpy/kJ/ Entropy/kJ/ Gibbs free  Energy

temperature/°C kWh™! consumption/  mol mol energy/k]/  effi-
kWh mol ciency/%

Hybrid micro- 50 0.0157 63.84 0.463 — 2626.08 - 9206 271,503.87  10.5
wave control () 0.0144 69.36 0.505 —2707.42 -91.97 279,640.65 9.5
70 0.0141 70.82 0.519 —2788.76 -91.91 287,855.84 9.7
Hybrid micro- 50 0.0176 56.86 0.417 —2620.92 -91.62 269,729.45 11.8
wave citric ¢ 0.0157 63.64 0.461 —2702.26 -91.57 27793136 104
acid 70 0.0164 60.81 0.446 —2783.60 ~90.56 283,147.25 112
Hybrid micro- 50 0.0185 54.16 0.395 —2619.58 - 92.89 27333844 123
wave lemon ¢ 0.0164 61.04 0.440 —2700.92 - 92,03 27922427 108
juiee 70 0.0171 58.38 0.423 —2782.26 -91.57 286,176.49  11.7
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70 °C had higher SMER values and lower SEC values in
citric acid and lemon juice pre-treatment compared to 60 °C.
After drying, it is desired that the SMER value is high and
the SEC value is low. A high SMER value means that the
energy consumed in 1 kWh and the amount of moisture
removed from the lemon slices are high. That is, more mois-
ture is evaporated with less energy. A decrease in the SEC
value means that the amount of energy spent to remove 1 kg
of moisture is less. The main purpose of determining the
SMER and SEC values is to find the energy consumed by the
moisture loss in the product during drying and to determine
the effect of the applied pre-treatments, the determined dry-
ing method and temperature on the energy.
This study was examined in terms of energy consump-
tion values, it was determined that lemon juice pre-treatment
contributed positively and low drying temperature gave better

Hybrid microwave 350 W 50 °C
(control-cidric acid-lemon juice)

. 0

. 7
. 27
N 37
4e-7
[ 567
[ 6e-7
R 7e-7

5e-7

sivity/m2

Thermal diffu

results than high temperatures. In terms of thermodynamic
analysis results, it was determined that the enthalpy values
were higher, and the entropy and Gibbs Free energy values
were lower when the drying process was performed at 50 °C
drying temperature in the lemon juice pre-treatment. It shows
how much energy input to the product is from the drying ambi-
ent air to perform the Gibbs free energy drying process. Con-
sidering the energy efficiency values, it varies between 9.50
and 10.50%, 10.40-11.80% and 10.80-12.30%, respectively, in
control, citric acid and lemon juice pre-treatment. It has been
observed that this situation is compatible in terms of consumed
energy values.. Torki-Harchegani et al. [41], calculated the
highest energy efficiency as an average of 5.47% in their study.

Hybrid microwave 350 W 60 °C
(control-cidric acid-lemon juice)

. o
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N 3e-7
4e-7
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D Ge-71 o
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Fig.5 3D distribution of thermophysical properties of lemon slices
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Thermophysical properties

The 3D distribution of the thermophysical properties of
lemon slices is given in Fig. 5.

It was determined that drying methods significantly affect
the thermo-physical properties of lemon slices. It was deter-
mined that the final thermophysical properties of the dried
samples were very close to each other. Thermal conductiv-
ity and thermal diffusivity must be high in thermo physical
properties. Because these two features show the spread rate
and area of the heat given by the dryer during drying on the
product. The faster the temperature spreads on the product,
the shorter the drying time. The specific mass value should
be similarly high.

While the highest thermal conductivity and thermal dif-
fusion of the dried samples were determined in the samples
immersed in 70 °C citric acid mixture, the highest specific
mass values have been determined in the samples immersed
in 70 °C natural lemon juice. In the specific heat value, the
specific heat value of the materials with high conductivity
will be low. Since the conductivity is desired to be higher
in the drying process, the specific heat value should be low.
Considering the specific heat value, the lowest specific heat
was determined at 50 °C drying temperature in the samples
with citric acid pre-treatment.

Among the thermophysical properties, specific heat, ther-
mal conductivity, and specific mass values were obtained
very close between all applications. In thermal diffusiv-
ity, these values vary. These values varied between 1.077
and 5.625x 1077 m?s~!. Tasova and Polatc1 [39, 40], in
their study in which they dried chile peppers by apply-
ing microwave and hot water pre-treatments, determined
that the thermal diffusivity value was between 1.005 and
3.944x 107" m? s~!. Similar values have been obtained in
the literature. Yagua and Moreira [44], found that when
they dried the potato slices in an oven with hot air at 120,

Reane) T,

5.0500 /
8 5.0000 - / m50°C
©
2 4.9500 - m60°C
o N—
T 4.9000 - / — 570°C
v > |
< 4.8500 - —
= |
€ 4.8000 l l 70°C
Q 0,
T 4.7500 - 60 °C

50 °C
4.7000

Cidric acid Lemon

juice

Control

Fig.6 Evaporation energy values
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130, and 140 °C, the specific mass values of the samples
varied between 1100 and 420 kg m~> on average. In the
study, these values were found to vary between 370.00 and
861.76 kg m™>. The reason why these values are higher than
the values in the hand study is thought to be due to the high
drying temperatures.

Evaporation energy

The effect of the pre-treatments applied in lemon drying
processes on the determined evaporation energy values is
given in Fig. 6.

According to Fig. 6, the pre-treatment and drying methods
affected the evaporation energy values of the lemon slices.
It was determined that the total evaporation energies of con-
trol, citric acid, and lemon juice samples of hybrid micro-
wave-dried lemon slices varied between 4.8397 and 5.0128,
4.7913-5.0128, and 4.7648-4.9512 kWh, respectively. Consid-
ering all drying processes and pre-treatment applications, it was
determined that citric acid pre-treatment increased the evapora-
tion energies of the samples. Based on the drying temperature,
the evaporation energies of lemon slices at 50 and 70 °C drying
temperatures were found to be higher than at 60 °C drying tem-
peratures. It has been determined that the evaporation energies
decreased at the intermediate temperature.

Uncertainty analysis

The uncertainty analysis value due to the sensitivity values
of the measuring instruments and equipment used during
the drying processes was made. The sensitivity values of
the measuring instruments and equipment used in the study
are given in Table 5

The data have been processed in Eq. 26 and the uncon-
trollable uncertainty value in the drying process has been
calculated as 0.633%. Kumar et al. [14], conducted drying
experiments and reported the uncertainty rate as 1.06%.
Tasova et al. [38], found the uncontrollable uncertainty
rate of the drying process as 2.324%. The reason for the
low uncertainty value is thought to be due to the different
devices used and their sensitivities.

Table 5 Sensitivity values

Measuring instruments Precision values

Power analyzer +0.02/kWh
Weighing device +0.001/g
Caliper +0.2/mm
Colorimeter (for AE) +0.6
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Table 6 Model data
Method Pre-treatment ~ Model K h j m p R?
Hybrid microwave 350W 450 °C  Control Midilli-Kiiciik ~ 1.3298  0.9803  0.0285 — 0.0009 <0.0001  0.9992
Yagcioglu 1.2139 0.0543 -0.1907 - <0.0001 0.9979
Page 0.0313  1.3260 - - <0.0001 0.9986
Citric acid Midilli-Kiiciik 1.0031 0.9992  0.0658 —0.0029 <0.0001 0.9994
Yagcioglu 1.1447 0.0591 -0.1470 - <0.0001 0.9995
Page 0.0550  1.1347 - - <0.0001 0.9979
Lemon juice Midilli-Kiiciik 1.1220  0.9957 0.0371 —0.0041 <0.0001 0.9996
Yagcioglu 1.3918 0.0381 -03834 - <0.0001 0.9996
Page 0.0305 1.2811 - - <0.0001 0.9979
Hybrid microwave 350W + 60 °C Control Midilli-Kiiciik 1.3466  0.9915 0.0277 — 0.0006 <0.0001 0.9998
Yagcioglu 1.2392  0.0532 —-0.2048 - <0.0001 0.9981
Page 0.0283 1.3558 - - <0.0001 0.9996
Citric acid Midilli-Kiiciik 1.4871 0.9772  0.0183 —0.0007 <0.0001 0.9991
Yagcioglu 1.3653 0.0446 —0.3363 - <0.0001 0.9965
Page 0.0219 1.4481 - - <0.0001 0.9984
Lemon juice Midilli-Kiiciik 1.3043 0.9884  0.0273 —0.0023 <0.0001 0.9995
Yagcioglu 1.4241 0.0408 —04038 - <0.0001 0.9986
Page 0.0264 1.3723 - - <0.0001 0.9986
Hybrid microwave 350W + 70 °C Control Midilli-Kiiciik 1.3664  0.9909 0.0278 —0.0005 <0.0001 0.9996
Yagcioglu 1.2533 0.0545 -0.2177 - <0.0001 0.9978
Page 0.0289 1.3691 - - <0.0001 0.9994
Citric acid Midilli-Kiigiik 1.2811 0.9955 0.0295 —0.0046 <0.0001 0.9996
Yagcioglu 1.6487 0.0362 —-0.6262 - <0.0001  0.9990
Page 0.0251 14350 - - <0.0001 0.9980
Lemon juice Midilli-Kiigiik 1.1354 1.0081 0.0345 — 0.0090 <0.0001 0.9999
Yagcioglu 1.9391 0.0283 -0.9202 - <0.0001 0.9998
Page 0.0257 1.4055 - - <0.0001 0.9976

Mathematical model data

Mathematical model data of lemon slices are given in
Table 6. According to Table 6, the drying data was best esti-
mated by the Midilli-Kii¢iik model (R%:0.9999), and it was
determined in the drying of the samples dipped in natural
lemon juice at 70 °C in a microwave dryer.

Conclusions

This study the lemon juice pre-treatment dried the lemon
slices faster than the citric acid and control samples. It has
determined that the pre-treatments performed better and
preserved the color values compared to the applied control
samples. It also had a positive effect on effective diffusion
and activation energy values. While the effective spread-
ing values were higher in the citric acid pre-treatment, the
activation energy values were lower in the citric acid pre-
treatment. It has determined that the effective diffusion value

increased as the temperature value increased. It has deter-
mined that the increase in the power value decreased the
activation energy value. The pre-treatment application had
a positive effect on SMER and SEC energy values. It has
determined that as the temperature value increased in the
control samples, there was an increase in the SMER values
and a decrease in the SEC values. Drying processes and
pre-treatments significantly affected the thermodynamic
analysis. Considering all drying processes and pre-treatment
applications, it was observed that citric acid pre-treatment
increased the evaporation energies of the samples. It is rec-
ommended to consider all pre-treatments and drying tem-
peratures when drying lemon slices, and to dry them in a
lemon juice pre-treatment and at low drying temperatures.
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