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Abstract
Drying large grape varieties is limited by low mass transfer rates, resulting in long drying times. This study evaluated blue 
laser micro-perforation as a chemical-free pretreatment alternative to alkaline dipping for drying large Kavacık grapes (Vitis 
vinifera L. cv. Alphonse Lavallée), focusing on mass transfer behavior. Drying was conducted at 60, 70, and 80 °C with an 
air velocity of 2.5 m/s. The effects of pretreatment on drying behavior, drying mechanism, and selected physicochemical 
properties were examined. Moisture diffusion was modeled using both Fick’s second law and an anomalous (non-Fickian) dif-
fusion model based on fractional calculus. The non-Fickian model provided a superior fit to the experimental data (R2 > 0.99; 
χ2 < 0.008; RMSE < 0.01) under all drying conditions. The effective moisture diffusivity (Deff) of laser-treated samples ranged 
between 1.42 × 10−10 and 7.79 × 10−10 m2/s and was lower than that of untreated samples (3.22 × 10−10–12.80 × 10−10 m2/s), 
indicating super-diffusive mass transport behavior (α > 1), where α represents the anomalous diffusion exponent. Drying 
temperature significantly enhanced Deff in both pretreatments, such that higher drying temperatures resulted in increased 
effective moisture diffusivity due to enhanced molecular diffusion and reduced internal resistance. Physicochemical proper-
ties, including water activity, rehydration ratio, pH, titratable acidity, color (ΔE), and shrinkage ratio, were not significantly 
affected by the type of pretreatment or drying conditions. Laser micro-perforation achieved drying efficiency and quality 
retention comparable to alkaline dipping without chemical additives, demonstrating strong potential as a sustainable pretreat-
ment for industrial-scale fruit drying.

Highlights
• Laser micro-perforation improved drying and quality like 

alkaline dipping.
• The non-Fickian model fitted large grape drying, showing super-

diffusion (α > 1).
• Laser pretreatment preserved grape quality better than the 

chemical method.
• Laser pretreatment is a chemical-free alternative with Deff 

similar to dipping.
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Introduction

Grapes are widely cultivated worldwide, with Türkiye play-
ing a key role in production and export (Sabra et al., 2021; 
Topalović et al., 2020). Favorable climatic conditions of 
Türkiye support diverse grape varieties (Ataseven, 2024). 
Among them, Kavacık grapes, cultivated in the Karabağlar 
district of İzmir, possess geographical indication status 
and are classified as Vitis vinifera L. Alphonse Lavallée 
(Ministry of Culture and Tourism, 2023). The berries of 
Kavacık grapes weigh between 4.85 and 6.14 g, while the 
clusters range from 800 to 1000 g. They are characterized 
by a thick, glossy, dark purple-black skin (Gülcü, 2016). 
The variety contains high levels of polyphenols and bioac-
tive compounds (Aubert & Chalot, 2018). This table grape 
is harvested between September and December, consumed 
fresh, extensively processed into Turkish delight and molas-
ses (Köroğlu et al., 2025). However, due to its large size, it 
is less suitable for drying. It is essential to transform this 
grape, which offers health benefits due to its high bioactive 
substances, into a form suitable for drying so it can be con-
sumed year-round.

Grapes, with high moisture and sugar content such as 
Kavacık grapes, are prone to chemical and microbiologi-
cal spoilage, leading to economic losses if not properly 
stored or processed (Huang et al., 2019; Srivastava et al., 
2021). Drying is a widely used preservation method that 
reduces moisture and water activity, preventing spoilage 

(Bhattacharjee et al., 2024; Huang et al., 2019; Senadeera 
et al., 2020; Srivastava et al., 2021). Besides extending shelf 
life, it reduces storage, packaging, and transportation costs 
by reducing product weight and volume (Ozkan et al., 2022). 
Drying methods are grouped as natural (sun drying) and 
artificial (hot air, microwave, spray, infrared, foam, puff dry-
ing) (Adeyeye et al., 2022; Günaydın et al., 2022). Hot air 
drying (HAD), developed as an alternative to sun drying, 
provides faster drying, shorter processing times, ease of use, 
relatively low costs, and better quality and safety preserva-
tion (Senadeera et al., 2020). HAD has been applied to vari-
ous products, including melon, mango, tangerine, tomato, 
strawberry, and grape, to study drying behavior and physical 
properties (Deng et al., 2019).

Grape drying is energy- and time-intensive due to the 
waxy skin that restricts moisture diffusion. To accelerate 
drying, reduce energy use, and improve quality, various pre-
treatments are applied (Gavahian et al., 2024; Patidar et al., 
2021). These are classified as chemical (alkaline or acidic 
dipping, sulfur or ozone exposure, etc.) and physical (micro-
waves, pulsed electric fields, freezing, ultrasonic fields, etc.) 
(Ağçam et al., 2025; Bassey et al., 2021; Deng et al., 2019). 
The most common chemical method is alkaline dipping, 
which disrupts the waxy layer, shortens drying time, and 
preserves color (Carranza-Concha et al., 2012; Doymaz, 
2012; Shafiq et al., 2022). Nevertheless, this method is asso-
ciated with several limitations, including chemical residue 
concerns, wastewater generation, equipment corrosion, and 
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increasing environmental and regulatory constraints. As a 
result, physical pretreatment methods have gained increas-
ing attention as cleaner and more sustainable alternatives. 
Among physical methods, laser micro-perforation creates 
microscopic skin channels, enhancing diffusion and reduc-
ing drying time. It has been applied in packaging, quality 
improvement, and process optimization (Qu et al., 2022). 
Laser micro-perforation also enhances infusion and diffu-
sion (Fujimaru et al., 2012; Silva-Vera et al., 2020), reduces 
marination times (Figueroa et al., 2020), and increases diffu-
sion coefficients during drying (Araya et al., 2022). Previous 
drying studies used CO2 lasers, effective due to strong water 
absorption but limited by cost and accessibility (Chavan 
et al., 2023; Chen et al., 2021; Teng et al., 2021). In a previ-
ous study, laser micro-perforation applied to apple slices 
dried using refractive window (RW) drying provided qual-
ity attributes comparable to freeze-drying while reducing 
drying time by 2–25% (Núñez et al., 2023). Also, in another 
study, raspberries pretreated with laser perforation and dried 
in a pulse-spouted microwave freeze dryer showed reduced 
drying time, improved product quality (structure, color, and 
anthocyanin retention), and no adverse effects on volatile 
compounds. Moreover, the method was emphasized as suit-
able for mechanization and automation, enabling industrial-
scale application (Qu et al., 2022).

Blue lasers are high-energy systems emitting light in the 
445–450 nm range with high-power output, providing pre-
cise and localized ablation suitable for controlled material 
processing (Puértolas et al., 2024). Compared to conven-
tional CO2 lasers, blue lasers are more affordable, widely 
available, and easier to implement in experimental settings 
while maintaining efficient energy delivery for micro-per-
foration. In food science, they have been used to manipulate 
powdered foods, enhance interlayer adhesion in 3D printing, 
and control localized heating in dough, demonstrating their 
potential to improve mass transfer and processing efficiency 
(Blutinger et al., 2018; Diaz et al., 2018). Despite these 
applications, their use as a pretreatment before drying has 
not yet been reported. Based on their advantages and preci-
sion, high-power blue laser micro-perforation was used in 
this study as an innovative method to enhance mass transfer 
and preserve quality attributes in fruit matrices.

Mathematical models based on Fick’s second law have 
long been employed to characterize the drying behavior of 
fruits and vegetables (Onwude et al., 2016). They provide a 
framework to estimate moisture diffusion and predict dry-
ing times (Cavalcanti-Mata et al., 2020). These are based on 
isotropic diffusion and homogeneous mass transfer assump-
tions throughout the material (Köroğlu et al., 2025). How-
ever, during drying, complex structural changes frequently 
occur, including shrinkage, anisotropic deformation, and 
microstructural modifications (Rani & Tripathy, 2020). 
Such changes lead to heterogeneous water movement and 

deviations from classical Fickian behavior (Ramírez et al., 
2017; Simpson et al., 2013). These structural transforma-
tions can produce sub- or super-diffusion phenomena. In 
these cases, diffusion rates vary within different regions of 
the food matrix, resulting in non-uniform moisture trans-
port. Accounting for these complexities, anomalous (non-
Fickian) diffusion models have been developed. They are 
frequently formulated through fractional calculus and pro-
vide greater flexibility and improved accuracy in describing 
the sigmoidal drying kinetics commonly observed in bio-
logical materials (Matias et al., 2023; Ramírez et al., 2017; 
Simpson et al., 2013). These models have been successfully 
applied to a wide range of widely consumed agricultural 
products, including apples, bananas, tomatoes, grapes, and 
wheat. Their broad applicability has been demonstrated in 
both experimental analysis and the design of efficient dry-
ing systems (Aranha et al., 2024; Erenturk et al., 2019; 
Granella et al., 2022; Köroğlu et al., 2025; Matias et al., 
2023; Ramírez et al., 2017).

This study aims to (1) evaluate the effects of blue laser 
micro-perforation and alkaline dipping pretreatments on 
the drying behavior of Kavacık grapes (Vitis vinifera L. cv. 
Alphonse Lavallée), (2) analyze the diffusion mechanism 
during drying using Fick’s second law and fractional calcu-
lus-based anomalous diffusion models, and (3) examine the 
impact of pretreatments on selected physicochemical prop-
erties, such as water activity, rehydration ratio, pH, total 
acidity, color, and shrinkage ratio. This study advances the 
understanding of blue laser micro-perforation as a pretreat-
ment for grape drying by examining the associated drying 
behavior using a non-Fickian approach. Accordingly, it pro-
poses that blue laser micro-perforation can serve as an effec-
tive, non-chemical pretreatment, improving mass transfer 
while maintaining the quality of large grapes.

Materials and Methods

Materials

Kavacık grapes (Vitis vinifera L. cv. Alphonse Lavallée) 
were obtained from local producers in Kavacık, Karabağlar, 
İzmir, Türkiye. The grapes were harvested at optimal matu-
rity, as determined by the maturity index (°Brix/TA), which 
ranged from 20 to 25 (Kaya & Unluturk, 2019). Following 
harvest, the grapes were immersed in a 5% vinegar solu-
tion for 15 min to prevent fungal spoilage, subsequently 
rinsed, air-dried at room temperature, and stored in 0.5 kg 
polyethylene packages under refrigerated conditions (4 °C) 
for up to 15 days. Average berry size was 25.23 ± 3.80 mm 
in diameter, 25.99 ± 4.92 mm in length, and 8.90 ± 0.48 g 
in weight, with an initial moisture content of 4.04 ± 0.02 
kg water/kg dry solid. Grape skin thickness was measured 
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following the method developed by Köroğlu et al. (2025) 
using a phase-contrast microscope (Novex, The Netherlands) 
equipped with ruler calibration. The captured images were 
analyzed using a software package Image-Pro Plus 4.5.1 
(Media Cybrenetics Inc., Silver Spring, MD, USA). The 
average skin thickness of the grapes was determined to be 
0.866 ± 0.012 mm. The groups of samples used in this study 
are the control group (DG) that is alkaline-dipped grapes in 
chemical solution and laser micro-perforated grapes (LG16, 
LG24, and LG32). Before drying, grapes were perforated 
using a 450-nm blue laser (CNC2418, China) with the same 
penetration length but different number of holes (16 holes 
for LG16, 24 holes for LG24, and 32 holes for LG32) with a 
duration of 7 s. In preliminary studies, the drying time was 
found to be too long as the control group when the grape 
is directly dried without any pretreatment. Therefore, alka-
line dipping was selected since it is widely used in industry 
and effectively reduces the drying time without sacrificing 
the quality attributes (de Souza Matias et al., 2019; Kaveh 
et al., 2018; Sahin & Sumnu, 2006). For this treatment (DG), 
grapes were immersed in a solution of 5% (v/v) K2CO3 and 
1% (v/v) olive oil at 25 °C for 2 min (Doymaz & Altiner, 
2012).

Drying Process

Approximately 25 g of grapes from each group—laser 
micro-perforated (LG16, LG24, LG32) and alkaline-dipped 
control (DG)— was dried at 60, 70, and 80 °C under con-
vective hot air drying conditions employing a custom-built 
convective dryer (Kumtel, Türkiye) (Azzouz et al., 2002; 
Hermassi et al., 2017; Noshad & Ghasemi, 2020). Air veloc-
ity of the convective dryer was determined using a thermo-
anemometer (Model 451126, EXTECH, Waltham, MA), and 
average value was found to be 2.5 m/s. Drying temperatures 
were selected to balance quality retention and microbial 
safety, with high temperatures potentially causing quality 
loss and low temperatures prolonging drying and increasing 
microbial risk (Alp & Bulantekin, 2021). Before drying, the 
total dry matter of the grapes was determined by oven drying 
at 105 °C to establish the endpoint criterion for the drying 
process. Grape weights were measured at regular intervals 
using a digital scale (ABJ 220-4NM, Kern, Germany) until 
reaching 0.24 kg water/kg dry solid (19.5% wet basis), and 
drying curves were plotted for each temperature. According 
to the Turkish Food Codex (2017), the maximum permis-
sible moisture content for industrially dried grapes is limited 
to 20%. This value was taken as a reference in this study.

Modeling of Drying Curves

The dimensionless moisture ratio (MRt) was calculated from 
the moisture content using Eq. 1. (Sahin & Sumnu, 2006)

where MR is the dimensionless moisture ratio, Mt (kg water/
kg dry solid) is the dry basis moisture content at any time, 
and M0 and Me are the dry basis initial and equilibrium 
moisture content (kg water/kg dry solid), respectively. The 
equilibrium moisture content was estimated from the data 
when the weight changes stabilized, meaning that the dif-
ference between three consecutive weighing values was less 
than 0.01 g.

Fick’s Second Law of Diffusion

The convection drying provides sweeping out the moist air 
on the surface of the food rapidly. This means that the mois-
ture removal from the out-of-boundary layer occurs through 
forced convection. The mass transfer inside the grapes is 
assumed to be one-directional diffusion, disregarding the 
outer layer of the grapes’ anisotropy. The anisotropy in grape 
tissue, caused by structural variations, leads to non-uniform 
shrinkage during drying (Mahiuddin et al., 2018). The Fick-
ian diffusion model for spherical geometry assumes a per-
fect sphere with constant radius and uniform initial moisture 
content, where moisture transport is diffusion-controlled 
and governed by Fick’s second law. The effective diffusiv-
ity is constant, drying is isothermal, external resistance and 
shrinkage are negligible, surface moisture instantaneously 
reaches equilibrium, and zero flux is assumed at the center. 
Equation 2 represents the analytical solution of the one-
dimensional diffusion equation for a sphere with initially 
uniform moisture content under first-type (Dirichlet) bound-
ary conditions (Sahin & Sumnu, 2006).

For longer drying times (Fourier number > 0.6), Eq. 2 can 
be simplified by retaining only the first term of the series. 
Therefore, Eq. 2 is reduced to Eq. 3 (Şahin et al., 2016).

where Deff ​ represents the effective moisture diffusion coef-
ficient (m2/s), t is the drying time (s), and R is the radius of 
the fresh grape (m). This equation has been used in numer-
ous studies and has been further simplified to Eq. 4 (Kaveh 
et al., 2018).

where A is the equation coefficient, and kF is denoted as 
following:
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The model in Eq. 3 was employed to estimate Deff​ based 
on the Fickian diffusion model.

Anomalous Diffusion Model Based on Fractional Calculus 
Approach

Classical diffusion theory fails to capture molecular trans-
port in grapes due to their heterogeneous water and sugar 
distribution. In such systems, the diffusion coefficient var-
ies, and water exhibits anomalous, non-Brownian motion. 
Fractional calculus–based models, which account for non-
Fickian behavior, more accurately describe this complexity 
and have been widely applied to model anomalous diffusion 
in food drying (Granella et al., 2022; Köroğlu et al., 2025; 
Matias et al., 2023; Ramírez et al., 2017). Equation 6 based 
on the fractional calculus approach is proposed to be used to 
model non-Fickian behavior (Asemu et al., 2020).

where M is the dry basis moisture content (kg water/kg dry 
solid), and Deff​ is the effective moisture diffusivity (m2/s). 
The parameter α defines the order of random motion in 
anomalous diffusion, ranging between 0 and 1 (Lemus-
Mondaca et al., 2015; Matias et al., 2023; Ramírez et al., 
2017). α < 1 indicates sub-diffusion (slower rate than Fick-
ian model), α > 1 denotes super-diffusion (faster rate than 
Fickian model), and α = 1 corresponds to Fickian diffusion 
(Ramírez et al., 2017).

The analytical solution for Eq. 6 is presented in Eq. 7.

where EA is the Mittag–Leffler function (de Souza Matias 
et al., 2019). For long drying times, the first term dominates 
the entire series, and the equation becomes (Ramírez et al., 
2017):

As the fractional parameter α approaches 1, the Mit-
tag–Leffler function converges to an exponential function, 
resulting in the Page equation (Eq. 9), which is widely 
used for mathematical modeling of food drying processes 
(Doymaz, 2006).

where the kFC is explained as:
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Temperature Dependency of Deff

A fractional calculus model was employed to describe the 
temperature dependence of the effective diffusion coefficient 
(Dₑff), offering a more accurate representation of variability in 
food matrices than the Fickian diffusion model. The model-
derived effective diffusivity was used to assess its tempera-
ture dependence via the Arrhenius equation (Eq. 11) (Ramírez 
et al., 2017).

where D0 represents pre-exponential factor (m2/s), Ea repre-
sents activation energy (kJ/mol), R represents gas constant 
(8.314 J/mol K), and T is temperature (K).

Water Activity

The water activity (aw) of dried grapes was measured at 25 
℃ using a digital water activity meter (Rotronic HygroLab 
3, UK).

Rehydration Ratio

The rehydration ratio of grapes was calculated by following 
the method of Köroğlu et al. (2025). Approximately 2–3 g 
of dried grapes was soaked in distilled water (1:10—dried 
grape to water ratio, w/v) at 4 °C for 24 h. After removing 
surface water, the samples were weighed, and the rehydra-
tion rate (RR) was calculated using Eq. 12 (Okpala & Eke-
chi, 2014).

where WF is final weight (g) after rehydration and WI is ini-
tial weight (g) before rehydration.

pH and Titratable Acidity

The pH of dried grapes was measured with modifications 
to Unal (2023). Dried grapes were rehydrated, crushed, 
filtered, and measured using a pH meter (HANNA Instru-
ments, USA). Titratable acidity was determined by titrating 
20-mL filtrate with 0.1 N NaOH to pH 8.1 and expressed 
as tartaric acid equivalent (Mazlum & Nizamlioǧlu, 2021).
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where V is the amount of NaOH consumed (mL), m is the 
amount of samples titrated (g), and 0.007505 is the con-
version factor of molar mass of tartaric acid to gravimetric 
mass.

Color

Color changes of grapes after drying were evaluated with a 
colorimeter (3NH, China). Five grapes were randomly selected 
from each group (dried and fresh grapes). CIE L*, a*, b* val-
ues were recorded from 5 points, and total color difference 
(ΔE) was calculated using Eq. 14 (Bai et al., 2013).

where L*, a*, and b* are color values of dried grapes and L0
*, 

a0
*, and b0

* are color values of fresh grapes.

Shrinkage Ratio

Shrinkage ratio (SR) was determined using free bulk density 
and moisture content of fresh and dried grapes (Baysal et al. 
2003; Köroğlu et al., 2025). Approximately 250 g of fresh 
grapes and 20 g of dried grapes were placed in 500-mL and 
50-mL beakers, respectively. Their volumes were recorded, 
and bulk density was calculated in g/mL. Moisture content 
was determined as described in the “Materials” section, and 
the shrinkage ratio (SR) was calculated using Eq. 15.

where ρUG and ρDG are bulk density (g/mL) of fresh and 
dried grapes, respectively. XUG and XDG are wet basis mois-
ture content (g water/g sample) of fresh and dried grapes, 
respectively.

Model Fitting and Statistical Analysis

Drying model fitting was performed using MATLAB (Math-
Works, 2023b), incorporating the Mittag–Leffler equation with 
β ≠ 1. Model fit was assessed using R2, RMSE, and chi-square 
(χ2) to identify the best model.

All measurements were performed in triplicate. Statistical 
differences between treatments were evaluated using ANOVA 
followed by Tukey’s post hoc test (P ≤ 0.05) in Minitab (ver. 
18.1, Minitab Inc., UK). Tables report the mean ± standard 
deviation of the triplicate data.
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(
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)

Result and Discussion

Mathematical Modeling

Model Based on Fick’s Second Law of Diffusion

Figure  1 illustrates the curve-fitting results obtained 
using the Fickian diffusion model, with the corresponding 
goodness-of-fit statistics presented in Table 1. Across all 
samples, the Fickian diffusion model consistently yielded 
lower coefficients of determination (R2) and higher root 
mean square error (RMSE) and chi-square (χ2) values 
compared to the non-Fickian diffusion model, indicating 
a comparatively inferior fit. In a previous study on apple 
slices, Fick’s second law often overestimated drying time 
and failed to accurately capture the tail of the diffusion 
profile, whereas the non-Fickian model provided a bet-
ter fit. These results indicate that non-Fickian models are 
more suitable for describing complex mass transfer in bio-
logical tissues (Simpson et al., 2015).

The effective diffusion coefficient (Deff) values based on 
the Fickian diffusion model are shown in Table 2. Deff val-
ues of grapes subjected to dipping (DG) and laser micro-
perforation (LG) were significantly influenced by drying 
temperature (P < 0.05). Increasing temperature led to 
higher Deff for both pretreatments, likely due to enhanced 
molecular mobility and increased water surface tension, 
promoting moisture diffusivity (Noshad & Ghasemi, 
2020). At 80 °C, Deff values of DG and LG samples were 
similar (P > 0.05), while significant differences existed 
at 60 °C and 70 °C (P < 0.05). Forced air movement in 
convective drying increases the vapor pressure gradient 
and replaces the saturated air boundary layer, facilitat-
ing faster moisture removal. Overall, enhanced heat and 
mass transfer, reduced external resistance, and increased 
internal diffusion occur in convective drying. In a previ-
ous study, apples were subjected to laser micro-perforation 
with 1, 3, 10, and 14 holes and subsequently dried using 
convective hot air drying at 70 °C. The effective moisture 
diffusivity (Deff) values were reported to range between 
6.94 × 10−10 and 8.57 × 10−10 m2/s, and no correlation was 
observed between the number of laser perforations and 
Deff (Araya et al., 2022). The Deff values obtained in the 
present study (Table 2) are comparable to those reported 
previously, with the differences attributable to the use of a 
different fruit. Similarly, no correlation was found between 
the number of laser micro-perforations and Deff in this 
study. It has been hypothesized that hydrothermal stresses 
induced during convective drying may have partially offset 
the initial structural advantages provided by laser micro-
perforation. Rapid moisture removal can promote local 
structural collapse and surface shrinkage, potentially 
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reducing the connectivity of microchannels created by 
the laser treatment. Also, in another previous study, the 
application of various pretreatments to a black grape cul-
tivar produced effective moisture diffusivity values in the 
range of 8.64–10.5 × 10−10 m2/s. These values fall within a 
similar order of magnitude to those obtained in the present 
study, indicating comparable moisture transport behavior 
under different pretreatment conditions (Doymaz, 2006).

Anomalous Diffusion Model Based on Fractional Calculus 
Approach

Figure 2 presents curve-fitting results using the fractional 
calculus–based non-Fickian diffusion model. Drying data 

were better described by this model than the Fickian model, 
with R2 (0.9979–0.9998), RMSE (0.0041–0.0137), and χ2 
(0.0006–0.0079) values (Table 1). High R2 and low RMSE 
and χ2 indicate reliable representation of grape drying 
behavior. Graphical analysis and goodness-of-fit statistics 
show that dipped and laser micro-perforated samples closely 
conform to the non-Fickian model, suggesting these pretreat-
ments enhance model fit.

The effective diffusion coefficient (Deff) values of laser 
micro-perforated samples, calculated using the non-Fickian 
diffusion model, are presented in Table 2. No statistically 
significant difference in Deff was observed between grapes 
treated with dipping (DG) and laser micro-perforation (LG) 
at 80 °C (P > 0.05), whereas significant differences were 

Fig. 1   Experimental and predicted drying curves of grapes according 
to Fickian diffusion model at 60, 70, and 80 °C for a DG, b LG16, 
c LG24, and d LG32 (colored markers represent experimental data, 
while dotted curvesindicate model fitting). DG dipped grapes, LG16 

laser micro-perforated grapes with 16 holes, LG24 laser microperfo-
rated grapes with 24 holes, LG32 laser micro-perforated grapes with 
32 holes
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found at 60 °C and 70 °C (P < 0.05). This can be explained 
by the temperature-dependent dominance of transport 
mechanisms. At moderate temperatures (60–70 °C), inter-
nal diffusion resistance remains relatively high, and struc-
tural modifications induced by laser micro-perforation 
can meaningfully influence moisture transport, resulting 
in distinguishable diffusivity values. However, at 80 °C, 
the strong temperature dependence of diffusion enhances 
molecular mobility and vapor transport to such an extent that 
the thermal driving force becomes dominant over structural 
differences. In addition, rapid moisture removal at this tem-
perature may promote tissue shrinkage, cell collapse, and 
possible surface sugar accumulation, which can homogenize 
mass transfer resistance across treatments. Consequently, the 
influence of perforation density becomes less pronounced, 
leading to statistically similar Deff  values at 80 °C. Addi-
tionally, the Deff values of DG and LG16 samples were sig-
nificantly influenced by drying temperature (P < 0.05). In a 
previous study on black grapes dried at 60 °C, the effects 
of potash dipping and ultrasound pretreatments were inves-
tigated. The effective water diffusion coefficient (Deff) was 
calculated as 0.891 × 10−10 m2/s for grapes pretreated under 
optimal ultrasound conditions and 1.404 × 10−10 m2/s for 
those treated with the potash solution. In the present study, 
higher Deff values were observed. Results from convective 
drying indicate that, at higher temperatures (80 °C), laser 
micro-perforation pretreatment has the potential to serve as 

Table 1   Goodness of fit evaluation of the Fickian and non-Fickian 
diffusion model parameters

DG dipped grapes, LG16 laser micro-perforated grapes with 16 
holes, LG24 laser micro-perforated grapes with24 holes, LG32 laser 
micro-perforated grapes with 32 holes

Parameters DG LG16 LG24 LG32

Fickian diffusion
60 °C R2

RMSE
χ2

0.9931
0.0277
0.0268

0.9961
0.0188
0.0138

0.9975
0.0161
0.0114

0.9989
0.0090
0.0030

70 °C R2

RMSE
χ2

0.9951
0.0225
0.0172

0.9946
0.0242
0.0235

0.9942
0.0253
0.0269

0.9965
0.0178
0.0118

80 °C R2

RMSE
χ2

0.9939
0.0247
0.0199

0.9959
0.0200
0.0132

0.9973
0.0156
0.0078

0.9963
0.0181
0.0118

Non-Fickian diffusion
60 °C R2

RMSE
χ2

0.9992
0.0078
0.0021

0.9992
0.0083
0.0027

0.9992
0.0085
0.0028

0.9998
0.0041
0.0006

70 °C R2

RMSE
χ2

0.9991
0.0098
0.0033

0.9979
0.0137
0.0079

0.9986
0.0127
0.0067

0.9993
0.0078
0.0022

80 °C R2

RMSE
χ2

0.9984
0.0128
0.0054

0.9990
0.0093
0.0023

0.9995
0.0063
0.0011

0.9990
0.0097
0.0028
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an alternative to alkaline dipping (Ağçam et al., 2025). The 
α value represents the fractional (non-integer) order of the 
model and is used to describe how moisture moves during 
drying. When α < 1, the process is considered sub-diffusion, 
meaning the movement of moisture is slower and limited, 
often because the internal structure of the material prevents 
easy movement. When α > 1, the process is described as 
super-diffusion, meaning moisture moves more quickly, 
which can happen when the structure becomes more open 
or pathways for moisture transport become easier (de Souza 
Matias et al., 2019; Ramírez et al., 2017; Simpson et al., 
2013). All pretreated samples showed α values above 1 at 
all drying temperatures, indicating super-diffusion, except 
for LG32 at 60 °C (Table 3). This suggests that the drying 

Fig. 2   Experimental and predicted drying curves of grapes accord-
ing to non-Fickian diffusion model at 60, 70, and 80 °C for a DG, b 
LG16, c LG24, and d LG32 (colored markers represent experimental 
data, while dotted curves indicate model fitting). DG dipped grapes, 

LG16 laser micro-perforated grapes with 16 holes, LG24 laser micro-
perforated grapes with 24 holes, LG32 laser micro-perforated grapes 
with 32 holes

Table 3   α values defining the order of random motion in anomalous 
diffusion for each treatment

dipped grapes, LG16 laser micro-perforated grapes with 16 holes, 
LG24 laser micro-perforated grapes with 24holes, LG32 laser micro-
perforated grapes with 32 holes

α DG LG16 LG24 LG32

60 °C 1.27 ± 0.12 1.15 ± 0.13 1.16 ± 0.07 0.96 ± 0.07
70 °C 1.21 ± 0.10 1.24 ± 0.10 1.29 ± 0.03 1.14 ± 0.09
80 °C 1.23 ± 0.07 1.18 ± 0.12 1.09 ± 0.16 1.20 ± 0.07
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behavior of alkaline-dipped and laser micro-perforated 
grapes is better described by the non-Fickian model.

Overall, the results demonstrated that the non-Fickian 
diffusion model provided a markedly better description of 
grape drying kinetics than the classical Fickian model, as 
evidenced by higher R2 and lower RMSE and �2 values. The 
effective moisture diffusivity (Deff) increased with drying 
temperature for all samples, confirming the thermally acti-
vated nature of moisture transport and reflecting enhanced 
mass transfer at elevated temperatures. The Deff values 
obtained in this study were consistent with those reported in 
the literature for chemically and physically pretreated grapes 
and other berries. At 60 and 70 °C, laser micro-perforation 
resulted in significantly higher Deff values compared to the 
control, in agreement with studies on physical pretreatments 
such as pulsed electric fields and ultrasound, which disrupt 
the waxy cuticle and create preferential pathways for mois-
ture migration under conditions where internal diffusion 
resistance remains limiting. In contrast, at 80 °C, no statis-
tically significant differences in Deff were observed among 
alkaline-dipped and laser-treated samples, indicating that the 
strong thermal driving force reduced the relative influence of 
microstructural modifications and allowed laser micro-perfo-
ration to achieve moisture transport performance comparable 
to alkaline dipping. Similar convergence of diffusivity values 
at high temperatures has been attributed to tissue shrinkage, 
hydrothermal stress, and surface sugar accumulation, which 
tend to homogenize mass transfer resistance regardless of 
pretreatment intensity. Moreover, the absence of a clear cor-
relation between the number of laser perforations and Deff  
suggests that beyond a certain perforation density, additional 
microchannels do not further enhance diffusion. Finally, the 
observation of 𝛼 > 1 confirmed super-diffusive behavior, 
supporting the applicability of the fractional, non-Fickian 
model to describe internal moisture migration throughout 
the entire drying process, particularly during the early and 
intermediate stages, and thereby extending current under-
standing of moisture transport in laser-treated grape tissues.

Temperature Dependency of Deff

In this study, Deff values from the Fickian diffusion model 
did not fit the Arrhenius equation, so values from the non-
Fickian diffusion model were used. The corresponding 
activation energy (Ea) and pre-exponential factors (D0) 
are summarized in Table 4. Activation energy refers to 
the minimum amount of energy required to initiate and 
sustain the movement of moisture from the interior of the 
material to its surface during drying. In other words, it 
represents the energy barrier that must be overcome for 
moisture molecules to diffuse through cellular structures 
and evaporate. A lower activation energy indicates that 

the moisture can be more easily mobilized under drying 
conditions, while a higher value suggests stronger internal 
binding forces or structural resistance to water removal 
(Pawar et al., 2023; Sahin & Sumnu, 2006). Under con-
vective drying, the highest Ea was observed for the LG32 
sample, likely due to a sugar layer forming from excessive 
moisture loss and local structural collapses caused by the 
high number of laser perforations.

Table 4   Arrhenius equation parameters of different treatments

DG dipped grapes, LG16 laser micro-perforated grapes with 16 
holes, LG24 laser micro-perforated grapes with24 holes, LG32 laser 
micro-perforated grapes with 32 holes

Parameter DG LG16 LG24 LG32

Ea (kJ/mol) 64.70 69.69 70.77 78.82
D0 (m2/s) 4.90 13 19.2 350
R2 0.99 0.98 0.99 0.99

Table 5   Physicochemical properties of dried grapes

*Means ± standard deviation within a row followed by different 
capital letters and within a corresponding section’s column followed 
by different small letters are significantly different (P < 0.05). DG 
dipped grapes, LG16 laser micro-perforated grapes with 16 holes, 
LG24 laser micro-perforated grapes with 24 holes, LG32 laser micro-
perforated grapes with 32 holes

aW DG LG16 LG24 LG32

60 °C 0.50 ± 0.09Aa 0.48 ± 0.01Aa 0.50 ± 0.02Aa 0.57 ± 0.01Aa

70 °C 0.39 ± 0.05Aa 0.36 ± 0.02Ab 0.40 ± 0.02Aa 0.48 ± 0.08Aa

80 °C 0.36 ± 0.05Aa 0.47 ± 0.08Aab 0.46 ± 0.14Aa 0.48 ± 0.03Aa

RR
60 °C 1.36 ± 0.14Aa 1.16 ± 0.06Aa 1.18 ± 0.07Ab 1.22 ± 0.04Aa

70 °C 1.50 ± 0.29Aa 1.30 ± 0.17Aa 1.20 ± 0.07Ab 1.24 ± 0.10Aa

80 °C 1.48 ± 0.35Aa 1.53 ± 0.20Aa 1.52 ± 0.18Aa 1.53 ± 0.21Aa

pH
60 °C 4.58 ± 0.26Aa 4.37 ± 0.02Aa 4.45 ± 0.08Aa 4.35 ± 0.04Aa

70 °C 4.43 ± 0.10Aa 4.41 ± 0.17Aa 4.34 ± 0.09Aa 4.43 ± 0.08Aa

80 °C 4.41 ± 0.08Aa 4.39 ± 0.14Aa 4.37 ± 0.07Aa 4.38 ± 0.10Aa

TA
60 °C 1.18 ± 0.52Aa 0.70 ± 0.16Aa 0.82 ± 0.56Aa 0.73 ± 0.05Ab

70 °C 1.03 ± 0.13ABa 1.07 ± 0.27ABa 0.89 ± 0.22Ba 1.46 ± 0.13Aa

80 °C 1.05 ± 0.54Aa 0.69 ± 0.22Aa 0.81 ± 0.13Aa 0.85 ± 0.25Ab

ΔE
60 °C 5.39 ± 0.88Aab 4.43 ± 1.72Aa 5.37 ± 1.14Aa 5.85 ± 3.14Aa

70 °C 6.41 ± 0.29Aa 6.52 ± 1.00Aa 5.53 ± 2.10Aa 4.56 ± 1.41Aa

80 °C 3.97 ± 1.03Ab 4.43 ± 1.54Aa 5.00 ± 1.30Aa 3.67 ± 2.15Aa

SR
60 °C 1.28 ± 0.14Aa 1.09 ± 0.08Aa 0.94 ± 0.13Aa 1.04 ± 0.17Aab

70 °C 1.30 ± 0.19Aa 1.19 ± 0.30Aa 0.99 ± 0.14Aa 0.90 ± 0.05Ab

80 °C 1.36 ± 0.20Aa 1.06 ± 0.21Aa 1.24 ± 0.13Aa 1.24 ± 0.08Aa
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Temperature Dependency of Deff

The physical analysis results of samples are presented in 
Table 5. Water activity is a thermodynamic variable affected 
by environmental conditions. Moisture sorption isotherms 
are widely used for estimating shelf life, as they describe 
the equilibrium relationship between moisture content and 
water activity in food systems (Choudhury et al., 2011). No 
significant differences were observed among water activity 
of samples with equivalent moisture content (P > 0.05). Only 
the LG16 samples exhibited a significant variation with dry-
ing temperature (P < 0.05). All samples had water activity 
values below 0.6, consistent with previous findings (Barbosa 
da Silva et al., 2022).

Dried grapes can be consumed directly or after rehydra-
tion, which typically involves soaking in water to allow 
moisture uptake. The rehydration behavior varies depending 
on the drying method, and several studies have examined the 
kinetics of this process (Okpala & Ekechi, 2014; L. Wang 
et al., 2022a, 2022b). The rehydration ratio (RR) of dried 
grapes did not differ significantly with respect to pretreat-
ment or drying temperature (P > 0.05). The observed RR 
values were consistent with those reported in previous stud-
ies (J. Wang et al., 2022a, 2022b).

pH of the samples was not significantly affected by the 
drying process (P > 0.05). For titratable acidity (TA), no 
significant differences were observed between pretreat-
ments at 60 °C and 80 °C (P > 0.05), while a significant 
difference occurred at 70 °C (P < 0.05). TA values of 
LG32 samples were significantly influenced by tempera-
ture (P < 0.05). These findings align with previous research 
(Unal, 2023), although Kavacık grapes showed higher TA 
values (0.73–1.46), likely due to varietal differences.

Color is a key quality parameter influencing consumer 
sensory perception. During grape drying, both enzy-
matic and non-enzymatic browning reactions may occur 
as a result of oxygen exposure and applied heat (Adiletta 
et al., 2016). In the assessment of ΔE values, pretreatments 
generally did not result in significant differences in color 
change (P > 0.05), although the DG sample was significantly 
affected by drying temperature (P < 0.05).

During drying, structural deformation, known as shrink-
age, occurs as a result of skin anisotropy and internal pres-
sure reduction. Shrinkage affects drying kinetics by short-
ening the diffusion path and decreasing the effective mass 
transfer area (Mahiuddin et al., 2018). Regarding shrink-
age ratio, no significant differences were observed between 
pretreatments (P > 0.05); however, the LG32 samples were 
significantly influenced by drying temperature (P < 0.05). 
These variations are likely associated with differences in 
drying duration and sample characteristics arising from 
varying harvest times.

Conclusion

The findings of this study show that laser micro-perforation 
and alkaline dipping pretreatments have similar effects on 
the drying behavior and quality characteristics of Kavacık 
grapes. The non-Fickian diffusion model described the dry-
ing process accurately and reflected the changes in effective 
moisture diffusivity and activation energy at different tem-
peratures. Higher drying temperatures increased Deff, indi-
cating faster internal moisture movement due to more facili-
tated mass transfer. Both pretreatments helped to speed up 
moisture removal, and importantly, laser micro-perforation 
maintained key quality properties. including pH, titratable 
acidity, color (ΔE), and shrinkage ratio at levels similar to 
those obtained with alkaline dipping. These results demon-
strate that laser pretreatment can provide the same drying 
efficiency as chemical pretreatment while avoiding the use 
of alkaline solutions. Since laser micro-perforation does 
not introduce chemicals and can be applied in a controlled 
manner, it presents a more sustainable and environmen-
tally responsible option. Overall, this study shows that laser 
micro-perforation is a promising pretreatment method for 
grape drying and may also be applied to other fruits where 
maintaining quality and improving drying efficiency are 
important.

Acknowledgements  The authors acknowledge Geothermal Energy 
Research and Application Center (GEOCEN) at IZTECH Integrated 
Research Centers (IZTECH IRC) for testing and analyses.

Author Contributions  Conceptualization: B.B., E.K., S.Ü.; Methodol-
ogy: B.B., E.K., S.Ü.; Formal analysis and investigation: B.B., E.K.; 
Writing - original draft preparation: B.B., E.K.; Writing - review and 
editing: S.Ü.; Funding acquisition: S.Ü.; Resources: S.Ü.; Supervi-
sion: S.Ü.

Funding  Open access funding provided by the Scientific and Techno-
logical Research Council of Türkiye (TÜBİTAK). This research was 
funded by the Scientific and Technological Research Council of Tür-
kiye (TÜBİTAK) with grant number 223O043 under the 1002 program.

Data Availability  The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 



	 Food and Bioprocess Technology (2026) 19:247247  Page 12 of 14

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adeyeye, S. A. O., Ashaolu, T. J., & Babu, A. S. (2022). ​Food dry-
ing: A review. Agricultural Reviews, I(Of), 1–8. https://​doi.​org/​
10.​18805/​ag.r-​2537

Adiletta, G., Russo, P., Senadeera, W., & Di Matteo, M. (2016). Drying 
characteristics and quality of grape under physical pretreatment. 
Journal of Food Engineering, 172, 9–18. https://​doi.​org/​10.​1016/j.​
jfood​eng.​2015.​06.​031

Ağçam, E., Kirit, B. D., & Akyildiz, A. (2025). Thermosonication as 
pretreatment for improving drying kinetics of black grape: An 
optimization study. Innovative Food Science & Emerging Tech-
nologies. https://​doi.​org/​10.​1016/j.​ifset.​2025.​104007

Alp, D., & Bulantekin, Ö. (2021). The microbiological quality of vari-
ous foods dried by applying different drying methods: A review. 
European Food Research and Technology, 247(6), 1333–1343. 
https://​doi.​org/​10.​1007/​s00217-​021-​03731-z

Aranha, A. C. R., Ferrari, A. L., Bissaro, C. A., Matias, G., Defendi, 
R. O., Paschoal, S. M., & Jorge, L. (2024). Mathematical model-
ling of wheat drying by fractional order and assessment of trans-
port properties. The Canadian Journal of Chemical Engineering, 
102(2), 996–1006. https://​doi.​org/​10.​1002/​cjce.​25081

Araya, E., Nuñez, H., Ramírez, N., Jaques, A., Simpson, R., Esco-
bar, M., Escalona, P., Vega-Castro, O., & Ramírez, C. (2022). 
Exploring the potential acceleration of Granny Smith apple dry-
ing by pre-treatment with CO2 laser microperforation. Food and 
Bioprocess Technology, 15(2), 391–406. https://​doi.​org/​10.​1007/​
s11947-​022-​02763-x

Asemu, A. M., Habtu, N. G., Delele, M. A., Subramanyam, B., & 
Alavi, S. (2020). Drying characteristics of maize grain in solar 
bubble dryer. Journal of Food Process Engineering, 43(2), 1–19. 
https://​doi.​org/​10.​1111/​jfpe.​13312

Ataseven, Z. Y. (2024). Agrıcultural products markets/grapes.
Aubert, C., & Chalot, G. (2018). Chemical composition, bioactive 

compounds, and volatiles of six table grape varieties (Vitis vinif-
era L.). Food Chemistry, 240, 524–533. https://​doi.​org/​10.​1016/j.​
foodc​hem.​2017.​07.​152

Azzouz, S., Guizani, A., Jomaa, W., & Belghith, A. (2002). Moisture 
diffusivity and drying kinetic equation of convective drying of 
grapes. Journal of Food Engineering, 55(4), 323–330. https://​doi.​
org/​10.​1016/​S0260-​8774(02)​00109-7

Bai, J. W., Sun, D. W., Xiao, H. W., Mujumdar, A. S., & Gao, Z. 
J. (2013). Novel high-humidity hot air impingement blanching 
(HHAIB) pretreatment enhances drying kinetics and color attrib-
utes of seedless grapes. Innovative Food Science & Emerging 
Technologies, 20, 230–237. https://​doi.​org/​10.​1016/j.​ifset.​2013.​
08.​011

Barbosa da Silva, N., Moreira Azoubel, P., & Inês Sucupira Maciel, 
M. (2022). Effects of pretreatments with ethanol and ultrasound 
on convective drying of BRS Vitória grapes. A comprehensive 
review of the versatile dehydration processes. https://​doi.​org/​10.​
5772/​intec​hopen.​108925

Bassey, E. J., Cheng, J. H., & Sun, D. W. (2021). Novel nonthermal 
and thermal pretreatments for enhancing drying performance and 
improving quality of fruits and vegetables. Trends in Food Sci-
ence & Technology, 112, 137–148. https://​doi.​org/​10.​1016/j.​tifs.​
2021.​03.​045

Bhattacharjee, S., Mohanty, P., Sahu, J. K., & Sahu, J. N. (2024). A 
critical review on drying of food materials: Recent progress and 
key challenges. International Communications in Heat and Mass 

Transfer, 158(August). https://​doi.​org/​10.​1016/j.​ichea​tmass​trans​
fer.​2024.​107863

Blutinger, J. D., Meijers, Y., Chen, P. Y., Zheng, C., Grinspun, E., 
& Lipson, H. (2018). Characterization of dough baked via blue 
laser. Journal of Food Engineering, 232, 56–64. https://​doi.​org/​
10.​1016/j.​jfood​eng.​2018.​03.​022

Carranza-Concha, J., Benlloch, M., Camacho, M. M., & Martínez-
Navarrete, N. (2012). Effects of drying and pretreatment on the 
nutritional and functional quality of raisins. Food and Bioproducts 
Processing, 90(2), 243–248. https://​doi.​org/​10.​1016/j.​fbp.​2011.​
04.​002

Cavalcanti-Mata, M. E. R. M., Duarte, M. E. M., Lira, V. V., de 
Oliveira, R. F., Costa, N. L., & Oliveira, H. M. L. (2020). A new 
approach to the traditional drying models for the thin-layer dry-
ing kinetics of chickpeas. Journal of Food Process Engineering, 
43(12). https://​doi.​org/​10.​1111/​jfpe.​13569

Chavan, P., Yadav, R., Sharma, P., & Jaiswal, A. K. (2023). Laser light 
as an emerging method for sustainable food processing, pack-
aging, and testing. Foods, 12(16), 1–19. https://​doi.​org/​10.​3390/​
foods​12162​983

Chen, F., Zhang, M., Devahastin, S., & Yu, D. (2021). Comparative 
evaluation of the properties of deep-frozen blueberries dried by 
vacuum ınfrared freeze drying with the use of CO2 laser perfo-
ration, ultrasound, and freezing–thawing as pretreatments. Food 
and Bioprocess Technology, 14(10), 1805–1816. https://​doi.​org/​
10.​1007/​s11947-​021-​02677-0

Choudhury, D., Sahu, J. K., & Sharma, G. D. (2011). Moisture sorption 
isotherms, heat of sorption and properties of sorbed water of raw 
bamboo (Dendrocalamus longispathus) shoots. Industrial Crops 
and Products, 33(1), 211–216. https://​doi.​org/​10.​1016/j.​indcr​op.​
2010.​10.​014

de Souza Matias, G., Bissaro, C. A., de Matos Jorge, L. M., & Rossoni, 
D. F. (2019). The fractional calculus in studies on drying: A new 
kinetic semi-empirical model for drying. Journal of Food Process 
Engineering, 42(1), 1–7. https://​doi.​org/​10.​1111/​jfpe.​12955

Deng, L. Z., Mujumdar, A. S., Zhang, Q., Yang, X. H., Wang, J., Zheng, 
Z. A., Gao, Z. J., & Xiao, H. W. (2019). Chemical and physical 
pretreatments of fruits and vegetables: Effects on drying charac-
teristics and quality attributes–a comprehensive review. Critical 
Reviews in Food Science and Nutrition, 59(9), 1408–1432. https://​
doi.​org/​10.​1080/​10408​398.​2017.​14091​92

Diaz, J. V., Bommel, K. J. C. v., Noort, M. W., Henket, J., & Brier, P. 
(2018). ( 12 ) United States Patent ( 54 ) METHOD FOR THE 
PRODUCTION OF EDIBLE OBJECTS USING SLS AND FOOD 
PRODUCTS ( 71 ) Applicant : Nederlandse Organisatie voor.

Doymaz, I. (2006). Drying kinetics of black grapes treated with dif-
ferent solutions. Journal of Food Engineering, 76(2), 212–217. 
https://​doi.​org/​10.​1016/j.​jfood​eng.​2005.​05.​009

Doymaz, I. (2012). Sun drying of seedless and seeded grapes. Journal 
of Food Science and Technology, 49(2), 214–220. https://​doi.​org/​
10.​1007/​s13197-​011-​0272-9

Doymaz, I., & Altiner, P. (2012). Effect of pretreatment solution on 
drying and color characteristics of seedless grapes. Food Sci-
ence and Biotechnology, 21(1), 43–49. https://​doi.​org/​10.​1007/​
s10068-​012-​0006-4

Erenturk, K., Kose, B., & Erenturk, S. (2019). Fractional order cal-
culus approach for drying modeling of eggplants. Food Science 
and Technology International, 26(5), 379–387. https://​doi.​org/​10.​
1177/​10820​13219​895852

Figueroa, C., Ramírez, C., Núñez, H., Jaques, A., & Simpson, R. 
(2020). Application of vacuum impregnation and CO2-laser 
microperforations in the potential acceleration of the pork mari-
nating process. Innovative Food Science & Emerging Technolo-
gies, 66(August). https://​doi.​org/​10.​1016/j.​ifset.​2020.​102500

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.18805/ag.r-2537
https://doi.org/10.18805/ag.r-2537
https://doi.org/10.1016/j.jfoodeng.2015.06.031
https://doi.org/10.1016/j.jfoodeng.2015.06.031
https://doi.org/10.1016/j.ifset.2025.104007
https://doi.org/10.1007/s00217-021-03731-z
https://doi.org/10.1002/cjce.25081
https://doi.org/10.1007/s11947-022-02763-x
https://doi.org/10.1007/s11947-022-02763-x
https://doi.org/10.1111/jfpe.13312
https://doi.org/10.1016/j.foodchem.2017.07.152
https://doi.org/10.1016/j.foodchem.2017.07.152
https://doi.org/10.1016/S0260-8774(02)00109-7
https://doi.org/10.1016/S0260-8774(02)00109-7
https://doi.org/10.1016/j.ifset.2013.08.011
https://doi.org/10.1016/j.ifset.2013.08.011
https://doi.org/10.5772/intechopen.108925
https://doi.org/10.5772/intechopen.108925
https://doi.org/10.1016/j.tifs.2021.03.045
https://doi.org/10.1016/j.tifs.2021.03.045
https://doi.org/10.1016/j.icheatmasstransfer.2024.107863
https://doi.org/10.1016/j.icheatmasstransfer.2024.107863
https://doi.org/10.1016/j.jfoodeng.2018.03.022
https://doi.org/10.1016/j.jfoodeng.2018.03.022
https://doi.org/10.1016/j.fbp.2011.04.002
https://doi.org/10.1016/j.fbp.2011.04.002
https://doi.org/10.1111/jfpe.13569
https://doi.org/10.3390/foods12162983
https://doi.org/10.3390/foods12162983
https://doi.org/10.1007/s11947-021-02677-0
https://doi.org/10.1007/s11947-021-02677-0
https://doi.org/10.1016/j.indcrop.2010.10.014
https://doi.org/10.1016/j.indcrop.2010.10.014
https://doi.org/10.1111/jfpe.12955
https://doi.org/10.1080/10408398.2017.1409192
https://doi.org/10.1080/10408398.2017.1409192
https://doi.org/10.1016/j.jfoodeng.2005.05.009
https://doi.org/10.1007/s13197-011-0272-9
https://doi.org/10.1007/s13197-011-0272-9
https://doi.org/10.1007/s10068-012-0006-4
https://doi.org/10.1007/s10068-012-0006-4
https://doi.org/10.1177/1082013219895852
https://doi.org/10.1177/1082013219895852
https://doi.org/10.1016/j.ifset.2020.102500


Food and Bioprocess Technology (2026) 19:247	 Page 13 of 14  247

Fujimaru, T., Ling, Q., & Morrissey, M. T. (2012). Effects of carbon 
dioxide (CO 2) laser perforation as skin pretreatment to ımprove 
sugar ınfusion process of frozen blueberries. Journal of Food Sci-
ence, 77(2), 45–51. https://​doi.​org/​10.​1111/j.​1750-​3841.​2011.​
02525.x

Gavahian, M., Nayi, P., Masztalerz, K., Szumny, A., & Figiel, A. 
(2024). Cold plasma as an emerging energy-saving pretreatment to 
enhance food drying: Recent advances, mechanisms involved, and 
considerations for industrial applications. Trends in Food Science 
and Technology, 143,. https://​doi.​org/​10.​1016/j.​tifs.​2023.​104210

Granella, S. J., Bechlin, T. R., & Christ, D. (2022). Moisture diffusion 
by the fractional-time model in convective drying with ultrasound-
ethanol pretreatment of banana slices. Innovative Food Science 
and Emerging Technologies, 76(102933), 1–9. https://​doi.​org/​10.​
1016/j.​ifset.​2022.​102933

Gülcü, M. (2016). Bazı Üzüm Çeşitlerinin Resveratrol ve Biyoaktif 
Özelliklerine Ürün İşleme ve Depolamanın Etkisi. Namık Kemal 
University.

Günaydın, S., Sağlam, C., & Çetin, N. (2022). Tarımsal Ürünlerin 
Kurutulmasında Kullanılan Kurutma Yöntemleri. Erciyes Tarım 
ve Hayvan Bilimleri Dergisi, 5(1), 30–45. https://​doi.​org/​10.​
55257/​ethabd.​10966​97

Hermassi, I., Azzouz, S., Hassini, L., & Belghith, A. (2017). Mois-
ture diffusivity of seedless grape undergoing convective drying. 
Chemical Product and Process Modeling. https://​doi.​org/​10.​1515/​
cppm-​2016-​0074

Huang, C. C., Wu, J. S. B., Wu, J. S., & Ting, Y. (2019). Effect of 
novel atmospheric-pressure jet pretreatment on the drying kinetics 
and quality of white grapes. Journal of the Science of Food and 
Agriculture, 99(11), 5102–5111. https://​doi.​org/​10.​1002/​jsfa.​9754

Kaveh, M., Jahanbakhshi, A., Abbaspour-Gilandeh, Y., Taghinezhad, 
E., & Moghimi, M. B. F. (2018). The effect of ultrasound pre-
treatment on quality, drying, and thermodynamic attributes of 
almond kernel under convective dryer using ANNs and ANFIS 
network. Journal of Food Process Engineering, 41(7), 1–14. 
https://​doi.​org/​10.​1111/​jfpe.​12868

Kaya, Z., & Unluturk, S. (2019). Pasteurization of verjuice by UV-C 
irradiation and mild heat treatment. Journal of Food Process 
Engineering, 42(5). https://​doi.​org/​10.​1111/​jfpe.​13131

Köroğlu, E., Berk, B., & Ünlütürk, S. (2025). Application of frac-
tional calculus-based anomalous diffusion model for drying 
analysis of large grapes subjected to micro-perforation pretreat-
ment. Heat and Mass Transfer, 61(4). https://​doi.​org/​10.​1007/​
s00231-​025-​03563-7

Lemus-Mondaca, R., Vega-Gálvez, A., Moraga, N. O., & Astudillo, S. 
(2015). Dehydration of Stevia rebaudiana Bertoni Leaves: Kinet-
ics, modeling and energy features. Journal of Food Processing 
and Preservation, 39(5), 508–520. https://​doi.​org/​10.​1111/​jfpp.​
12256

Mahiuddin, M., Khan, M. I. H., Kumar, C., Rahman, M. M., & Karim, 
M. A. (2018). Shrinkage of food materials during drying: Current 
status and challenges. Comprehensive Reviews in Food Science 
and Food Safety, 17(5), 1113–1126. https://​doi.​org/​10.​1111/​1541-​
4337.​12375

Matias, G. S., Lermen, F. H., Matos, C., Nicolin, D. J., Fischer, C., 
Rossoni, D. F., & Jorge, L. M. M. (2023). A model of distributed 
parameters for non-Fickian diffusion in grain drying based on the 
fractional calculus approach. Biosystems Engineering, 226, 16–26. 
https://​doi.​org/​10.​1016/j.​biosy​stems​eng.​2022.​12.​004

Mazlum, İ, & Nizamlioǧlu, N. M. (2021). The effects of different dry-
ing methods on some physical and chemical properties of “Eksi-
kara” grape cultivar grown in Karaman region. Journal of Berry 
Research, 11(3), 395–418. https://​doi.​org/​10.​3233/​JBR-​210703

Noshad, M., & Ghasemi, P. (2020). Influence of freezing pretreatments 
on kinetics of convective air-drying and quality of grapes. Food 
Bioscience, 38,. https://​doi.​org/​10.​1016/j.​fbio.​2020.​100763

Núñez, H., Jaques, A., Belmonte, K., Córdova, A., Lafuente, G., & 
Ramírez, C. (2023). Effect of CO2 laser microperforation pretreat-
ment on the dehydration of apple slices during refractive window 
drying. Foods, 12(11), 1–14. https://​doi.​org/​10.​3390/​foods​12112​
187

Okpala, L. C., & Ekechi, C. A. (2014). Rehydration characteristics of 
dehydrated West African pepper (Piper guineense) leaves. Food 
Science and Nutrition, 2(6), 664–668. https://​doi.​org/​10.​1002/​
fsn3.​149

Onwude, D. I., Hashim, N., Janius, R. B., Nawi, N. M., & Abdan, K. 
(2016). Modeling the thin-layer drying of fruits and vegetables: A 
review. Comprehensive Reviews in Food Science and Food Safety, 
15(3), 599–618. https://​doi.​org/​10.​1111/​1541-​4337.​12196

Ozkan, K., Karadag, A., & Sagdic, O. (2022). The effects of differ-
ent drying methods on the in vitro bioaccessibility of phenolics, 
antioxidant capacity, minerals and morphology of black ‘Isabel’ 
grape. LWT, 158,. https://​doi.​org/​10.​1016/j.​lwt.​2022.​113185

Patidar, A., Vishwakarma, S., & Meena, D. (2021). Traditional and 
recent development of pretreatment and drying process of grapes 
during raisin production: A review of novel pretreatment and dry-
ing methods of grapes. Food Frontiers, 2(1), 46–61. https://​doi.​
org/​10.​1002/​fft2.​64

Pawar, D. A., Giri, S. K., & Sharma, A. K. (2023). Novel alternative 
pretreatment approaches for production of quality raisins from 
grapes: Opportunities and future prospects. Journal of Food Pro-
cess Engineering, 46(4), 1–26. https://​doi.​org/​10.​1111/​jfpe.​14305

Puértolas, E., Pérez, I., & Murgui, X. (2024). Potential of CO2 laser for 
food processing: Applications and challenges. Critical Reviews in 
Food Science and Nutrition, 64(21), 7671–7685. https://​doi.​org/​
10.​1080/​10408​398.​2023.​21889​54

Qu, P., Zhang, M., Mujumdar, A. S., & Yu, D. (2022). Efficient drying 
of laser-treated raspberry in a pulse-spouted microwave freeze 
dryer. Drying Technology, 40(12), 2433–2444. https://​doi.​org/​10.​
1080/​07373​937.​2022.​20589​59

Ramírez, C., Astorga, V., Nuñez, H., Jaques, A., & Simpson, R. (2017). 
Anomalous diffusion based on fractional calculus approach 
applied to drying analysis of apple slices: The effects of relative 
humidity and temperature. Journal of Food Process Engineering, 
40(5), 1–10. https://​doi.​org/​10.​1111/​jfpe.​12549

Rani, P., & Tripathy, P. P. (2020). Modelling of moisture migration dur-
ing convective drying of pineapple slice considering non-isotropic 
shrinkage and variable transport properties. Journal of Food Sci-
ence and Technology, 57(10), 3748–3761. https://​doi.​org/​10.​1007/​
s13197-​020-​04407-4

Sabra, A., Netticadan, T., & Wijekoon, C. (2021). Grape bioactive 
molecules, and the potential health benefits in reducing the risk of 
heart diseases. Food Chemistry: X, 12,. https://​doi.​org/​10.​1016/j.​
fochx.​2021.​100149

Sahin, S., & Sumnu, S. G. (2006). Physical properties of foods. 
Springer New York. https://​books.​google.​com.​tr/​books?​id=​v854F​
u2D7V​UC

Şahin, S., Şumnu, S. G., Hamamcı, H., İşçi, A., & Şakıyan, Ö. (2016). 
Fluid flow, heat & mass transfer in food systems (1st ed.). Nobel 
Yayıcılık.

Senadeera, W., Adiletta, G., Önal, B., Di Matteo, M., & Russo, P. 
(2020). Influence of different hot air drying temperatures on dry-
ing kinetics, shrinkage, and colour of persimmon slices. Foods, 
9(1), 5–7. https://​doi.​org/​10.​3390/​foods​90101​01

Shafiq, F. A., Mushrif, S. K., & Bhuvaneswari, S. (2022). Effects of 
pretreatments and drying methods on drying kinetics and physical 
properties of raisins Effects of Pretreatments and Drying Methods 
on Drying Kinetics and Physical properties of Raisins. December.

Silva-Vera, W., Avendaño-Muñoz, N., Nuñez, H., Ramírez, C., 
Almonacid, S., & Simpson, R. (2020). CO2 laser drilling coupled 
with moderate electric fields for enhancement of the mass trans-
fer phenomenon in a tomato (Lycopersicon esculentum) peeling 

https://doi.org/10.1111/j.1750-3841.2011.02525.x
https://doi.org/10.1111/j.1750-3841.2011.02525.x
https://doi.org/10.1016/j.tifs.2023.104210
https://doi.org/10.1016/j.ifset.2022.102933
https://doi.org/10.1016/j.ifset.2022.102933
https://doi.org/10.55257/ethabd.1096697
https://doi.org/10.55257/ethabd.1096697
https://doi.org/10.1515/cppm-2016-0074
https://doi.org/10.1515/cppm-2016-0074
https://doi.org/10.1002/jsfa.9754
https://doi.org/10.1111/jfpe.12868
https://doi.org/10.1111/jfpe.13131
https://doi.org/10.1007/s00231-025-03563-7
https://doi.org/10.1007/s00231-025-03563-7
https://doi.org/10.1111/jfpp.12256
https://doi.org/10.1111/jfpp.12256
https://doi.org/10.1111/1541-4337.12375
https://doi.org/10.1111/1541-4337.12375
https://doi.org/10.1016/j.biosystemseng.2022.12.004
https://doi.org/10.3233/JBR-210703
https://doi.org/10.1016/j.fbio.2020.100763
https://doi.org/10.3390/foods12112187
https://doi.org/10.3390/foods12112187
https://doi.org/10.1002/fsn3.149
https://doi.org/10.1002/fsn3.149
https://doi.org/10.1111/1541-4337.12196
https://doi.org/10.1016/j.lwt.2022.113185
https://doi.org/10.1002/fft2.64
https://doi.org/10.1002/fft2.64
https://doi.org/10.1111/jfpe.14305
https://doi.org/10.1080/10408398.2023.2188954
https://doi.org/10.1080/10408398.2023.2188954
https://doi.org/10.1080/07373937.2022.2058959
https://doi.org/10.1080/07373937.2022.2058959
https://doi.org/10.1111/jfpe.12549
https://doi.org/10.1007/s13197-020-04407-4
https://doi.org/10.1007/s13197-020-04407-4
https://doi.org/10.1016/j.fochx.2021.100149
https://doi.org/10.1016/j.fochx.2021.100149
https://books.google.com.tr/books?id=v854Fu2D7VUC
https://books.google.com.tr/books?id=v854Fu2D7VUC
https://doi.org/10.3390/foods9010101


	 Food and Bioprocess Technology (2026) 19:247247  Page 14 of 14

process. Journal of Food Engineering, 276,. https://​doi.​org/​10.​
1016/j.​jfood​eng.​2019.​109870

Simpson, R., Jaques, A., Nuñez, H., Ramirez, C., & Almonacid, A. 
(2013). Fractional calculus as a mathematical tool to ımprove 
the modeling of mass transfer phenomena in food processing. 
Food Engineering Reviews, 5(1), 45–55. https://​doi.​org/​10.​1007/​
s12393-​012-​9059-7

Simpson, R., Ramírez, C., Birchmeier, V., Almonacid, A., Moreno, J., 
Nuñez, H., & Jaques, A. (2015). Diffusion mechanisms during the 
osmotic dehydration of Granny Smith apples subjected to a mod-
erate electric field. Journal of Food Engineering, 166, 204–211. 
https://​doi.​org/​10.​1016/j.​jfood​eng.​2015.​05.​027

Srivastava, A., Anand, A., Shukla, A., Kumar, A., Buddhi, D., & 
Sharma, A. (2021). A comprehensive overview on solar grapes 
drying: Modeling, energy, environmental and economic analysis. 
Sustainable Energy Technologies and Assessments, 47,. https://​
doi.​org/​10.​1016/j.​seta.​2021.​101513

Teng, X., Zhang, M., & Mujumdar, A. S. (2021). Potential application 
of laser technology in food processing. Trends in Food Science 
& Technology, 118, 711–722. https://​doi.​org/​10.​1016/j.​tifs.​2021.​
10.​031

Topalović, A., Knežević, M., Bajagić, B., Ivanović, L., Milašević, I., 
Đurović, D., Mugoša, B., Podolski-Renić, A., & Pešić, M. (2020). 
Grape (Vitis vinifera L.): Health benefits and effects of growing 
conditions on quality parameters. Biodiversity and Biomedicine: 

Our Future, 385–401. https://​doi.​org/​10.​1016/​B978-0-​12-​819541-​
3.​00020-7

Turkish-Food-Codex. (2017). Raisin Communique 2017.
Unal, M. S. (2023). Effects of pretreatment solutions on drying yield 

and bioactive compounds of local grape raisin. Erwerbs-Obstbau, 
65(6), 1881–1887. https://​doi.​org/​10.​1007/​s10341-​022-​00757-9

Ministry of Culture and Tourism. (2023). Kavacık Üzümü.
Wang, J., Xiao, H. W., Fang, X. M., Mujumdar, A. S., Vidyarthi, S. 

K., & Xie, L. (2022). Effect of high-humidity hot air impingement 
blanching and pulsed vacuum drying on phytochemicals content, 
antioxidant capacity, rehydration kinetics and ultrastructure of 
Thompson seedless grape. Drying Technology, 40(5), 1013–1026. 
https://​doi.​org/​10.​1080/​07373​937.​2020.​18457​21

Wang, L., Chen, W., Zhou, R., Ren, Y., Wang, K., Jiang, N., & Gao, 
R. (2022). Physicochemical and sensory properties of a tilapia 
skin-based ready-to-eat snack prepared by infrared drying and 
air frying. Applied Food Research, 2(2). https://​doi.​org/​10.​1016/j.​
afres.​2022.​100155

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Berkay Berk1   · Ebru Köroğlu1   · Sevcan Ünlütürk1 

 *	 Sevcan Ünlütürk 
	 sevcanunluturk@iyte.edu.tr

1	 Department of Food Engineering, Faculty 
of Engineering, Izmir Institute of Technology, 
Gülbahçe Köyü, Urla, Izmir 35430, Turkey

https://doi.org/10.1016/j.jfoodeng.2019.109870
https://doi.org/10.1016/j.jfoodeng.2019.109870
https://doi.org/10.1007/s12393-012-9059-7
https://doi.org/10.1007/s12393-012-9059-7
https://doi.org/10.1016/j.jfoodeng.2015.05.027
https://doi.org/10.1016/j.seta.2021.101513
https://doi.org/10.1016/j.seta.2021.101513
https://doi.org/10.1016/j.tifs.2021.10.031
https://doi.org/10.1016/j.tifs.2021.10.031
https://doi.org/10.1016/B978-0-12-819541-3.00020-7
https://doi.org/10.1016/B978-0-12-819541-3.00020-7
https://doi.org/10.1007/s10341-022-00757-9
https://doi.org/10.1080/07373937.2020.1845721
https://doi.org/10.1016/j.afres.2022.100155
https://doi.org/10.1016/j.afres.2022.100155
http://orcid.org/0000-0001-6479-8400
http://orcid.org/0009-0002-3816-3967
http://orcid.org/0000-0002-0501-4714

	Modeling Super-Diffusive Drying Behavior of Laser-Perforated Grapes Using Fractional Calculus: A Comparative Study with Alkaline Dipping
	Abstract
	Graphical Abstract

	Introduction
	Materials and Methods
	Materials
	Drying Process
	Modeling of Drying Curves
	Fick’s Second Law of Diffusion
	Anomalous Diffusion Model Based on Fractional Calculus Approach
	Temperature Dependency of Deff
	Water Activity
	Rehydration Ratio
	pH and Titratable Acidity
	Color
	Shrinkage Ratio

	Model Fitting and Statistical Analysis

	Result and Discussion
	Mathematical Modeling
	Model Based on Fick’s Second Law of Diffusion
	Anomalous Diffusion Model Based on Fractional Calculus Approach
	Temperature Dependency of Deff

	Temperature Dependency of Deff

	Conclusion
	Acknowledgements 
	References


