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freezing pretreatment on
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Engineering, Guilin University of Technology, Guilin, Guangxi, China

Introduction: Vacuum-microwave drying (VMD) can lead to undesirable effects
in persimmons, such as browning, charring, surface wrinkling, and structural
collapse, all of which significantly reduce product quality.

Methods: This study proposed and evaluated a freezing pretreatment at an
optimized temperature of —80°C prior to VMD. Persimmon slices with and
without pretreatment were assessed in terms of appearance, physical properties,
processing and quality indicators, sensory texture characteristics, and pore
structure.

Results: The freezing pretreatment improved color uniformity by 64.5% and
reduced the browning index growth rate by 21.4%. It also increased expansion
rate and rehydration capacity by 15.7% and 21.5%, respectively. In terms of
texture, hardness and chewiness decreased by 84.4% and 91.6%, while crispness
improved by 40.4%.

Discussion: Integrating freezing pretreatment with VMD effectively mitigates
browning and texture degradation in persimmons. These results demonstrate a
promising approach for producing high-quality persimmon crisps. Future studies
should explore the optimal freezing duration and temperature, and assess the
applicability of this method to other fruits and vegetables.

KEYWORDS

freezing pretreatment, persimmon crisps, vacuum-microwave drying, browning,
texture, physicochemical properties

1 Introduction

Persimmon is widely popular due to its attractive color and appearance, sweet taste,
and unique chewiness. It is a kind of health-promoting food (Hu Y. et al., 2022), but
a seasonal fruit with a short harvesting period (Karaman et al., 2014). Characterized by
relatively high water content and a brief harvesting window, they are highly susceptible to
microbial decay during storage, resulting in low post-harvest stability and a short shelf life
(Zhao et al., 2021). Processed dried fruits offer various advantages, such as extending the
storage period, preventing quality changes due to reduced enzyme and microbial activity,
and adding value through the acquisition of distinct flavors and textures (Sehrawat et al,
2018).

Drying is one of the most effective methods to extend the shelf life of persimmon
products by reducing moisture content and water activity (EL-Mesery et al., 2022), thereby
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inhibiting microbial growth, enzymatic activity, and other
deteriorative reactions (An et al, 2022). Drying is a complex,
unsteady heat and mass transfer process occurring both at the
surface and within the material (Hu Z. et al., 2022). And, it can also
cause structural damage that degrades product quality and reduces
commercial value (Bhattacharjee et al., 2024). For example, issues
such as local charring, browning, shrinkage, and pore collapse
are commonly observed. Therefore, it is necessary to investigate
the effects of drying processes on the quality attributes of the
end product.

Vacuum-microwave drying (VMD) is an efficient volumetric
drying method characterized by a high drying rate, good energy
efficiency, and an excellent rehydration ratio (Zhang et al., 2024).
However, challenges in process control arise due to the rapid and
non-uniform heating behavior of microwaves, which often leads
to thermal runaway and localized scorching (Tang et al., 2024).
These issues are primarily attributed to the unstable distribution
of microwave energy, resulting in undesirable browning and
compromised color quality in persimmon products (Wu et al,
2023). In contrast, hot air drying (HD) is widely used in the
food industry due to its low cost and operational simplicity (El-
Mesery et al., 2024a). However, it is less effective in preserving
nutritional and sensory qualities, often resulting in excessive
browning, structural shrinkage, reduced rehydration capacity, and
the degradation of heat-sensitive nutrients due to prolonged
exposure to high temperatures and oxidative conditions (Zhao
et al, 2021). Freeze-drying (FD), on the other hand, is widely
regarded as one of the most advanced methods for producing
high-quality dried products. It effectively preserves heat-sensitive
nutrients (Boateng, 2024), reduces shrinkage and hardness, and
results in a crispier texture (Zhang et al., 2022), but requires high
costs and an immense amount of drying time (Sedmalk et al., 2023).

Various drying techniques have been employed for the
preservation of persimmon. Numerous studies have explored
methods such as freeze-drying (Sedmalk et al., 2023), vacuum oven
drying (Yang et al., 2022), hot air drying (Zhao et al., 2021), infrared
drying (Polat et al., 2024), combined hot air-microwave drying
(Dash and Bhagya Raj, 2023), microwave drying (Qin et al., 2022;
Wu etal., 2023), and sun drying. Although several advanced drying
technologies, including hybrid microwave-based methods, have
been developed to enhance drying efficiency and product quality
(Dash and Bhagya Raj, 2023; Yosefiyan et al., 2024), no previous
research has specifically addressed the use of freezing pretreatment
combined with vacuum-microwave drying for persimmon
processing. Therefore, the primary objective of this study is to
evaluate the effectiveness of combining freezing pretreatment
with vacuum-microwave drying in mitigating browning and
improving the texture of persimmon crisps. This approach is
compared against conventional VMD, with a comprehensive
analysis of rehydration capacity, color changes, physical properties,
processing and quality parameters, sensory texture attributes, and
microstructural (pore structure) characteristics.

2 Materials and methods

Figure I depicts the experimental procedure. This study
investigated a process in which freezing pretreatment was
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employed to mitigate local charring, browning, and shrinkage
during VMD of persimmon slices.

2.1 Experimental materials and reagents

Gongcheng persimmons were from Guangxi province. N-
Hexane (Analytical Grade), provided by Guangdong Guanghua
Technology Co., Ltd. Nitrogen Gas (Purity 99.99%), supplied by
Guangzhou Yuejia Gas Co., Ltd.

2.2 Experimental instruments

Physical property tester (TA.XT PLUS, Stable MicroSystems
Ltd., UK); colorimeter (CR-400, Konica Minolta Corporation,
Japan); intelligent static VMD machine (WZB-10, Guiyang
Newqi Microwave Industry Co., Ltd.); ultra-low temperature
freezer (DW-HL398, Zhongke Meiling Cryogenics Technology Co.,
Ltd.); medical low-temperature incubator (DW-YL450, Zhongke
Meiling Cryogenics Technology Co., Ltd.); capacitive refrigerator
(BCD-220RC2NEC, Hisense Kelon Electrical Holdings Co., Ltd.);
analytical balance (BSA124S, Sartorius AG, Germany); electric
constant temperature water bath (DK-98-IIA, Tianjin Taist
Instrument Co., Ltd.); moisture analyzer (MX-50, Guangzhou
A and E Instrument Co., Ltd.); transmission scanning electron
microscope (EVO 10, Zeiss, Germany); and specific surface area
and pore size analyzer (JW-BK200A, Beijing JWGB Sci. & Tech.
Co., Ltd.).

2.3 Experimental methods

2.3.1 Pre-treatment and drying

Initially, damaged and rotten persimmons were removed, and
fresh fruits with uniform size and approximately 70% ripeness were
selected for the experiments. The selection criteria followed the
national standard of the People’s Republic of China, GB/T 20453-
2022: Quality Grades of Products for Persimmon (SAMR and SAC,
2023). The chosen persimmons were flat and round in shape, with
an average weight of 170 g per fruit, a soluble solids content of
around 21%, and flesh hardness exceeding 6 kg/cm?. All selected
fruits exhibited orange-yellow flesh and were free from mechanical
damage. Subsequently, the persimmons were thoroughly cleaned
and peeled. Using a transverse cutting method, the persimmons
were sliced into 3 mm, with each portion weighing 500 g.
Then, the persimmon slices were individually placed into freezing
environments at —-24°C (slow freezing, using a standard freeze),
-80°C (rapid freezing, using an ultra-low freezer), and -196°C
(rapid freezing, using liquid nitrogen). After the freezing process
completed, the samples were left at room temperature for thawing.
The surface moisture of the persimmon slices was absorbed using
test paper, and finally, the persimmon slices were arranged on plates
and subjected to VMD in the equipment. Additionally, the control
group undergoes VMD after being refrigerated at 4°C for 12 hours.

In an environment with a vacuum pressure of 0.095 MPa,
persimmon slices undergo a seven-stage microwave drying process.
The specific parameters for microwave drying were detailed in
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FIGURE 1
Flowchart of persimmon slices preparation and drying processing.
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TABLE 1 The microwave drying parameters for persimmon slices.

Drying stages 1 2 3 4 5 () 7 ‘

Power (Kw) 2 1.5 0 1 0.5 0 0.3

Time (min) 4 4 2 17 55 2 70

Table 1. The drying process concludes when the sample moisture
content reaches > 5%. At this point, the samples were removed
and cooled. Finally, the dried samples were packaged and stored.

2.3.2 Color measurement

The color of persimmon slices was measured using a
colorimeter, with AE values indicating the total color change. An
increased AE indicates a greater color deviation from the standard
fresh material. AE and browning index (BI) were calculated
according to Equation 1 (El-Mesery et al., 2024c), Equations 2, 3
(Wu et al., 2021):

AE — \/(L* — L2 + (@ — ap)? + (b — bE)? (1)
X —0.31
BI = 100 x (——— 2
* (17 ) @
a* + 1.75L*

T 5.645L% + a* — 3.012b*

2.3.3 Volume measurement

Volume determination was performed using the displacement
method. A 100 mL graduated cylinder was used as the container,
with 50 mL of fine quartz sand as filler. Persimmon crisps
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were placed into the graduated cylinder, and the volume of
persimmon crisps was calculated as the total volume minus the
filler volume. The calculation was done according to equation
(Tabtiang et al., 2022):

=V
on

Vv

2.3.4 Puffing rate

In the experiment, quartz sand was used as the displacement
medium to measure the change in material volume and determined
the volume of persimmon crisps before and after drying. The
following equation is used to calculate the puffing rate (P) of
persimmon crisps (Xu et al., 2021):

Vi—V:
p_ 2

=2 % 100% (5)
Vi—V,

2.3.5 Apparent density measurement

Apparent density (p,,) is the mass per unit volume in its natural
state, used to characterize the degree of surface shrinkage and
structural looseness of the product. It is determined through the
filling method (Feng et al., 2023).

Pm = (6)

<l=

2.3.6 Rehydration ratio

A certain number of persimmon crisps are weighed and placed
in a250 mL beaker. Subsequently, 200 mL of distilled water is added
to the beaker, and it is heated in a water bath at 50°C for 1 h. Then,
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the surface water is wiped dry, and the beaker is reweighed. The
rehydration ratio is calculated using the following equation (Wang
et al., 2023).

2.3.7 Hardness, brittleness, and chewiness

The TA-Xtplus Texture Analyzer is used to perform TPA
(Texture Profile Analysis) on the samples to measure hardness,
brittleness, and chewiness. The probe used is a P/2 cylindrical
probe. The probe’s pre-test speed is set to 1.0 mm/s, the test speed
is 2.0 mm/s, and the post-test speed is 10.0 mm/s. The trigger
force is set at 20.0 g. In the testing process, the hardness of the
sample is represented by the maximum pressure peak value on the
coordinate graph, with a larger peak indicating higher hardness.
Brittleness is represented by the first significant pressure peak value
on the coordinate graph when the probe first approaches the sample
during compression. A smaller peak indicates greater brittleness.

2.3.8 Pore distribution and characteristics
analysis

The differential method is employed for measurement. 1.0 g
of the sample is placed in the sample tube, and the sample is
heated at 60 °C. After 60 min of heating, the sample is pre-treated
under vacuum for 1 h. Following the pre-treatment, the sample is
subjected to N, adsorption using physical adsorption to determine
the specific surface area and pore size of the sample.

Total porosity measurement. The porosity of the sample is
determined using the pycnometer method. The dried sample is
crushed to below 0.2 mm (passed through an 80-mesh sieve), and
then the sample is placed in a pycnometer filled with N-Hexane,
and kept at 20°C for 30 min. The equations for calculating density
pn and porosity ¢ are as follows (Li et al., 2022):

My P
- 8
Pn o r——— (8)

mpy
(1 - Vpn) ©

The opening pore porosity (g,) is determined by the

™
I

impregnation method. The sample is placed in a 100 mL beaker and
immersed in n-hexane for 2 hours. Afterwards, it is removed, and
any free n-hexane on the sample surface is wiped off before being
weighed using an analytical balance. The equation for opening pore
porosity is Li et al. (2022):

my — mj
&g = ——— 10
a oV (10)

Closed-pore porosity (&;,) can be calculated using the following
equation (Li et al., 2022):

ey =¢—¢&, (11
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2.3.9 Microstructure

The German Zeiss EVO 10 high-resolution transmission
electron microscope is used to scan the persimmon crisps. The
accelerating voltage (EHT) is set to 10.00 KV, with a resolution of
2.5 nm.

3 Results and discussion

3.1 Color properties

Color is a key indicator of the quality and consumer acceptance
of dried fruit and vegetable products. Figure 2a shows fresh
persimmon slices prior to drying, while Figure 2b presents samples
subjected to VMD following refrigeration, referred to as the
control group. Figures 2c—e display samples that underwent various
freezing temperature pre-treatments before VMD, referred to as the
experimental group. As illustrated, the fresh samples exhibit a light
yellow color with central chambers clearly visible. In contrast, both
the control and experimental groups show noticeable color changes
after drying. The control group displays poor color uniformity, with
apparent browning and localized charring. Although the chamber
structures remain relatively intact, the surface lacks fluffiness. In the
experimental group, however, samples exhibit a brighter and more
uniform color, with significantly reduced browning and charring.
This improvement can be attributed to the freezing pre-treatment,
which likely optimized the microstructure of the persimmon
slices. The modified microstructure may have promoted more
uniform microwave energy distribution during drying, thereby
effectively minimizing thermal degradation such as browning and
charring (Nowak and Jakubczylk, 2022). Furthermore, compared
to the fresh and control group samples, the chamber structures in
the experimental group show noticeable volume expansion, with
some even disappearing-indicating superior puffing performance
in frozen-pre-treated persimmon crisps. Visual analysis confirms
that freezing pretreatment effectively reduces localized browning
and charring during VMD while contributing to a fluffier texture,
consistent with findings from a previous study (Chu et al., 2023).

To quantitatively assess the color changes in persimmon
crisps before and after drying, AE and BI were calculated using
Equations 1, 2, with the results summarized in Table 2. The
data show that, compared to fresh slices, both the control and
experimental groups exhibited decreases in the L*, a*, and b* color
parameters. The calculated color difference for the control group
was 17.22. In contrast, the experimental group showed a trend
of decreasing and then increasing AE with decreasing freezing
temperature. The lowest color difference in the experimental group
was 6.11, representing a 33.8% to 64.5% reduction compared
to the control group. This indicates that freezing pretreatment
significantly improves color retention. Compared to microwave
drying alone, the color difference was also significantly reduced
(Wu et al,, 2023). Drying led to a marked increase in BI, primarily
due to moisture loss and the corresponding concentration of
browning-prone compounds such as sugars and amino acids (Wu
et al., 2023). Additionally, oxidation of phenolic compounds likely
contributed to the increase in BI. Specifically, the control group
reached a BI of 183.19, nearly 30 units higher than fresh samples.
The experimental group, following freezing pretreatment, exhibited
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b
Fresh
a
Locule
FIGURE 2
The persimmon slices before and after drying (a) fresh, (b) —4°C, (c) —24°C, (d) —-80°C, (e) —196°C.

TABLE 2 Effect of freezing pretreatment on the color of vacuum-microwave dried persimmon slices.

Treatment method L* a* b* BI AE ‘
Fresh 62.95 + 1.73¢ 13.40 £ 1.60% 50.66 + 1.85 153.88 + 7.03" -

4°C 47.85 4 5.86" 12,12 + 1.43° 42.49 + 4.16 183.19 + 10.03" 17.22 40.22¢

24°C 53.49 4 2.51% 13.61 + 1.68% 45.16 4 2.49 168.93 + 6.61° 10.94 + 3.26°

-80°C 57.51 + 3.61° 11.33 4 0.35° 48.79 + 3.76° 166.11 + 10.26 6.11 + 4.52°

-196°C 52.93 4 0.58° 14.14 =+ 0.48% 4517 + 0.57" 172.72 + 8.49° 11.45 + 4.62°

Different lowercase letters within the same column indicate significant differences (p <0.05).

a similar trend of initial decline and then increase in BI with
decreasing freezing temperature, but overall maintained lower BI
values than the control group. Notably, the BI at -80°C dropped
to a minimum of 166.11, suggesting that ultra-low temperature
freezing effectively suppresses browning. This suppression may
result from structural damage to cell membranes and walls during
freezing, which reduces the release and interaction of phenolic
compounds with oxidative enzymes such as polyphenol oxidase
and peroxidase (Ando and Watanabe, 2023). Taken together, the
visual assessment, AE, and BI results demonstrate that freezing
pretreatment significantly mitigates undesirable browning and
charring during the VMD process of persimmon crisps.

3.2 Volume, puffing rate, apparent density,
and rehydration ratio

Through the analysis of the appearance shown in Figure 2, it
is clear that the surface of the samples after freezing pretreatment
exhibits significant flufty structural characteristics. To quantify this
effect more precisely and intuitively, we conducted an in-depth
study on the direct impact of freezing pretreatment on the volume
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change and expansion effect of persimmon crisps. This aims to
reflect the positive role of freezing pretreatment in improving the
texture and structure of persimmon crisps through specific data and
indicators. The volumes and expansion rates of the control group
and experimental group samples were calculated by Equations 4,
5, as shown in Figure 3a. The results in Figure 3a indicate that
when the freezing temperature is relatively high (-24°C), there is
no significant change in the volume of the samples. However, when
the freezing temperature reaches —-80°C, the volume of the samples
increases; conversely, when the temperature drops to -196°C, the
volume decreases again. Additionally, the expansion rates of the
experimental group samples all increased, with the samples at -
80°C showing the highest expansion rate, which is 15.17% higher
than that of the control group.

The observed results can be attributed to the absence of
ultra-low temperature freezing pretreatment, during which the
internal moisture in persimmon slices does not freeze, thereby
failing to preserve the original structural integrity of the tissue
(Qiu et al, 2022). During drying, the loss of moisture leads to
cellular shrinkage and pore collapse. In contrast, when freezing
pretreatment, especially at ultra-low temperatures, is applied,
intracellular water freezes and forms ice crystals, which can partially
disrupt cellular and tissue structures (Mokhova et al., 2023).
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FIGURE 3
The impact of freezing treatment on (a) volume and expansion rate, and (b) apparent density of vacuum microwave persimmon crisps. Freezing
pretreatment increases the volume and expansion rate of persimmon crisps, reduces their apparent density, and enhances their rehydration capacity.
Different lowercase letters indicate significant differences between groups (P < 0.05).

However, these ice crystals also help maintain structural integrity by
acting as a scaffold, leading to more uniform moisture evaporation
during VMD. Moreover, freezing pretreatment facilitates the
formation of ice crystals from free water within the cells, thereby
accelerating the drying process. As the freezing temperature
decreases, water within the persimmon cells gradually solidifies
and migrates to extracellular spaces, forming larger ice crystals.
Rapid freezing, on the other hand, produces smaller ice crystals
that minimize cellular damage, retain more moisture, and better
preserve the texture of the crisps (Feng et al., 2023). In addition,
the sublimation of ice during the freezing process, which involves
a direct transition from the solid to the vapor phase, further helps
preserve the cellular microstructure.

By measuring the apparent density of the processed samples, we
can determine the extent of their volume change. Under the same
mass conditions, a lower density indicates a larger volume, which
suggests better expansion effects and improved pore structure.
Figure 3b shows the apparent density values calculated using the
filling method based on Equation 6 The results indicate that the
apparent density of the control group samples is 1.50 g/mL, while
the experimental group samples at ~80°C have the lowest apparent
density of 1.22 g/mL, representing an 18.7% reduction compared to
the control group.

The results of the rehydration capacity of the samples,
calculated by Equation 7, are presented in Figure 3b. The findings
demonstrate that the rehydration capacity of the experimental
group samples is improved compared to the control group and is
related to the freezing pretreatment temperature. Specifically, the
rehydration capacity of the experimental group samples increased
from an original value of 3.53 to a range of 3.87 to 4.29. Compared
to hot air drying, the rehydration ratio (3.06) is significantly
improved (Yang et al, 2022). The improvement in rehydration
capacity is attributed to the fact that during the drying process,
the pores in the control group samples are prone to collapse or
shrink, reducing the spatial volume of the samples. In contrast,
during freezing pretreatment, free water inside the pores of the
experimental group samples forms ice crystals, which help support
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the pore structure. As a result, during subsequent drying, even with
moisture evaporation, the pores in the experimental group samples
can maintain their original shape as much as possible, thereby
enhancing rehydration capacity.

There are differences in the rehydration capacities of the
samples obtained after drying under different freezing pretreatment
temperatures, primarily due to the varying speeds and forms of
ice crystal formation. When the freezing temperature is relatively
high (e.g., -24°C), the longer freezing time leads to the formation
of larger ice crystals. These large ice crystals may cause collapse
and rupture of the cellular structure during thawing, resulting in
significant loss of tissue fluid and reduced rehydration performance
(Yan et al,, 2025). At an optimal freezing temperature (e.g., -80°C),
moisture in the samples freezes rapidly, forming smaller ice crystals
that minimize cell wall damage during thawing. This helps preserve
the pore structure and enhances rehydration capacity, likely due
to the increased specific surface area of the crisps, which facilitates
greater water absorption, consistent with findings from a previous
study (El-Mesery et al., 2024b).

3.3 Hardness, crispiness, and chewiness

To evaluate the texture and mouthfeel of persimmon crisps, the
hardness, crispness, and chewiness of the samples were analyzed,
with results summarized in Table 3. Compared to the control group,
experimental samples exhibited significantly reduced hardness and
chewiness. Specifically, hardness decreased from 2,005.22 g to a
range of 312.35-768.50g, representing a maximum reduction of
84.4%, while chewiness dropped from 508.58 ] to 42.96-164.33
J, with a maximum reduction of 91.6%. In contrast, crispness
improved markedly, increasing from 1,719.54 g to 2,019.36-
2,413.84 g, with a maximum increase of 40.4%.

These improvements in texture are likely due to optimized
pore structures resulting from freezing pretreatment, which helped
prevent localized charring and pore collapse during VMD, leading
to a fluffier product structure (Li et al., 2024). Freezing temperature
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had a significant effect on these properties; notably, samples frozen
at -80°C showed the lowest hardness and chewiness and the highest
crispness. These differences are primarily attributed to the influence
of freezing temperature on the rate, size, and morphology of ice
crystal formation, which ultimately determines the microstructure
of the final product (Ma et al., 2024). Thus, tuning the freezing
temperature enables the production of persimmon crisps with
superior textural quality.

3.4 Pore distribution and characteristics

The pore distribution and characteristics of the samples
significantly influence their hardness, crispiness, and chewiness.
Figure 4a illustrates the pore diameter distribution of both the
control and experimental group samples. It is evident from the
figure that the samples pretreated at a lower freezing temperature
(-80°C) exhibit higher peak values in the mesopore range (2-50
nm), indicating a more concentrated distribution of pore quantities
at this size. This phenomenon indirectly verifies that freezing
pretreatment can optimize the pore structure of the samples,
increasing porosity and expanding pore diameters. Furthermore,
it confirms that freezing pretreatment can effectively mitigate
potential shrinkage and pore collapse during the drying process,
thereby enhancing the overall quality of the samples (Zhao et al.,
2021). Figure 4b presents the measured pore volume and porosity

TABLE 3 The effect of freezing pretreatment on the hardness, crispiness,
and chewiness of the persimmon crisps.

Temperature
/°C

Hardness
/g

Crispiness
/9

Chewiness
/J

2,005.224+71.31¢

4 1,719.54£70.19" | 508.58 + 33.78¢
-24 786.50 +13.32¢ | 2,019.36£51.08° | 164.33 =+ 30.59%
-80 312.354£29.11° | 2,413.84442.04° 42.96 + 8.73%

-196 369.45+15.37° | 2,208.99430.427 106.52 £ 5.71°

Different lowercase letters within the same column indicate significant differences (p <0.05).

10.3389/fsufs.2025.1523548

of the samples, which were calculated by Equations 8-11. The
results show that, compared to the control group samples, the
experimental group samples exhibited a significant increase in
both pore volume and porosity. This is primarily manifested in
the experimental group having a larger porosity, with a greater
number of open and closed pores. The marked improvement
can be attributed to the slow freezing of moisture within the
persimmon pores during the freezing process, which leads to the
formation of larger ice crystals. These ice crystals cause a certain
degree of damage to cell walls and structures during subsequent
thawing and drying, resulting in the creation of more pores (IMao
et al, 2024; Ando and Nei, 2024). Therefore, the analysis of
the pore volume and porosity test results confirms that freezing
pretreatment indeed helps improve the wrinkling and pore collapse
phenomena observed on the surface of samples during VMD.

3.5 Microstructure

Porosity analysis highlights the critical role of freezing
pretreatment in enhancing the void structure of persimmon crisps
at both macroscopic and mesoscopic levels. To provide more
direct visual evidence of how freezing pretreatment mitigates
surface wrinkling and pore collapse, SEM images are presented
in Figure 5. As shown in Figure 5a, the control group samples
display pronounced wrinkling and pore collapse. This deformation
is likely caused by the inability of cell structures to retain
their original shape following moisture loss during vacuum
drying, leading to structural shrinkage. Such shrinkage increases
local sample thickness, reduces heat distribution uniformity,
and can promote charring and increased hardness. In contrast,
the experimental group samples shown in Figures 5b—d exhibit
more expanded and well-preserved pore morphologies. This
structural improvement suggests that freezing pretreatment not
only helps retain the integrity of the pore architecture but also
contributes to its expansion. This effect is likely driven by the
formation and recrystallization of intracellular ice crystals during
the freezing process, which induce mechanical damage to cell
walls and membranes. These disruptions weaken the structural
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FIGURE 5

SEM images of persimmon crisps treated with different freezing temperatures: (a) —4°C, (b) —24°C, (c) —80°C, (d) —196°C.

elasticity of the cells, limiting their ability to revert to their
original state and thereby facilitating the development of a more
porous structure during drying (Li et al., 2024). Furthermore, the
observed differences in microstructures across various freezing
temperatures can be primarily attributed to the varying rates of
ice crystal nucleation and growth (Impe et al, 2022). The SEM
analysis clearly illustrates that freezing pretreatment, particularly
at ultra-low temperatures, significantly enhances the pore structure
of the final product. These structural modifications promote
more efficient moisture removal during vacuum-microwave
drying, ultimately improving the texture and mouthfeel of the
persimmon crisps.

4 Conclusions

This study proposes a novel strategy by coupling freezing
pretreatment with VMD to effectively mitigate local charring,
browning, shrinkage, and pore collapse on the surface of
persimmon chips. This dual-method approach not only reduces
the detrimental effects associated with conventional drying
processes but also preserves the microstructural integrity of
persimmon crisps. A comprehensive evaluation of physical
properties—including color, browning index, volume, apparent
density, expansion rate, and rehydration capacity—as well as
sensory attributes such as texture, hardness, crispness, and
chewiness, confirmed that freezing pretreatment significantly
enhances product quality. Specifically, at a freezing temperature
of -80°C, the samples exhibited optimal quality indicators,
demonstrating substantial improvements compared to untreated
samples. These results confirm that the combination of VMD
with freezing pretreatment can effectively inhibit browning and
charring phenomena in persimmon crisps while significantly

Frontiers in Sustainable Food Systems

enhancing their microstructure. However, since the experiments
were conducted using a limited range of freezing temperatures and
drying conditions, the generalizability of the results to other fruit
types or large-scale applications may be limited. Nevertheless, these
findings offer valuable insights for producing high-quality fruit
and vegetable chips, and future research should focus on further
optimizing freezing parameters and exploring the applicability of
this technique to a broader range of perishable produce.
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Nomenclature
a* The color value (redness/greenness) of dried sample
ay The color value (redness/greenness) of fresh sample
b* The color value (yellowness/blueness) of dried sample
by The color value (yellowness/blueness) of fresh sample
L* The color value (whiteness/darkness) of dried sample
Lj The color value (whiteness/darkness) of fresh sample
\ The volume of persimmon crisp (mL)
Vi The total volume of persimmon dried crisps and quartz sand (mL)
Vs, The volume of quartz sand (mL)
n The number of persimmon crisps
Vs The volume of quartz sand and persimmon crisps before drying (mL)
P The puffing rate of persimmon crisps (%)
Pm The apparent density of persimmon crisps (g/mL)
M The mass of dried persimmon crisps (g)
M, The mass of dried persimmon crisps after rehydration (g)
ms The mass of persimmon crisps (g)
P The density of n-hexane at 20 °C (g/mL)
my The mass of the pycnometer filled with n-hexane (g)
my The mass of the pycnometer filled with the sample and n-hexane (g)
Vi The volume of persimmon crisps (mL)
& The porosity of persimmon crisps (mL)
£q The opening pore porosity of persimmon crisps (mL)
&p The closed-pore porosity of persimmon crisps (mL)
AE  The total color change
BI The Browning index
w The rehydration ratio
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