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Meta-heuristic optimization for drying kinetics and quality assessment 
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ABSTRACT 
This paper was conducted to model the drying kinetics of Capparis spinosa buds using 
dragonfly swarm optimized nonlinear regression and to compare the impact of drying treat-
ments on their quality. Experiments included hot-air convective drying (HACD) from 40 to 
120 �C, vacuum drying (VD) at 40, 60, and 80 �C, microwave drying (MD) ranging from 200 
to 1000 W. Out of 30 models tested, the drying kinetics fitted best with Jena Das model in 
both HACD and VD and modified Midilli for MD. The comparison between the drying treat-
ments used indicated that when taking into account the quality of the dried caper, VD at 
80 �C was the most effective, resulting in a high-quality caper with a well-preserved color 
(DE¼ 7.47), high bioactives (TPC ¼ 30.18mgGAE/gDW and TFC ¼ 10.27 mg QE/gDW) and 
radical scavenging abilities (DPPH ¼ 0.249 and ABTS ¼ 4.448 mg/mL) at the expense of 
long duration (6h) and high specific energy consumption (50.667 kWh/kg). On the other 
hand, when considering the drying behavior MD ranked best with samples dried at 1000 W 
showing high diffusivities 2.04e−8 m2s−1 low energy consumption (MER 0.1216 kg/h), and 
short drying times (12 mn). This research is critical in selecting better drying conditions for 
increased usage in the culinary, cosmetic, and pharmaceutical sectors.
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Introduction

Plants are excellent suppliers of vitamins, miner-
als, phenolics, and various vital bioactive substan-
ces. They are employed in the creation of 
functional foods, medications, and other products 
in addition to folk medicine (Banwo et al. 2021). 
Capers are the flower-buds of the Capparis genus 
in the Capparaceae family, a plant of tropical/ 
subtropical and arid areas.

Capers have been utilized for various purposes 
since ancient times, and they have thrived natur-
ally across diverse regions of the globe. The buds 
of the Capparis spinosa plant are fermented in 
brine and incorporated into pasta, meat, salads, 
and other dishes to enhance flavor or serve as an 
appetizer alongside cheese, olives, and almonds 

(Grimalt et al. 2022). Notably, the buds and 
leaves of the caper plant have found applications 
in medicine, cosmetics, and cuisine due to their 
abundance in bioactive compounds with func-
tional attributes (Tayiro�glu and _Incedayı 2021). 
These compounds encompass flavonols, phenolic 
acids, sugars, alkaloids (Khanavi et al. 2020; 
Aksay et al. 2021), phytosterols, vitamins, and 
glucosinolates (Saleem et al. 2021). According to 
Grimalt et al. (2022), Capers are also renowned 
in traditional medicine for their astringent, diur-
etic, tonic, and antirheumatic effects. Many stud-
ies have demonstrated their anti-inflammatory 
effect (Yatao et al. 2021) antihepatotoxic, anti-
cancer (Ali et al. 2023) antihyperglycemic effects 
(Assadi et al. 2021).
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The high water content of fresh capers, repre-
senting around 80% (wb) (Cincotta et al. 2022). 
Renders them vulnerable to the growth of 
undesirable spoilage microorganisms and chem-
ical deterioration which results in shorter shelf 
life.

Drying is a vital operation in a variety of proc-
essing sectors, including chemical, food, pharma-
ceutical, agricultural, biotechnology, and polymer. 
Drying is required for safe preservation, simple 
handling, extended storage, and lower transporta-
tion costs. This procedure often implies heating 
water to reduce its volume. Inadequate dehydra-
tion can result in unrecoverable destruction of 
ultimate product quality, overestimated require-
ments of time and energy, out-of-season costs, 
etc. (Solchansanj and Jayas 2020).

Food can be dried using different techniques 
in the food industry, such as microwave drying, 
convective dehydration, sun drying, lyophiliza-
tion, infrared radiation, and vacuum drying (Reis 
et al. 2022).

Drying with hot air convection ovens is com-
mon and essential for postharvest conservation. 
It has been used to dehydrates many fruits 
and vegetables, for example, Kittibunchakul et al. 
dried maoberry fruits and examined the impact 
of convective drying on bioactive compounds, 
antioxidant potential, and safe consumption 
(Kittibunchakul et al. 2023), other recent studies 
included banana slices (Granella et al. 2022), 
orange peel (Bechlin et al. 2020), apple slices 
(Joardder and Karim 2022), and melon slices 
(Tepe and Kadakal 2022).

However, due to its extended drying times, 
which may reduce the quality of dried goods and 
its high energy requirements. Hot-air convection 
drying (HACD) has been avoided (Oyinloye and 
Yoon 2020).

Vacuum drying is used to improve quality and 
nutrition, overcoming the drawbacks of hot 
air-drying. It efficiently removes water under low 
pressure, offering faster drying, lower tempera-
tures, and an oxygen-free environment (Shen Y 
et al. 2021). Different food products have been 
dried with vacuum driers including red beetroot 
(Beta vulgaris) (Kerr and Varner 2020), carrot 
and potato (Cal�ın-S�anchez et al. 2020), avocado 

by-products (Marovi�c et al. 2024), and okra 
(Abelmoschus esculentus) (Yuan et al. 2020).

Furthermore, microwave drying is a technique 
that is becoming more and more popular due to 
its intrinsic benefits over traditional heating, such 
as its ability to speed up the drying of biological 
material without sacrificing quality (Tepe and 
Tepe 2020). Many researches have extensively 
employed microwave to dry food items, such as 
blood orange slices (Abderrahim et al. 2022), 
apple slices (Tepe and Tepe 2020), brown rice 
(Shen L et al. 2021), barley malt (Carvalho et al. 
2021), pistachio kernel (Jahanbakhshi et al. 2020), 
and kiwi and pepino fruits (€Ozcan et al. 2020).

Monitoring variations in moisture content as a 
function of time can be used to explain the dry-
ing behavior of agricultural products. Thin-layer 
drying is the most often used method for a var-
iety of agricultural items. Several mathematical 
models for thin-layer drying have been proposed 
by various researchers. To describe the thin-layer 
drying process, laboratory-based modeling is 
necessary, which will assist in decreasing energy 
consumption and optimizing drying equipment 
design (Buzrul 2022).

Numerous mathematical models have been 
created, among which thin-layer drying models 
are prevalent. These models are typically classi-
fied into theoretical, semi-theoretical, and empir-
ical categories. Several research studies have 
focused on investigating drying kinetics and 
employing thin-layer drying models for various 
fruits and vegetables.

Khadidja et al. investigated convective and 
microwave drying of blood oranges. And found 
that Sledz et al. and Midilli and Kucuk models 
are the most adequate to fit the drying kinetics 
(Abderrahim et al. 2022). The drying curves of 
pistachio nuts were evaluated using six thin-layer 
drying models (Thompson model, two term 
exponential model, diffusion model, exponential 
model, modified Page model, and Page model) 
(Mokhtarian et al. 2021). Using the Page, Midilli, 
and K€uç€uk models as well as the Modified Page 
model, Arslan and €Ozcan examined the experi-
mental data of drying onion slices, red bell pep-
per slices, and rosemary leaves in the sun, oven, 
and microwave (Arslan et al. 2020; Horuz et al. 
2020). Microwave drying kinetics of white 
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mulberry were examined using five thin-layer 
drying models including Lewis, Henderson, and 
Pabis, page, Wang and Singh, and Midilli et al. 
(Kipcak and Doymaz 2020). Ten models, includ-
ing Midilli equations, Two-term exponential, 
Two-term, Verma, Diffusion, Wang and Singh, 
logarithmic, Henderson, Page, and Newton were 
used by Simha et al. to study the dehydration of 
some medicinal plants by microwave (Kant et al. 
2023).

The dehydration procedure can cause a deg-
radation in the quality of the material, particu-
larly for substances sensitive to heat, light, and 
oxygen, such as phytochemicals. Researchers 
often monitor these compounds throughout the 
drying process to ensure their preservation and 
maintain the highest possible product quality.

Several studies have reported that capers 
(Capparis spinosa buds) are an abundant source 
of total phenolics and flavonoids. For example, 
Elshibani et al. (2020) found that Capparis 
spinosa buds contain 555 ± 0.5 mg GAE/g of 
total phenolic content (TPC) and 102.59 ± 0.6 mg 
QE/g of flavonoids, with an IC50 value of 
0.07 ± 0.02 mg/mL for DPPH radical scavenging 
activity (Elshibani et al. 2020). Yahia et al. (2020) 
also evaluated the bioactive content and antioxi-
dant activity of Capparis spinosa extract, report-
ing TPC and flavonoid contents of 12.58 mg 
GAE/g and 1.60 mg QE/g, respectively. This study 
identified quinic acid, gallic acid, protocatechuic 
acid, and catechin as the predominant phenolic 
acids, with catechin being the most abundant fla-
vonoid. Additionally, strong antioxidant activities 
were observed, with EC50 values of 74.02 mg/mL 
and 150.26 mg/mL using the DPPH and ABTS 
assays, respectively (Yahia et al. 2020).

Regarding the color of caper flower buds, 
which can serve as an indicator of processing 
conditions, Tayiro�glu and _Incedayı reported color 
values predominantly in greenness (−a�) and 
yellowness (b�) tones (Tayiro�glu and _Incedayı 
2021).

Aksay et al. further described the color of caper 
buds as bright green, with L� (lightness) value of 
9.38 ± 0.22, an a� (redness) value of −4.29 ± 0.02, 
and a b� (yellowness) value of 8.10 ± 0.11 (Aksay 
et al. 2021).

Yayuan Xua et al. compared the retention of 
chlorophyll, phenolics, flavonoids, and antioxi-
dant activities (ABTS, DPPH, and ORAC) of cab-
bage under various dehydrating treatments. He 
came to the conclusion that MVD in combin-
ation with HAD or VD showed superior antioxi-
dant activity and nutritional composition 
preservation (Xu et al. 2020).

M�endez-Lagunas et al. evaluated the effect of 
convective drying of strawberries on total phen-
olic compound content (TPC), anthocyanins (A), 
and antioxidant activity (AA) in addition to the 
final color change (L�opez-Ortiz et al. 2020). Also, 
another study made on bananas drying indicated 
that while lyophilization reduced the phenolic 
content to a lesser amount, air drying at 50 and 
70 �C reduced antioxidant activity and total phe-
nols (Zhou et al. 2022).

As far as our understanding goes, there has 
been no prior research conducted regarding the 
drying of Capparis buds with the different meth-
ods used in our study. Only oven drying was 
employed to dehydrate Capparis spinosa flower 
buds at 40, 50 �C (Cincotta et al. 2022) and at 50, 
60, and 70 �C using four mathematical models 
namely, page, lewis, logarithmic, and fick (Demir 
et al. 2023). Therefore, this paper aimed to study 
and compare the impact of several dehydrating 
techniques on the quality characteristics of caper 
flower buds, model the dehydration kinetics, and 
compute diffusivity, activation energy, and energy 
efficiency of the buds for the entire operational 
range.

The findings of this study would make a sub-
stantial contribution and provide a scientific 
foundation for the drying of caper buds, which 
would then be employed in culinary applications, 
cosmetics, and pharmaceuticals.

Materials and methods

Material preparation

The flower buds of Capparis spinosa were manu-
ally harvested from wild plants grown in Medea 
(North of Algeria) in June 2020. The buds were 
cleaned, sorted, and calibrated according to their 
size. Capers of 0.9 ± 0.1 cm in diameter were used 
in this work. The initial moisture content of fresh 
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capers (83.61 ± 0.27% w.b) was obtained with the 
oven-drying method (Nirmaan et al. 2020). Three 
sets of samples were subjected to drying in an 
oven at a consistent temperature of 103 ± 2 �C 
until a stable weight was achieved.

Drying processes

Drying treatments were performed using three 
methods: hot-air convective drying (HACD), 
microwave drying (MD), and vacuum dry-
ing (VD).

Samples of 90 g were spread on one layer in a 
tray. Moisture loss in the samples was measured 
on a regular basis by removing the tray and 
weighing it on a digital balance with 0.01 g 
precision.

During the drying process, all weighing steps 
were conducted in <10 s, and the drying was per-
formed until the sample weight was constant 
with a moisture content of 5% (w.b).

All drying experiments were realized in tripli-
cate and the results given are an average of these 

experiments. The specification of each procedure 
is summarized below.

Hot air convective drying was realized at a set 
of 40, 60, 80, 100, and 120 �C in a forced convec-
tion oven (VENTICELL). With an air velocity of 
3 m/s as gauged by an anemometer (Juan 
GM816). For microwave drying, a domestic 
digital microwave oven (LG Model No: 
MS2535GISW/00) was used. The microwave oven 
can operate at five different power levels 200, 
400, 600, 800, and 1000 W.

In vacuum drying procedures, the flower buds 
were dried at temperature levels 40, 60, and 
80 �C under a pressure of 50 mbar in a vacuum 
oven (MEMMERT VO200, Germany).

Drying kinetics modeling

To describe the thin-layer drying process, labora-
tory-based modeling is required.

In this work, 30 equations were evaluated in 
Table 1.

Table 1. Thin-layer drying models applied to the flower buds of Capparis spinosa drying kinetic curves 
(Hentabli et al. 2021).
Code Model name Equation

M1 Newton MR ¼ exp ð−KtÞ
M2 Page MR ¼ exp ð−KtnÞ
M3 Modified page MR ¼ exp ½− KtÞn

� �
�

M4 Otsura et al. MR ¼ 1 − exp ½− Ktnð Þ�

M5 Henderson and pabis MR ¼ a exp −Ktð Þ

M6 Modified Henderson and pabis 1 MR ¼ a exp −K0tð Þ þ b exp −K1tð Þ þ c exp −K2tð Þ
M7 Modified Henderson and pabis 2 MR ¼ a exp −ktnð Þ þ b exp −gtð Þ þ c exp −htð Þ

M8 Logarithmic MR ¼ a exp −Ktð Þ þ c
M9 Two term MR ¼ a exp −K0tð Þ þ b exp −K1tð Þ

M10 Modified two term 1 MR ¼ a exp −K0tð Þ þ a exp −K1tð Þ
M11 Modified two term 2 MR ¼ a exp −K0tð Þ þ ð1-aÞexp −K1tð Þ

M12 Two term Exponential MR ¼ a exp −ktð Þ þ 1 − að Þexpð−katÞ
M13 Verma et al. MR ¼ a exp −K0tð Þ þ ð1-aÞexp −gtð Þ
M14 Modified Midilli 1 MR ¼ exp −Ktnð Þ þ bt
M15 Modified Midilli 2 MR ¼ exp −Ktð Þ þ bt
M16 Modified Midilli 3 MR ¼ a exp −Ktð Þ þ bt
M17 Midilli and kucuk MR ¼ a expð−ktÞn þ bt
M18 Wang and singh MR ¼ 1þ at þ bt2

M19 Wang et al. one term MR ¼ a exp bktð Þ þ 1 − að Þ

M20 Wang et al. two term MR ¼ 1 − að Þexp bktð Þ þ a exp cktð Þ

M21 Vega-galvez et al. MR ¼ ðaþ bt Þ2

M22 Jena das MR ¼ a exp −kt þ b
ffiffi
t
p� �
þ c

M23 Diffusion approach MR ¼ a exp −ktð Þ þ 1 − að Þexpð−kbtÞ
M24 Hii and al MR ¼ a expð−ktÞn þ c expð−gtnÞ

M25 Weibull distribution 1 MR ¼ a-bexp − ktnð ÞÞ
� �

M26 Weibull distribution 2 MR ¼ exp −ðt=aÞ
n� �

M27 Parabolic MR ¼ aþ bt þ ct2

M28 Logistic MR ¼ b=ð1þ aexp ktð ÞÞ
M29 Sledz et al. MR ¼ bexpð−ktÞ=ð1þ aexp k1tð ÞÞ

M30 Demir et al.l MR ¼ a expð−ktÞn þ b

k, k0, k1, k2: drying coefficients (1/min); a, b, c, g, h: coefficients of the equations; n: exponent; t: time (min).
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To compute the moisture ratio (MR) and dry-
ing rate (DR), the following formulae were 
applied.

MR ¼
MCt − Me

MC0 − Me
(1) 

Where MR stands for the moisture ratio, Me is 
the equilibrium moisture content, Mt is the mois-
ture content at a certain time (kg/kg db), and M0 
is the initial moisture content. It is possible to 
consider the equilibrium moisture content as 
being zero (Ovando-Medina 2023).

Drying rate DRð Þ ¼
Mtþdt − Mt

dt
(2) 

where Mt and Mtþdt referred to the moisture 
content at t and moisture content at t þ dt (kg/ 
kg db), respectively, and t is drying time (min).

Heuristic techniques are widely sought after 
and employed by mathematicians to produce 
speedy and generally precise practical solutions 
for a specific optimization problem to improve 
the accuracy of traditional approaches. The 
dragonfly swarm optimization technique con-
nected with the Marquardt Lavenberg nonlinear 
least squares algorithm (DA-nlinfit) is used in 
this work to achieve optimal solutions for equa-
tion parameters. This procedure’s flowchart is 
depicted in Figure 1.

To assess the quality of the fit, the determin-
ation of coefficient (R2), adjusted (R2), root mean 
square error (RMSE), and the reduced chi-square 

(x2) were determined.

R2 ¼ 1 −
PN

i¼1 MR exp , i − MRpre, ið Þ
2

PN
i¼1 MR exp , i − MRpred, i
� �

i

(3) 

x2 ¼

PN
i¼1 MR exp , i − MRpre, ið Þ

2

N − z
(4) 

RMSE ¼
PN

i¼1 MR exp , i − MRpre, ið Þ
2

N

� �1 2=

(5) 

where MRexp, i, MRpre, i, N, and z are the experi-
mental moisture ratio, the predicted moisture 
ratio, the data values, and the constants in the 
model, respectively.

Dragonfly algorithm nonlinear regression (DA_ 
nlinfit)

Beni and Wang proposed swarm intelligence (SI) 
as a study subject in 1989. The major goal of this 
field is to comprehend the various interactions 
between individual living beings, which will lead 
to the formation of social intelligence. As a result, 
SI attempts to duplicate and execute collective 
and social intelligence characteristics exhibited in 
complete populations by defining rules that con-
trol interactions among selected individuals of 
the community. Tharwat and colleagues provided 
an overview of the fundamental concepts of 
dragonfly swarm optimization (Rahman et al. 
2023).

To study experimental curves the methodology 
of curve fitting is usually used. It involves creat-
ing a curve with mathematical functions and 
fine-tuning the parameters associated with these 
functions to make it more closely correspond 
with the seen or measured curve. This process of 
fine-tuning the parameters is often referred to as 
parameter adjustment.the starting values of 
model coefficients are essential in the MATLAB 
“nlinfit” function for the least-squares approach 
(Hentabli et al. 2021).

The careful selection of these initial values sig-
nificantly influences the speed and efficiency of 
the technique toward reaching a solution. In this 
study, adjustments of coefficients for established 
models from the literature were conducted using 
dragonfly algorithms to derive initial parameter 
estimates. To prevent convergence to local 
minima, the optimization using the dragonfly 

Figure 1. Flowchart of the dragonfly swarm optimization 
approach (Hentabli et al. 2021).
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algorithm was iterated 20 times with a group of 
30 dragonflies. The collection of model parame-
ters resulting in the best fit was preserved 
and utilized as the initial approximation in the 
least-squares fitting via the “nlinfit” MATLAB 
function, employing the Levenberg-Marquardt 
algorithm as the computational option. In both 
instances, the Root Mean Square Error (RMSE) 
served as the objective function to minimize. 
Figure 1 provides an overview illustrating the 
sequential steps of the proposed method.

Mirjalili et al. summarized the key principles 
underlying swarm behavior as follows (Rahman 
et al. 2023).

Separation principle
The persistent avoidance of collisions by mem-
bers of a population is described by this prin-
ciple. The associated mathematical expression is 
provided by

Si ¼ −
Xn

i¼1
ðx − xiÞ (6) 

In this representation, x represents the current 
solution’s position, xi denotes the position of 
individual i within the neighborhood, and n sig-
nifies the total number of members in the 
neighborhood.

Cohesion principle
Encapsulates the inclination of individuals to 
gravitate toward the central mass point of their 
neighborhood. Its mathematical expression is 
depicted as:

Ci ¼

Pn
i¼1xi

n
− x (7) 

Alignment principle
Embodies the synchronization of velocity among 
members of a swarm, such as dragonflies, within 
the same group. Its formulaic representation is:

Ai ¼

Pn
i¼1Vi

n
(8) 

where Vi is the velocity of neighborhood individ-
ual i.

The flow of dragonflies in the direction of 
food sources can be mathematically described

Fi ¼ xþ þ x (9) 

where the food’s location is indicated by xþ. 
Their departure from potential dangers or scav-
engers is described as

Ei ¼ x− þ x (10) 

With, the enemy’s position is x−, A dragonfly’s 
localization, or coordinate, is its present position 
xt plus a step Dxtþ1. This is the total of its posi-
tion. This is expressed in formal terms as follows:

xtþ1 ¼ xt þ Dxtþ1 (11) 

It is possible to define the localization/coordin-
ate of a dragonfly as follows: xtþ1 ¼ xt þ Dxtþ1, 
where t is the current iteration and Dxtþ1 is 
found using the following equation:

Dxtþ1 ¼ sSi þ aAi þ cCi þ fFi þ eEi þ xDxi (12) 

In this instance, Si stands for separation, and s 
is the separation weight; c is its weight; Ai for xi 
alignment; a is its alignment weight; Ci for xi 
cohesion; Fi for food attraction, and f is the food 
parameter; Ei for enemy distraction, e is its fac-
tor, and x for inertia weight (Rahman et al. 
2023).

The effective moisture diffusivity (DeffÞ

Although there are “constant” and “falling” rate 
drying periods, the former is seldom seen when 
drying foodstuff. The effective moisture diffusiv-
ity may be used to indicate the transport of water 
from the substance to the surrounding during the 
falling phases. According to Chen et al. (2020), 
this is a crucial kinetics parameter that can be 
calculated using Fick’s second law (Equation 13) 
under the assumptions of uniform initial mois-
ture distribution, negligible external resistance, 
constant diffusivity, constant temperature, and 
negligible shrinkage (Kumar A et al. 2022). 
Additionally, the capers shape was considered as 
a sphere to simplify the calculations.

MR ¼
MCt − Me

MC0 − Me
¼

6
p2

X1

n¼1

1
n2 exp −n2p2 Deff t

r2
0

� �

(13) 

t is the drying time, Deff is the effective moisture 
diffusion, and r0 is the radius of the sphere 
(0.5 mm, measured using a Vernier caliper). MR 
is the moisture ratio, MCt is the moisture content 
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at any time (kg water/kg dry solid), MC0 is the 
initial moisture content (kg water/kg dry solid), 
and Me is the equilibrium moisture content of 
the sample (kg water/kg dry solid).

Only the first term in the series is important 
for extended drying times, hence the answer is:

MR ¼
6
p2 exp −p2 Deff t

r2
0

� �

(14) 

Equation (14) can be written as:

ln MRð Þ ¼ ln
6
p2

� �

− p2 Deff t
r2

0

� �

(15) 

To calculate the effective diffusivity, experi-
mental drying data are plotted in terms of 
ln(MR) vs. time (s) (Kumar et al. 2022), from 
Equation (15). When ln(MR) vs. drying time is 
plotted, a straight line is produced with diffusiv-
ity as the slope.

slope ¼ −
p2Deff

r2
0

 !

(16) 

Activation energy

The Arrhenius type equation (Equation 17) may 
be used to estimate the activation energy that 
explains the link between the diffusivities and the 
conditions of drying.

Deff ¼ D0 exp −
Ea

RT

� �

(17) 

Where T is the absolute temperature of the air 
(K), Ea is the activation energy of the moisture 
diffusion (kJ/mol), D0 is the pre-exponential 
component of the Arrhenius equation (m2s−1), 
and R is the gas constant (8.3143 kJ/(kmol K)).

Since temperature is not constant during 
microwave drying, the activation energy was cal-
culated based on a modified Arrhenius equation 
(18) (Zheng et al. 2021).

Deff ¼ D0 exp −
Eam

p

� �

(18) 

P is the microwave power (W), D0 is the pre- 
exponential factor (m2s−1), Ea is the activation 
energy (W g−1), and m is the mass of the raw 
sample (g).

The determination of the diffusion coefficient 
and activation energy parameters can be done by 

solving an optimization problem, This method 
has the ability to capture nonlinear interactions 
between variables and provide advantages like 
accuracy (Hentabli et al. 2021). However, we 
chose to use linearization methods for parameter 
estimation due to the drying model’s complexity, 
the availability of experimental data, and compu-
tational concerns. These techniques balance prac-
ticality and accuracy in our parameter estimate 
procedure, offering simplicity and computational 
efficiency.

Determination of energy efficiencies of drying 
systems

Information about energy efficiencies could be 
very helpful for process design and optimization 
to achieve minimum energy consumption. The 
literature reports several measures, including 
energy utilization and consumption, specific heat 
consumption, among others, to evaluate the 
energy efficiencies of a specific drying system 
(Bhardwaj et al. 2021). For this purpose, an 
energy measuring electrical device (HiDANCE 
AC power meter 220v) was used to determine 
the total energy consumption of the drying treat-
ments. Then, applying Equations (19) and (20), 
the specific energy consumption (SEC), and 
moisture extraction rate (MER) were computed 
(Baysan et al. 2022).

MER ¼
kgð Þmoisture removed

hð Þdrying time
(19) 

SEC ¼
total energy required for dryingðKWh kWhÞ

moisture removedðkgÞ
(20) 

Quality characteristics

Preparation of sample extracts and determination 
of total phenolic and flavonoids content
The extract used to determine total phenolic con-
tent, total flavonoid content, and antioxidant 
capacities using DPPH, ABTS, and FRAP was 
prepared as follows. Briefly, the dried buds were 
grinded into a fine powder (<250 mm), and a 
mass of 0.25 g was extracted at 37 �C in a shaking 
water-bath (N€UVE Bath, NB20) with 10 ml of 
80% methanol for 3h. The extract was then 
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centrifuged at 3500 rpm for 10 mn (SIGMA 
model 3-16L Germany) and the supernatant was 
stored at 4 �C until used. Three replicates were 
performed for each experiment.

Folin-ciocalteu method was applied according 
to the protocol of Hefied et al. (2023). Gallic acid 
was used to construct the standard curve and the 
results were expressed as mg (GAE/g DW).

The protocol described by Kebal et al. (2022) 
was used to determine the flavonoids content in 
the plant extract and to calibrate the standard 
curve the Quercetin was used. The results were 
expressed as mg QE/g DW.

Determination of antioxidant activities
By using the three assays this study covers several 
elements of antioxidant activity, such as reducing 
power, free radical scavenging, and total antioxi-
dant capacity.

For instance, the DPPH assay is widely sought 
out to assess the free radical scavenging ability of 
antioxidants. It works by measuring the capacity 
of antioxidants to donate hydrogen atoms or 
electrons to neutralize DPPH radicals, which 
results in a rapid color change (Parcheta et al. 
2021). The FRAP assay measures the ability of 
antioxidants to reduce ferric (Fe3þ) to ferrous 
(Fe2þ) ions, which complements the DPPH assay 
by providing information about the electron- 
donating capacity of antioxidants. This method is 
particularly important for understanding the 
potential of antioxidants to act as reducing agents 
(Abuelizz et al. 2020).

On the other hand, the ABTS assay measures 
the ability of antioxidants to scavenge the ABTS 
radical cation. Unlike DPPH, the ABTS assay can 
evaluate both hydrophilic and lipophilic antioxi-
dants, providing a broader assessment for com-
paring antioxidants that may not be fully assessed 
by the DPPH or FRAP assays alone (George 
et al. 2022).

The extracts were evaporated under reduced 
pressure and then freeze-dried. The same solvent 
was used to reconstitute and dilute the extracts to 
different concentrations before carrying-out the 
radical scavenging assays.

IC50 was calculated using a linear regression 
curve from a graph in which antioxidant capacity 
was plotted vs. various concentrations of extract.

DPPH assay. Extracts (1 mL) were reacted with 
1 mL of a 0.135 mM DPPH solution in methanol. 
The mixture was vortexed (vortex mixer, nahita 
220–240 V-51 Hz) and was left to stand for 
30 min at room temperature in the dark. Reading 
was obtained with UV/Vis spectrophotometer 
(Optizen pop, Korea) at 517 nm (El Guezzane 
et al. 2020). The results were expressed as IC50 
of mg/ml of lyophilized extract. Antioxidant cap-
acity was expressed using the equation:

AA% ¼
Abscontrol−Abssampleð Þ

.

Abscontrol

� �

� 100 (21) 

Where Abscontrol¼ absorbance of DPPH solu-
tionþmethanol, Abssample¼ absorbance of DPPH 
solutionþ extracts.

ABTS assay. The following procedure was 
employed to determine the ABTS free scavenging 
capacity (Moussa et al. 2022). In brief, ABTSþ

radical cation was created by incubating 7 mM 
ABTS and 2.45 mM potassium persulfate at room 
temperature in the dark for 12–16 h. The ABTSþ

solution was then diluted with ethanol to a final 
absorbance of 0.700 ± 0.04 using a UV/Vis spec-
trophotometer (Optizen pop, Korea) at 734 nm. 
Seventy-five microliters of different concentra-
tions of the reconstituted extracts were mixed 
with 1425 mL of diluted ABTS solution. The anti-
oxidant capacity (%) was scanned after 6 min of 
incubation at 734 nm. The ABTS scavenging abil-
ity of caper buds was calculated following the 
above formula (Equation 21).

FRAP assay. The reducing power was evaluated 
according to the protocol of Hammi et al. (2022). 
Briefly, 625 mL of sodium phosphate buffer 
(0.2 M, pH 6.6) were mixed with 250 m of various 
concentrations of the reconstituted extracts and 
625 mL of K3Fe (CN)6 (1%, w/v). The mixtures 
were allowed to stand for 20 min at 50 �C. After 
cooling, 625 mL of trichloroacetic acid (TCA, 
10%, w/v) was added to the reaction, and the 
mixtures were centrifuged at 2000� g for 10 min 
(SIGMA model 3-16L Germany). Next, the super-
natant was combined with 625 mL of distilled 
water and 125 mL of 1% (w/v) FeCl3 and incu-
bated for 10 min. The absorbance of the solutions 
was measured against a blank using a UV/Vis 
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spectrophotometer (Optizen pop, Korea). The 
findings were presented in terms of EC50.

Color evaluation
The color of the dried capers was estimated in 
terms of CIE-Lab space coordinates with a color-
imeter (Konica Minolta CM 2500d). The color 
data were expressed as L� (represent the lightness 
index), a� (redness/greenness), and b� (yellow-
ness/blueness).

Furthermore, total color differences (DE) were 
calculated using Equation (22). three replicates 
were tested for each experiment and the average 
values of the color coordinates were then 
obtained

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L�0 − L�ð Þ
2 þ a�0 − a�ð Þ

2 þ b�0 − b�ð Þ
2

q

(22) 

where L�0, a�0, b�0 represent the coordinates of 
fresh capers, which were treated as control.

Statistical analysis

A one-way analysis of variance was obtained with 
IBM SPSS statistics 26 for Windows program to 
look for statistically significant differences 
(p< 0.05) using Tukey’s multiple range test. The 
values were reported as averages with ± standard 
deviations (STD).

Results and discussion

Analysis of drying curves

Figure 2 depicts the caper buds drying curves 
during HACD, MD, and VD. As can be observed 
in this figure, the general drying behavior of the 
caper flower buds under various means revealed 
that along with the drying time, the moisture 
content declines exponentially, faster at beginning 
when the water content is elevated and then 
dropping more slowly until it eventually stops 
toward the last stages of drying.

The drying techniques affected greatly the dry-
ing time, the comparison among the different 
drying treatments revealed that the dehydrating 
durations required to attain the equilibrium 
moisture content in hot-air convection was the 
longest with durations varying between 120 and 
1320 min at air temperature ranging from 40 to 

120 �C, followed by vacuum drying at 40, 60, and 
80 �C which lasted for 653, 515, and 405 min, 
respectively. Whereas the process duration in the 
microwave was considerably small (no more than 
45 min).

These results could be ascribed to the mecha-
nisms underlying water removal phenomena. 
Indeed, in HACD, Convection is responsible for 
transferring heat to the product’s surface. The 
remaining water diffuses to the surface through 
heat conduction after originally being forced off 
the surface. Due to the buds poor thermal con-
ductivity, it frequently takes a long time to warm 
the total mass of the buds to evaporation tem-
perature. Besides, because the outer layer is 
affected by drying first, the product surface dries 
out and its permeability declines (the process of 
hardening). According to Joardder and Karim 
(2022) and Depiver and Mallik (2023), this hard-
ened layer creates a barrier against moisture dis-
persion on the product surface and extends the 
time it takes for moisture to be eliminated from 
the material.

While in vacuum drying, heat is generally 
passed on to samples by conduction which can 
be a major drawback because conduction will 
only take place through contact points. 
Nevertheless, vacuum causes the air and water 
vapor in the sample to expand and puff up, giv-
ing the sample a large area-to-volume ratio that 
improves heat and mass transmission (Shirkole 
et al. 2023).

Meanwhile, microwave heating is volumetric, 
no thermal heat flux is implicated. Microwaves 
penetrate the sample and create an electromag-
netic field that regulates the orientation of polar 
molecules (water), and since the polarity of the 
microwave field is always changing. To adapt to 
this frequently shifting polarity, water turns. Such 
molecule spinning generates heat as a result of 
friction with the surroundings. Moisture diffuses 
outside due to heat produced inside the product 
(Jin et al. 2020). Because caper buds have a high 
moisture content, using microwave power to dry 
them significantly enhances moisture dispersion 
and shortens drying time.

Experimental results point out that the drying 
kinetics of the buds were significantly influenced 
by both temperature (in CD and VD) and 
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microwave power input. Indeed, higher drying 
temperature/microwave power shortens the dry-
ing time by accelerating the drying operation. For 
instance, when the temperature was increased 
from 40 to 120 �C in HACD, the drying time 
needed to reach equilibrium moisture content 
was decreased by almost 10 times, and by three 
times when the microwave power level went 
from 200 to 1000 W and also up to three times 
in vacuum drying when the temperature went 
from 40 to 80 �C.

This result in accordance with other papers 
(Abderrahim et al. 2022; Guemouni et al. 2022; 
Mouhoubi et al. 2022).

Analysis of drying rate

The variations of the drying rate vs. the moisture 
content of caper buds undergoing different dry-
ing operations are presented in Figure 3. In 
HACD and VD shown in Figures 3(a,c) indicated 
that the overall drying treatment occurred in the 
falling rate period. This drying behavior is very 
common in the thin-layer dehydration of bio-
logical samples.

The short drying duration was responsible for 
the brief acceleration period that was seen at the 

start of HACD at high temperatures (100 and 
120 �C).

The DR increased with an increase in 
temperature, which may be due to the enhanced 
heat transfer capacity between the product 
and the air at high temperatures. Thus facilitating 
the evaporation of water from it (Jmai et al. 
2023).

Whilst, in microwave drying (Figure 3(b)), for 
all values of process variable tested, DR curves 
presented two stages: a rapid warming up period 
which was barely visible then a falling rate period 
where the water extraction was fast at the begin-
ning because of the elevated amount of moisture 
in the sample, which led to absorb more micro-
wave power and caused water to diffuse quickly 
generating high drying rates. As time goes by, a 
significant decrease in the drying rate was noted, 
which could be attributed to the low moisture 
content. This is in line with other works (Kipcak 
and Doymaz 2020; Sun et al. 2021; Yilmaz et al. 
2021; Handayani et al. 2022).

Using multiple regression analyses, the drying 
rates along with the corresponding moisture con-
tent (MC) were plotted. The related equations 
and respective R2 values are displayed in Table 2
(Supplementary Data).

Figure 2. Moisture content kinetics of Capparis spinosa buds during hot-air convective drying (a), microwave drying (b), and vac-
uum drying (c).
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Mathematical modeling of drying curves

The dimensionless moisture ratio was calculated 
according to Equation (1) to be used for fitting 
the widely known thin layer models resumed in 
Table 1.

The suitability of each model was assessed 
according to the coefficients of correlation (r), 
adjusted (R2), reduced chi-squared (v2), and 
RMSE values. The details of the statistical ana-
lysis are summarized in Table 1 (Supplementary 
Data).

The proper model illustrating the drying 
behavior was chosen taking into account the 
highest R2 and adjusted (R2) values, the lowest 
RMSE, and v2 values.

Among the 30 models, Jena Das model (M22) 
was the most accurate in predicting both the hot-air 
convective drying curves and the vacuum drying 
curves of caper buds with 0.9970 � R2 � 0.9998, 
0.9974 � R2 � 0.9996, 0:0000231 � v2 � 0:000255, 
0:0000494 � v2 � 0.000246, and 0.004773 
� RMSE � 0.0155, 0.007018 � RMSE � 0.01569, 
respectively. This is corroborated by similar studies 
(Kusuma, Diwiyanto, et al. 2023; Kusuma, 
Sembiring, et al. 2023; K€ulc€u et al. 2024).

As for the microwave drying process, modified 
Midilli 1 (M14) had the highest scores with R2 

values in the range of 0.9988 and 0.9996, v2 

between 0.0000356 and 0.000126 and RMSE �
0.0107. This aligns with previous research (Şimşek 
et al. 2021; K€uç€uk et al. 2022; K€ose et al. 2024).

The experimental moisture ratio along 
with the predicted moisture ratio are plotted in 
Figure 4. It can be observed from this figure that 
the lines representing the chosen models in each 
drying treatment and condition are accurately 
passing through the experimental data points 
thus proving the models accuracy in capturing 
the drying properties of Capparis spinosa under 
experimental conditions.

Effective moisture diffusivity (Deff Þ

The effective moisture diffusivity was calculated 
using the slopes technique from Equation (16). 
While the R2 values from Table 2 were obtained 
through linear regression of (ln(MR)) data plot-
ted against drying time.

The results are presented in Table 2. The Deff 
values found in this study showed a variation rang-
ing from 1.46e−10 to 21.9e−10 m2s−1, in the range 
of 51.1e−10 and 204e−10 m2s−1, and between 
2.56e−10 and 3.65e−10m2s−1 for HACD, MD, and 
VD, respectively.

Figure 3. Drying rates vs. moisture content of Capparis spinosa buds during hot-air convective drying (a), microwave drying (b), 
and vacuum drying (c).
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These Deff values fall within the widespread 
range of diffusivities of food samples which is 
10−8 to 10−12 m2 s−1 (Abderrahim et al. 2022).

The diffusion coefficient of the HACD, VD, and 
MD process, increased with increasing tempera-
ture or microwave power. The same trend was 
noted in microwave drying where the increase of 
the diffusivities was observed when the power level 
of the microwave was increased it may be 
explained in this case by the fact that high micro-
wave power generates more energy to be absorbed 
by the water molecules (Abderrahim et al. 2022).

It is interesting to note that among the three 
drying treatments. MD yields the highest Deff 
rates with a maximum value of 2.04 e−8 m2 s−1 

achieved at 1000 W.
When comparing the other drying processes at 

the same respective temperatures, VD was second 
best (except for drying at 80 �C where HAD pre-
vailed) followed by HACD.

The results of this study parallels conclusions 
from other studies (Hentabli et al. 2021; 
Guemouni et al. 2022; Mouhoubi et al. 2022).

Activation energy ðEaÞ

In this work, we attempted to estimate the activa-
tion energy of HACD, VD, and MD which 
describe the ability of the system to remove water.

The slopes of lines were used to determine the 
activation energies and were found 37.917 kJ/mol, 
11.963 W/g, and 8.256 kJ/mol for hot air, micro-
wave, and vacuum drying.

The activation energy for HACD falls within 
the general range determined for fruits and 
vegetables which is between 12.7 and 110 kJ/mol 
(Abderrahim et al. 2022).

In microwave drying procedure, it was quite 
close to those reported by other researchers 
7.96 W/g for banana samples (Jha et al. 2021), 
10.026 W/g for white cabbage (Luka et al. 2023), 
15.03 W/g for apple (Rasooli Sharabiani et al. 
2021).

On the other hand, for VD its activation 
energy was lower than the custom values of fruits 
and vegetables defined above (ranging between 
12.7 and 110 kJ/mol).Ta
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Energy efficiencies of drying systems

A comparison of energy efficiencies for various 
dehydration systems is illustrated in Table 3.

MER values varied between 0.0011 and 0.0123 
(kg/h) for hot-air convective drying, from 0.0324 
to 0.1216 (kg/h) for MD, and from 0.0021 to 
0.0034 (kg/h) for VD.

Results indicated that with increasing tempera-
ture or power level, the MER values increased. 
The minimum moisture extraction rate 
(0.0011 kg/h) and maximum MER (0.1216 kg/h) 
are obtained with hot-air convective drying at 
40 �C and a microwave power level of 1000 W, 
respectively.

The best results were achieved by microwave 
followed by the other processes with no signifi-
cant difference between them, this confirms that 
drying with microwave is very effective compared 
to the other operations.

The opposite trend was noted, in terms of the 
SEC values. Indeed, despite the slight increase in 
the values of SEC at the highest temperature 
(120 �C) and microwave power level (1000 W), 
lower temperature/microwave power was more 
energy-intensive compared to a higher tempera-
ture or power level, this may be explained by the 
fact that SEC is highly correlated with drying 
time and as high temperatures/power reduces the 

Figure 4. Experimental and predicted moisture ratio values for hot-air convective (a), microwave (b), and vacuum (c) drying treat-
ments of Capparis spinosa buds.

Table 3. The results of energy efficiency of different drying methods and conditions.
Drying methods Drying conditions MER (kg/h)�10−2 SEC (kWh/kg)

Convective drying (�C) 40 0:1160:004e 40:85261:337d

60 0:1660:008e 28:77261:324de

80 0:3760:012e 15:26860:377e

100 1:0860:004e 11:16760:031e

120 1:2460:052e 15:284760:142e

Microwave drying (W) 200 3:2460:068d 16:622960:346e

400 6:5560:51c 10:861760:866e

600 9:1360:177b 10:495760:206e

800 11:9860:405a 10:688760:354e

1000 12:1661:494a 13:155961:535e

Vacuum drying (�C) 40 0:2160:002e 82:66360:771b

60 0:2760:009e 65:15562:177bc

80 0:3460:08e 50:66761:268cd

Values are mean ± 95% confidence interval.
Values with different letters (a–e) were significantly different (Tukey, p< 0.05).
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drying times, it consequently makes the process 
less energy consuming.

These results resemble those of others (Kaveh 
et al. 2021; Mouhoubi et al. 2022), Kaveh et al. 
who stated that the SEC for convective drying 
decreases with increasing air temperature.

Effect of drying on the bioactive compounds
Table 4 displays the total polyphenolic content 
and total flavonoid amount in fresh and dried 
caper buds. The TPC and TFC present in the 
fresh Capparis spinosa flower-buds were deter-
mined to be 36.20 ± 1.46 mg GAE/g DW and 
11.58 ± 0.17 mg QE/g DW, respectively.

The phenolic content obtained in this study 
was similar to those ranging between 1843.71 
and 3870 GAE mg/100 g DW found in another 
paper (Shahrajabian et al. 2021). The flavonoids 
content however was lower (21.35 ± 2.20 and 
15.41 ± 0.88 mg QE/g DW) than those reported in 
other studies (Tayiro�glu and _Incedayı 2021). 
These observed differences may be resulted from 
various factors, such as harvest regions, product 
maturity, the type of solvents, and processing 
factors.

The amount of TPC and TFC in the dried 
caper buds displayed the same trend for the dif-
ferent drying treatments. For instance, a remark-
able reduction had occurred after the drying 
treatments. The loss rate of TPC and TFC in 
HACD was higher than the other drying methods 
particularly at 40 �C (2.13%), possibly due to the 
long drying times and the elevated temperature. 
Previous study reported similar findings (Xu 
et al. 2020).

Followed by MD (from 1.32 to 1.63% for TPC 
and from 1.27 to 1.77% in TFC) then VD, where 
a reduction of 1.19–1.34% in TPC and 1.13– 
1.43% in TFC was noted.

Findings indicated that polyphenols and flavo-
noids are heat sensitive and that thermal expos-
ure for long duration result in substantial 
thermal destruction of polyphenols and flavo-
noids (Ng et al. 2021). Furthermore, peroxidase 
and polyphenoloxidase activity during the drying 
process in MD and HACD might result in TPC 
loss. Meanwhile in vacuum drying the enzymes 
activities is suppressed which may explain the 
better recovery of the bioactive compounds Ta
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compared to the other drying treatments 
(Harguindeguy et al. 2021).

Effect of drying on antioxidant activity
ABTS, DPPH, and FRAP assays were used to 
evaluate the antioxidant activities of fresh and 
dried Capparis extracts.

The concentration of the extract needed to 
scavenge 50% of radicals was estimated as the 
IC50. The sample’s antioxidant capabilities 
increase with decreasing IC50 values.

In regard DPPH and ABTS, the overall IC50 
values showed similar tendency, where the fresh 
samples exhibited the highest scavenging activ-
ities (IC50¼ 0.176 mg/mL in DPPH and 
IC50¼ 1.154 in ABTS). Thermal drying methods 
on the other hand caused a decrease in the anti-
oxidant activity. It indicates that during the heat-
ing process, the cellular structure disintegrates, 
oxidizing thermo-labile chemicals that are prone 
to deterioration (Kumar et al. 2022).

The lowest DPPH and ABTS radical powers 
were recorded in the HACD treatments (the 
40 �C sample was the most effected). While the 
buds produced by VD method demonstrated bet-
ter scavenging activities then MD. Furthermore, 
the DPPH showed high correlation with TPC 
(R2¼ 0.9116) and TFC (R2¼ 0.9447). Similarly, 
ABTS values were highly correlated with TPC 
(R2¼ 0.852) and TFC (R2¼ 0.8616). This may 
indicate that these phenolic compounds (TPC 
and TFC) are responsible for the scavenging 
activities available in the samples. Similar types of 
findings were also reported by (Chumroenphat 
et al. 2021; Kumar D et al. 2022).

In FRAP assay, a different trend was noted, 
fresh samples displayed higher scavenging activ-
ities than the freeze-dried samples, followed by 
VD 40 �C>HACD 80 �C>HACD 40 �C>VD 
60 �C>HACD 100 �C>HACD 60 �C>MD 
1000 W>MD 800 W>VD 80 �C>HCD 120 �C 
>MD 600 W>MD 400 W>MD 200 W, respect-
ively. Moreover, the FRAP reducing ability pre-
sented weak correlation with TPC (R2¼ 0.179) 
and TFC (R2¼ 0.083).

These results indicated that low pressure treat-
ment VD were more efficient to preserve the 
antioxidant activity of Capparis buds, followed by 
MD then HACD.

Our results are in agreement with other works 
(Farahmandfar et al. 2020; Turkiewicz et al. 
2020).

Effect of the drying on color
The evaluation of color serves several key pur-
poses: first, color is often the first characteristic 
noticed by consumers and can be an indicator of 
the overall quality and freshness of the food 
product. Changes in color during the drying pro-
cess can reflect the extent of Maillard reactions, 
enzymatic browning, or pigment degradation, 
which are important indicators of the nutritional 
and sensory qualities of the food.

Second, even slight changes in color can influ-
ence a consumer’s perception of the product’s 
quality and desirability, making color evaluation 
crucial for marketability.

Lastly, in some cases, dried food products or 
their extracts are used as natural colorants in 
other food applications. For example, maintaining 
or enhancing the color of dried Capparis spinosa 
buds could make them valuable as a natural 
green colorant, adding esthetic and functional 
value to various food products (Pathare et al. 
2013).

Fresh and dried capers Hunter L�, a�, b� coor-
dinates are shown in Table 4. The dehydration 
processes remarkably influenced the color values 
of the flower-buds (p< 0.05). All the drying proc-
esses caused a decrease in the L� value which 
resulted in a dark dried samples compared to the 
fresh ones. Negative a� scores which speculate 
greenness was observed in fresh buds, VD at 40, 
60 �C, and CD at 40, 60 �C. While the other dry-
ing experiments led to a positive a� values that 
signify the obtention of samples with red hues at 
their surface. This could be attributed to the loss 
of green pigment associated with the high tem-
perature (Turgay and Esen 2020).

The b� value of the fresh sample showed a sig-
nificant decrease after dehydration depending on 
the conditions applied. In general, the increasing 
temperature was associated with a reduction in 
the b� values except in MD where the opposite 
trend was observed.

In terms of the DE, the lowest color difference 
was recorded in the VD (4.96) which indicate 
that this drying method was effective in 
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preserving the color of the fresh capers. Followed 
by HACD, respectively. With increasing DE val-
ues linked to the increasing temperature. In con-
trast, MD showed high color difference at the 
low power level.

These results demonstrated that the color of 
the dried capers was susceptible to high tempera-
ture and duration of thermal treatment.

Despite the scarcity of studies in the literature 
directly addressing capers drying, these findings 
align with previous research on other food items 
(Yildiz 2022; de Mendonça et al. 2023).

Conclusion

The drying kinetics of Capparis flower buds 
under hot-air convective, vacuum, and micro-
wave drying techniques were examined in this 
study.

The results indicated that the water removal 
during the dehydration of caper buds occurred in 
the falling-rate phase.

Mathematical fitting of the drying curves 
showed that Jena Das model efficiently described 
the drying kinetics of the buds in both hot-air con-
vective drying and vacuum drying, while modified 
Midilli 1 was suitable for describing microwave 
drying behavior of the buds, respectively.

The highest diffusivities were obtained with 
microwave drying. When comparing the three 
drying operations in terms of energy efficiencies, 
the results revealed that microwave drying at 
1000 W was the most efficient drying method.

In regard to the quality of the dried caper, 
convective drying exhibited the most pronounced 
impact on the degradation of total phenolics and 
flavonoids, especially notable at 40 �C, where the 
loss reached 2.13%. This heightened loss can 
likely be attributed to the extended drying dura-
tions and the higher operating temperature char-
acteristic of the HACD process. Subsequent to 
HACD, Microwave Drying (MD) displayed inter-
mediate loss rates ranging from 1.32 to 1.63% for 
the TPC and from 1.27 to 1.77% for the TFC. 
Conversely, Vacuum Drying (VD) demonstrated 
comparatively lower loss rates, with reductions 
ranging between 1.19 to 1.34% for TPC and 1.13 
to 1.43% for TFC. A similar trend was observed 
for DPPH and ABTS, which was demonstrated 

by the high correlation between these radical 
scavenging activities and the phenolic and flavon-
oid content, suggesting that these phenolic com-
pounds (TPC and TFC) are primarily responsible 
for the scavenging activities present in the sam-
ples. Regarding the color of the buds, the lowest 
color difference was recorded in VD at 40 �C 
(4.96), indicating that this drying method effect-
ively preserved the color of the fresh capers. This 
was followed by HACD and MD, respectively.

It can thus be concluded that vacuum drying 
at 80 �C has a minimal impact on the quality of 
capers, whereas microwave drying at 1000 W is 
more efficient in terms of drying performance.
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Şimşek M, K€uç€uk H, Midilli A. 2021. Experimental investi-
gation and mathematical modeling of microwave thin 
layer drying behaviour of apricot, kiwi and mint leaves. 
Recep Tayyip Erdo�gan €Univ Fen M€uhen Bilim Derg. 
2(2):13–35. doi:10.53501/rteufemud.969314.

Solchansanj S, Jayas DS. 2020. Drying of foodstuffs. In: 
Handbook of industrial drying. Florida, US: CRC Press; 
p. 589–625.

Sun Y, Zhang M, Mujumdar AS, Yu D. 2021. Pulse-spouted 
microwave freeze drying of raspberry: control of moisture 
using ANN model aided by LF-NMR. J Food Eng. 292: 
110354. doi:10.1016/j.jfoodeng.2020.110354.

Tayiro�glu B, _Incedayı B. 2021. Nutritional potential charac-
terization and bioactive properties of caper products. J 
Food Process Preserv. 45(8):e14670. doi:10.1111/jfpp.14670.
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