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The effect of hot-water blanching (HWB) on drying characteristics and product qualities of dried apple slices with the novel
integrated freeze-drying (NIFD) process was investigated by comparing with 3 different FD methods. Compared with the NIFD
process without HWB pretreatment (VF-FD), the NIFD process with HWB pretreatment (HWB-VF-FD) resulted in a significantly
higher mass loss and more sufficient freezing in vacuum-frozen samples, significantly higher rehydration ratio (RR), higher
shrinkage ratio (SR), smaller Vitamin C (VC) content and lower hardness and better apparent shape in freeze-dried samples, and
fewer change to the color of the dried or rehydrated samples (𝑝 < 0.05). Compared with the conventional FD process with HWB
pretreatment (HWB-PF-FD), HWB-VF-FD cost significantly less processing time and FD time and obtained significantly higher
RR (𝑝 < 0.05), almost the equivalent SR, VC content, and hardness, and similar appearance in dried samples. The microstructure
of apple cell tissues was analyzed by transmission electron microscopy and scanning electron microscopy to interpret the above
differences in drying characteristics and product qualities. The results suggested that the NIFD process of apple slices with HWB
pretreatment was a promising alternative method to decrease drying time, achieve similar product quality, and simplify the process
steps of the conventional FD technology.

1. Introduction

Vacuum freeze-drying (FD) has been considered as one of
the best methods for obtaining dehydrated foods with high
quality. During FD, the whole dehydrating process is accom-
plished in the state of high vacuum and low temperature,
which almost retains the original color, shape, smell, and
nutritional ingredients in freshmaterials [1–3]. An industrial-
scale FD process for most fruits and vegetables generally
consists of 4 main stages, including pretreating, freezing,
freeze-drying (primary drying and secondary drying), and
packaging. During pretreating in practice, the materials
(especially fruits and vegetables) are usually conducted in the

sequence steps including selecting, washing, slicing, blanch-
ing, quickly cooling, draining residual water, and filling trays.
The materials are then transferred into freezing unit and FD
unit. In conventional freeze-drying (CFD) processing line, all
the individual steps require independent equipment or facil-
ity. For example, materials after blanching should be quickly
cooled with cold running water, drained with vibratory or
centrifugal equipment, frozen with fluidized bed freezer or
cold storage, and then dried in vacuum freeze dryer.TheCFD
process technology is characterized by many disadvantages
including complicated process steps, large space occupation,
huge equipment investment, frequent materials transferring,
long drying time, and high production cost [1, 4]. It was
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reported that the production cost of FD was as much as
200–500% higher than that of hot air drying, which greatly
reduced economic competitiveness of FD products [5].

In an effort to reduce drying time, researchers attempted
to combine FD with other drying methods including vac-
uum drying, microwave drying, and osmotic drying, and
they had achieved good effect in the laboratories [4, 6].
Litvin et al. showed that a considerable saving in FD time
and similar quality parameters including color, dimensions,
and rehydration ratio were achieved in dried carrot slices
which were dried by combining freeze drying with a short
microwave treatment and air or vacuum drying [7]. Wang et
al. found that salt and/or sucrose osmotic pretreatment
prior to microwave freeze-drying resulted in dried products
of good quality with shorter processing time as compared
with untreated samples [8]. Microwave was used as the
heating source to heat the raw materials in FD, which had
attracted much attention during the last decades [4]. In order
to simplify the food FD processes and shorten the drying
time, we proposed a novel integrated freeze-drying (NIFD)
processing technology based on the principle of vacuum
cooling and vacuum freeze dryer [9, 10]. More specifically,
the post-blanching steps in the CFD process including quick
cooling, draining, and freezing were replaced with the only
step of vacuum freezing, which was conducted in the same
vacuum freeze dryer. The step of vacuum freezing is a cou-
pling process of water fast-evaporating and quick-freezing
in a closed environment at low pressure, which can remove
all the residual water on the material surface and partial
internal water in the tissue resulting in rapid reduction of
material temperature. The only step of vacuum freezing in
the NIFD process can meet the requirements of the steps of
cooling, draining, and freezing in the CFD process, which
can save the prime-investment and space occupation of
the corresponding facilities and equipment and simplify the
assembly line and the operation process. Moreover, the water
loss during vacuum freezing can reduce the subsequent
sublimation load and the FD time. And some experiments
of fruits and vegetables including apple were performed by
this NIFD processing technology [9, 10]. The above expected
effect was achieved. However, further investigation should be
carried out on the product quality especially how to maxi-
mally retain the original shape of freeze-dried samples.

It is well known that blanching is an important processing
step during commercial drying of vegetables and fruits [11].
The use of hot-water blanching (HWB) as a pretreatment
is usually carried out to inactivate enzymes and remove air
from intercellular space of fruits and vegetables in order to
prevent off color and flavor changes during drying [12–14].
And some existent literatures revealed that blanching pre-
treatment can enhance mass transport in the tissue and affect
the drying behavior of fruits and vegetables [15–19]. Apple is
one of themost popular fruits worldwide in our life. FD apple
slices products are available throughout the world market.
However, to our knowledge there are no available reports on
the studies on the NIFD processing technology of apple slices
pretreated with HWB.

The main objectives of the current study are to evaluate
the effect of HWB on the drying characteristics and product
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Figure 1: Schematic of the vacuum freeze dryer used. (1) Refrigera-
tion machine; (2) freeze-drying chamber; (3) cooling/heating plate;
(4) apple slice samples; (5) thermocouple temperature sensors; (6)
heating machine; (7) control system; (8) cold trap; (9) refrigeration
coils; (10) vacuum pump.

qualities of apple slices dried with the NIFD process, includ-
ing mass loss and frozen temperature of apple samples at the
end of freezing treatment, freezing time, freeze-drying time,
rehydration ratio (RR), shrinkage ratio (SR), Vitamin C (VC)
content, color, texture, and microstructure of FD apple slice.
This study aimed to provide basic knowledge for improving
the effect of this NIFD processing and promoting its practical
application in fruits and vegetables.

2. Materials and Methods

2.1. Materials and Samples. Commercial Fuji apples were
purchased from a local supermarket (Nanjing, China) and
stored at ambient temperature (20∘C) until experimental use.
The apples with similar dimension were chosen and washed
with tap water and hand peeled, cored with a knife, and then
cut into slices with about a dimension of 30mm × 30mm ×
5mm.The initial moisture content of these apple samples was
measured as 86.56 ± 0.59% (w.b.).

2.2. Vacuum Freeze Dryer. In our experiments, the process-
ing steps of the freezing and the freeze-drying of samples
were carried out in a laboratory-scale vacuum freeze dryer
(SCIENTZ-50F, Ningbo Scientz Biotechnology Co., Ltd.,
Ningbo, China) which was shown schematically in Figure 1.
This equipment consists of a freeze-drying chamber where
food samples are put on the cooling/heating plates to perform
the freezing and drying steps. During freezing or freeze-
drying, the temperature of the cooling/heating plates is
controlled by the refrigeration machine or the heating
machine; the temperature of food samples is monitored by
using the thermocouple sensors. The refrigeration machine
also provides refrigerating output to the clod trap to condense
the water vapor generated from food samples. The vacuum
condition is maintained by the vacuum pump.

2.3. Blanching Treatments. The HWB pretreatment of apple
slices was conducted for 1min in 90∘Cdistilled water that was
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heated by an electric heaters, which can inhibit the enzyme
activity and retain good color for the fresh slices [20, 21].

2.4. Freezing Treatments. In this study, two different freezing
methodswere carried out in the vacuum freeze dryer: onewas
the vacuum freezing (VF) performed under vacuum condi-
tion and the other one was the plate freezing (PF) performed
under atmospheric pressure condition. When performing
the VF treatment, the refrigeration machine was started
half an hour earlier to reduce the cold trap temperature below
−50∘C. The prepared apple samples were then put into the
trays on the cooling/heating plates which were not controlled
with either heating function or cooling function.The ambient
pressure in the freeze-drying chamber was continuously
reduced after starting the vacuum pump; then the liquid
water evaporating and freezing happened in apple samples.
The water vapor flowed into the clod trap and was condensed
on the refrigeration coils.TheVF treatment was sustained for
30min and the samples were frozen finally. In case of the PF
treatment, the cooling/heating plates temperature was kept
around −40∘C for 3 h to reduce the temperature of the center
of apple slices below −30∘C, which was carried out under
atmospheric pressure without turning on the vacuum pump
and the refrigeration in the clod trap.

2.5. Freeze-Drying Process. The above frozen apple slices
were subsequently conducted in-place FD process on the
plates in the vacuum freeze dryer. The plate’s temperature
throughout the FD process was controlled according to the
preset automatic heating procedure of temperature-duration
time: maintaining the plate’s temperature at −20∘C for 1 hour
(h), then followed by −10∘C for 1 h, 0∘C for 1 h, 10∘C for 2 h,
20∘C for 2 h, and 30∘C for 2 h, and finally maintaining
the plate’s temperature at 40∘C until the drying end point.
Meanwhile, the center temperature of the apple slices was
monitored in real time by the control system. It was verified
by the early FD experiments using this heating procedure
that the moisture content of the dried samples reached about
5% (w.b.) when the center temperature of the apple slices
increased to 35 ± 0.5∘C, which was determined as the drying
end point.

2.6. Three Different Processing Methods. The prepared apple
slices samples in Section 2.1 were divided into three groups to
perform three different processing methods. There were 50
slices of apple in each group.

2.6.1. VF-FD Method. Apple slices without HWB pretreat-
ment were put into the vacuum freeze dryer to perform the
VF treatment and FD process.

2.6.2. HWB-VF-FD Method. Apple slices were pretreated
withHWBand thenwere quickly transferred into the vacuum
freeze dryer to perform the VF treatment and FD process.

2.6.3. HWB-PF-FD Method. Apple slices were pretreated
with HWB, then were quickly cooled to room temperature
using tap water, drained the residual water by air blasting
for 15min with an electric fan at 60 watts power, and were

subsequently performed with the PF treatment. This method
was an CFD process.

2.7. Analytical Methods

2.7.1. Mass Loss and Temperature of Frozen Samples. At the
end of the freezing treatments in the above three processing
methods, mass loss of apple slice was calculated by using the
following formula:

ML = 𝑚0 − 𝑚1𝑚0
× 100%, (1)

whereML (%) is the percentage of mass loss in the apple slice
during freezing and 𝑚0 (g) and 𝑚1 (g) are the weight of the
apple slice before and after the VF treatment, respectively.

During the VF treatment, the temperature of the geomet-
ric center of the apple slice was measured with the thermo-
couple temperature sensors of the SCIENTZ-50F freeze dryer
to determine the temperature variation of apple samples.
The measurements of mass loss and frozen temperature were
carried out in triplicate for each processing method and the
average values were taken for analysis.

2.7.2. Processing Time and FD Time Analysis. The processing
time of the individual processing method consisted of two
sections: freezing time and FD time. The freezing time in
VF-FD and HWB-VF-FD was 30min, and that in HWB-
PF-FD was 3 h. The FD time was determined by the drying
terminal temperature of 35 ± 0.5∘C in apple slice center. The
measurements were carried out in triplicate and the averages
are reported.

2.7.3. Rehydration Ratio (RR) Analysis. Rehydration exper-
iments were performed by immersing a weighed amount
of dried samples (about 1 g) into a distilled water bath at a
controlled temperature of 25∘C for 30min. Then the samples
were removed and drained over a mesh for 30 seconds (s)
and quickly blotted with the paper towels gently in order
to eliminate the surface water and then reweighed. Each
rehydration experiment was carried out in triplicate and the
averages are reported.TheRRwas calculated according to the
following formula:

RR = 𝑀𝑟𝑀𝑑
× 100%, (2)

where RR (%) is the percentage of rehydration ratio of FD
samples (%) and𝑀𝑑 and𝑀𝑟 are the mass of the apple sample
before and after rehydration tests, respectively (g).

2.7.4. Shrinkage Ratio (SR) Analysis. The sample volume was
determined by the volumetric displacement method using
glass beads with a diameter in the range (0.105–0.210mm)
as a replacement medium [13, 22]. The measurements were
conducted 5 times for the same apple slice sample and the
average values were taken for analysis. The SR of the dried
sample was calculated as follows:

SR = 𝑉𝑑𝑉0
× 100%, (3)
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where SR is the percentage of shrinkage ratio of the FD
sample (%) and𝑉0 and𝑉𝑑 are the volume of the sample (cm3)
before freezing and after drying, respectively.

2.7.5. Vitamin C Content Analysis. The VC content was de-
termined by using the 2,6-dichloroindophenol titration
method [23].

2.7.6. Color Analysis. Color measurements of freeze-dried
samples and rehydrated samples were carried out by using
a colorimeter (NH310, Shenzhen 3nh Technology Co., Ltd.,
Shenzhen,China).The coordinates of the colorCIE-𝐿∗ (light-
ness), 𝑎∗ (redness), and 𝑏∗ (yellowness) of the skin of apple
slice samples were obtained by reflection. The total color
difference (Δ𝐸) was used to characterize the variation of in
products color during processing by applying the following
equation:

Δ𝐸 = √(𝐿0∗ − 𝐿∗)2 + (𝑎0∗ − 𝑎∗)2 + (𝑏0∗ − 𝑏∗)2, (4)

where 𝐿0∗, 𝑎0∗, and 𝑏0∗ were the color readings of fresh
samples. The measurements were carried out on 5 apple slice
samples for each FD method and the average values were
taken for analysis.

2.7.7. Hardness Analysis. Hardness of FD apple samples were
measured by using a texture analyzer (TA.XTplus, Stable
Micro Systems Ltd., Surrey, UK). The cylinder penetrometer
probe (5mm diameter) was passed through the sample with
the test parameters set as follows: 2mm/s of prespeed and
postspeed, 2mm/s of test speed, and 10 g trigger. In the
penetration test, hardness was defined as the maximum force
(𝑁) required for puncturing the apple slice. The measure-
ments were performed 5 times for samples in each method
treatment and the average values were reported.

2.7.8. Transmission Electron Microscopy Analysis. Transmis-
sion electronmicroscopy, TEM (Model JEM-1400; JEOL Inc.,
Tokyo, Japan), was used to analyze the internal structure of
apple slices before and after HWB pretreatment referring
to the method in Jiang’s research report [24]. Samples of
apple tissue were cut into 2mm × 1mm pieces, fixed in 3.5%
glutaral phosphate buffer, flushed with 0.1mol/L PBS (pH
7.2), fixed in 1% osmium acid (OsO4), and flushed again in
0.1mol/L PBS. The samples were then dehydrated in graded
ethanol solutions of 35%, 45%, 60%, 70%, 85%, 95%, and
100% (v/v), followed by propylene oxide. The samples were
then embedded in Spurr resin and polymerized for 8 h at
20∘C. The samples were then pruned and cut into thin slices
by using an LKB ultramicrotome. Finally, the samples were
double-stained using uranyl acetate and lead citrate. Micro-
graphs were taken at 20000x and 40000x magnification. All
the microstructural examinations were performed at 25∘C.

2.7.9. Scanning ElectronMicroscopy Analysis. Cross-sectional
observed samples for scanning electron microscopy (SEM)
analyses were obtained by naturally fracturing the freeze-
dried samples with the aiding of instant freezing by liquid

nitrogen.The observed samples were placed on one surface of
a two-sided adhesive tape that was fixed to the sample
support. Then, they were sputtered immediately (CPD-030;
BAL-TEC Company, Liechtenstein). Finally, the specimen
fragments were mounted on aluminium stubs, coated with
gold under vacuum conditions, and then observed on a scan-
ning electronmicroscope (EVO-LS10, Cambridge, Germany)
for outer surface using an accelerating voltage of 10 kV. In
addition, apparent photographs of freeze-dried samples were
taken with a camera to compare with the SEM photographs.

In every processing method, 5 SEM images were taken
from the dried apple samples to analyze the pores network
structure. To quantify the difference in the structure of
dried samples, the porosity in the structure was determined.
Firstly, the SEM images were turned into gray level and
binarized by using an automatic image processing method
based on the gray level difference between adjacent pixels,
which was performed using Matlab code (Mathworks, Inc.,
version 7.0.1 Release 14, USA). Then, measurements of pores
area (obtained frombinarized images) were carried out by the
Image Pro-Plus software (Media Cybernetics, Inc., Version
4.0, USA). The porosity of the dried sample was calculated
as follows:

PR =
𝑆𝑝
𝑆0
× 100%, (5)

where PR is the percentage of porosity of the FD sample (%),
𝑆𝑝 is the sum of the area of all pores in the image (𝜇m2), and
𝑆0 is the whole area of the image (𝜇m2).

2.7.10. Statistical Analysis. Statistical analysis of variance
(ANOVA) was performed by using SPSS 20.0 software (IBM,
Chicago, IL, USA). Tests of significant differences between
means were determined by Tukey’s HSD test at a significance
level of 0.05 (𝑝 < 0.05).

3. Results and Discussion

3.1. Mass Loss and Frozen Temperature at the End of Freezing
Treatment. Mass loss and frozen temperature of apple sam-
ples at the end of freezing treatment in the three processing
methods were shown in Figure 2. Mass loss was an inevitable
phenomenon for either theVF treatment or the PF treatment.
The highest mass loss value at the end of freezing treatment
occurred in HWB-VF-FD 32.38%, followed by VF-FD 22.5%
and HWB-PF-FD 5.19%, showing significant difference. It
was found thatmass loss of apple samples at the end of the VF
treatment are much higher than that in the PF treatment
because they were caused by completely different action
principles. During theVF treatment, water on the surface and
in the tissue of apple slices evaporated quickly due to exposing
to specific vacuum conditions, which resulted in an apparent
mass loss and a rapid decrease in the materials temperature
[25, 26]. The water evaporation in apple samples during the
VF treatment was an intensive and short process of self-
dehydration, while no intensive water evaporation happened
in the PF treatment because it was performed at atmospheric
pressure by using mechanical refrigeration and heat con-
duction. When apple samples were frozen during the PF
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Figure 2: Mass loss and frozen temperature of apple samples at
the end of freezing treatment in 3 freeze-drying methods. VF-FD:
apple samples without hot-water pretreatment were performed with
vacuum freezing treatment and freeze-drying process; HWB-VF-
FD: apple samples with hot-water pretreatment were performed
with vacuum freezing treatment and freeze-drying process; HWB-
PF-FD: apple samples with hot-water pretreatment were performed
with plate freezing treatment and freeze-drying process. Note. Dif-
ferent letters on the same bar or line indicate significant differences
at 𝑝 = 0.05 by Tukey’s HSD test.

treatment, a small amount of dehydration also occurred due
to the superficial ice sublimation caused by the vapor
pressure-temperature environmental interaction [27, 28].

Mass loss of VF treatment in HWB-VF-FD was increased
by 43.91% in contrast to that in VF-FD; this significant differ-
ence was caused byHWBpretreatment. It can be attributed to
the fact that short-time action of high-temperature blanching
generally produces profound changes to the cell microstruc-
ture including protoplasm coagulation,water loss and shrink-
age of intercellular spaces, plasmolysis, increase in perme-
ability or even disruption of cell membranes, and decrease
in bound or hydrophilic capacity of extracellular and intra-
cellular water [29–31], which definitely contributed to faster
water-evaporating speed and higher mass loss in HWB-VF-
FD.

In order to obtain a successful FD performance, the fresh
raw materials were required to be fully frozen and keep
frozen temperature below their eutectic temperature. The
eutectic temperature of the fresh apple in this study was
determined as −22.6∘C by the electric resistancemethod [32].
Frozen temperature of samples in VF-FD and HWB-VF-FD
was around −26∘C with no significant difference and that
in HWB-PF-FD was around −32∘C, which all can meet the
requirements of the eutectic temperature.

Higher mass loss and more temperature decrease in
HWB-VF-FD were more favorable for the NIFD process by
considering the requirement of the fully freezing and the
eutectic temperature of fresh samples as well as the least FD
time as possible.Theoretically, the mass loss would be closely
corresponding to the frozen temperature of samples com-
plying with the principle of conservation of energy during
the VF process. In other words, the higher mass loss, the
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Figure 3: Processing time and FD time in 3 freeze-drying meth-
ods. VF-FD: apple samples without hot-water pretreatment were
performed with vacuum freezing treatment and freeze-drying
process; HWB-VF-FD: apple samples with hot-water pretreatment
were performed with vacuum freezing treatment and freeze-drying
process; HWB-PF-FD: apple samples with hot-water pretreatment
were performed with plate freezing treatment and freeze-drying
process. Note. Different letters on the same bars indicate significant
differences at 𝑝 = 0.05 by Tukey’s HSD test.

lower frozen temperature. But no significant difference was
observed between the frozen temperatures of the VF treat-
ment in VF-FD and HWB-VF-FD. The reason may be
inferred that the removed latent heat by mass loss (water
evaporation) in the samples during the VF treatment came
from the sensible heat for reducing samples temperature,
the latent heat for forming ice crystals in the samples, the
foreign heat transmitted from the plates, and the ambient
chamber into the apple samples. Before the beginning of
the VF treatment in VF-FD method, the temperature of
apple samples and the material trays was around the room
temperature (20∘C) and the plate’s temperature in the freeze-
drying chamber was around 5∘C due to the heat transferring
from the cold trap. Before the beginning of the VF treatment
in HWB-VF-FD method, the temperature of apple samples
and the material trays was around 50∘C without precooling
treatment and the plate’s temperature was also around 5∘C. At
the end of the VF treatment, the temperature of apple
samples, the material trays, and the plates was all around or
close to the frozen temperature −26∘C. The removed heat
either from the material trays or from the plates due to the
temperature difference before and after the VF treatment was
absorbed mostly by the latent heat of water evaporation from
apple samples. So the energy of water evaporation was not
only dedicated to the cooling and freezing of apple samples.
The inevitable foreign heat transmission might undermine
the apparent difference of frozen temperature of apple sam-
ples caused by different mass loss.

3.2. Processing Time and FD Time. It is well known that FD is
a drying method with high production cost. And the drying
time is regarded as one of the main economic indicators of
freeze-dried food processing. As shown in Figure 3, HWB-
VF-FD cost the shortest FD time and processing time, then
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followed by VF-FD and HWB-PF-FD. There was no signifi-
cant difference between FD time inVF-FD andHWB-PF-FD.
But FD time in HWB-PF-FD was significantly longer than
that in HWB-VF-FD, which was caused by huge difference in
mass loss of apple samples after VF and PF. In other words,
the moisture content of samples after VF was much lower
than that after PF. And the processing time in HWB-PF-
FD was significantly higher than the other two methods.
In particular, HWB-VF-FD method reduced 24.42% of the
processing time compared with the conventional HWB-PF-
FD method, showing an evident economic advantage of the
NIFD process. The processing time was the sum of freezing
time and FD time. The freezing time of the VF and PF
treatmentwas set as 0.5 h and 3 h, respectively. 2.5 h difference
in the freezing time of the two freezing methods probably
contributed to the main difference in the processing time. It
also can be concluded that HWB pretreatment in the NIFD
process (HWB-VF-FD) can shorten FD time and processing
time.The similar results had been reported in some available
research publications [13, 33, 34]. The reason why blanching
pretreatment can accelerate the drying process might be
attributed to the fact that high-temperature blanching can
relax tissue structure, enhance cell membranes permeability,
and reduce water hydrophilic capacity, facilitating faster
and more vapor transmission during VF treatment and FD
process.

3.3. Rehydration Ratio (RR) and Shrinkage Ratio (SR). The
higher values of RR and SR are desired for better quality
of FD products. As shown in Figure 4, RR of freeze-dried
samples in HWB-VF-FD were obviously higher than that
in VF-FD and HWB-PF-FD, showing that the freeze-dried
samples with the treatment of HWB and VF were easier to
recover nearly to the fresh state by rehydrating. The possible
reason was that better porous structure and higher cell
membranes permeability were formed in the dried samples in
HWB-VF-FD.

There was no significant difference between SR in HWB-
VF-FD and HWB-PF-FD. But SR in VF-FD was significantly
smaller than the others, which indicated that more shrinkage
happened in the tissue of freeze-dried samples. By comparing
RR and SR in the two NIFD process (VF-FD and HWB-VF-
FD), we can conclude that HWB pretreatment resulted in a
significant enhancement on the FD properties of apple slices.
The NIFD process of HWB-VF-FD can even acquire a higher
RR value and an equivalent SR value in contrast with those in
the CFD process of HWB-PF-FD.

3.4. 𝑉𝐶 Content. Figure 5 showed the VC content of freeze-
dried samples in the three methods. VC content in VF-FD
was evidently higher than HWB-VF-FD and HWB-PF-FD.
It can be concluded that HWB pretreatment was the main
factor accounting for the difference in VC contents, while the
freezing method was not. It had been reported that VC loss
was found to occur during the blanching process, which was
probably caused by high-temperature thermal degradation,
leaching of VC into the blanch water and involving VC in
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hot-water pretreatment were performed with vacuum freezing
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with hot-water pretreatment were performed with vacuum freezing
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Figure 5: Vitamin C content of freeze-dried samples in 3 freeze-
drying methods. VF-FD: apple samples without hot-water pre-
treatment were performed with vacuum freezing treatment and
freeze-drying process; HWB-VF-FD: apple samples with hot-water
pretreatment were performed with vacuum freezing treatment
and freeze-drying process; HWB-PF-FD: apple samples with hot-
water pretreatment were performed with plate freezing treatment
and freeze-drying process. Note. Different letters on the same bar
indicate significant differences at 𝑝 = 0.05 by Tukey’s HSD test.

the ascorbic acid oxidation [33, 35]. Therefore, HWB pre-
treatment was not favorable for the VC retention either in the
NIFD process or in the CFD process.

3.5. Color. Color data of freeze-dried and rehydrated samples
was shown in Table 1. Among the color parameters, 𝐿∗
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Table 1: Color difference of freeze-dried and rehydrated samples in 3 freeze-drying methods.

𝐿∗ 𝑎∗ 𝑏∗ Δ𝐸
Fresh sample 74.56 ± 0.92 6.72 ± 1.26 21.24 ± 2.20
Freeze-dried sample
VF-FD 81.98 ± 2.68ab 7.07 ± 1.89a 29.84 ± 1.92a 11.36 ± 0.76a
HWB-VF-FD 82.89 ± 0.47a 1.83 ± 0.57b 18.07 ± 1.51c 10.16 ± 0.86a
HWB-PF-FD 78.85 ± 2.11b 8.33 ± 0.61a 25.04 ± 1.42b 5.95 ± 0.45b

Rehydrated sample
VF-FD 56.01 ± 1.37b 14.34 ± 0.31a 30.47 ± 0.75a 22.08 ± 0.68a
HWB-VF-FD 63.41 ± 2.59a 3.41 ± 1.70c 21.00 ± 1.04c 11.63 ± 1.07c
HWB-PF-FD 58.24 ± 2.61b 9.55 ± 1.94b 24.00 ± 2.54b 16.79 ± 1.15b

VF-FD: apple samples without hot-water pretreatment were performed with vacuum freezing treatment and freeze-drying process; HWB-VF-FD: apple
samples with hot-water pretreatment were performed with vacuum freezing treatment and freeze-drying process; HWB-PF-FD: apple samples with hot-
water pretreatment were performed with plate freezing treatment and freeze-drying process. Note. Different letters on the same columns indicate significant
differences at 𝑝 = 0.05 by Tukey’s HSD test.

expresses the brightness of sample, a higher value of𝐿∗means
brighter color; 𝑎∗ and 𝑏∗ with decreasing value indicate red to
green and yellow to blue, respectively; Δ𝐸 shows the color
change compared to the original fresh samples.

In case of freeze-dried samples, HWB-VF-FD presented
a brighter appearance than HWB-PF-FD based on both
visual evaluation and instrumental testing. Instrumentally,
𝐿∗ value in HWB-VF-FD was higher than that in HWB-PF-
FD. Compared with the fresh samples, the dried samples in
HWB-VF-FD became slightlymore green and blue, and dried
samples in VF-FD and HWB-PF-FD became slightly more
red and yellow judging from the values of 𝑎∗ and 𝑏∗. The
comprehensive parameter Δ𝐸 was calculated with the lowest
value in HWB-VF-FD and the highest value in VF-FD.

In case of the rehydrated samples, the 𝐿∗ value in HWB-
VF-FD was significantly higher, and Δ𝐸 was significantly
lower than the two others. Actually, the rehydrated samples
in VF-FD appeared visually to be darker in color than that in
HWB-VF-FD. The color of rehydrated samples in HWB-VF-
FD was most approximate to the fresh samples. The reason
why the color difference occurred was very complicated and
might be attributed to the comprehensive difference in
porosity, density, and other physical properties, activity of
oxidation or residual-enzyme browning, and so on. A bright
and white appearance of product in HWB-VF-FD is naturally
more popular with customers whether for freeze-dried sam-
ples or for rehydrated samples.

3.6. Hardness. Hardness (force at fracture) is viewed as one
of the important textural properties for dried food products.
Fracture of dried food products is a complex phenomenon
that depends largely on the components and the microstruc-
ture of food materials [36]. As shown in Figure 6, dried
samples in VF-FD were measured with significantly higher
hardness values than those in HWB-VF-FD and HWB-
PF-FD. The fact that blanching pretreatment can lead to
some soluble solid loss in fruits tissue had been verified by
some available research literatures [37, 38]. In particular, the
leaching of soluble solid during blanching would also reduce
rigidity to the cell wall in the tissue and the hardness of dried
samples [39, 40]. Additionally, high-temperature blanching

VF-FD HWB-VF-FD HWB-PF-FD

a

b

c

0

2

4

6

8

10

12

H
ar

dn
es

s (
N

)

Figure 6: Hardness of freeze-dried samples in 3 freeze-drying
methods. VF-FD: apple samples without hot-water pretreatment
were performed with vacuum freezing treatment and freeze-drying
process; HWB-VF-FD: apple samples with hot-water pretreatment
were performed with vacuum freezing treatment and freeze-drying
process; HWB-PF-FD: apple samples with hot-water pretreatment
were performed with plate freezing treatment and freeze-drying
process. Note. Different letters on the same bar indicate significant
differences at 𝑝 = 0.05 by Tukey’s HSD test.

itself can relax and soften the apple tissue and undermine
the mechanics properties of porous structure in freeze-dried
apple slices [40], which can also contribute to the hardness
reduction of dried samples in HWB-VF-FD and HWB-PF-
FD. InVF-FD, themost compact and denser porous structure
might be formed due to its highest SR of freeze-dried samples
(see Figure 4). Thus the highest fracture force in VF-FD (see
Figure 6) was reasonably to be expected by considering the
microstructure shrinkage as well as the influence of HWB
pretreatment.

3.7. TEM Analysis. Representative TEM micrographs of cell
wall and membrane in apple slices before and after HWB
pretreatment are shown in Figure 7. It was found that HWB
pretreatment resulted in evident changes to cell tissue. Before
HWB pretreatment, cell wall and membrane were tightly
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Figure 7: Microphotographs from TEM of cell wall and membrane in apple slices before and after hot-water blanching. (a) Before hot-
water blanching at 20000x magnification; (b) after hot-water blanching at 20000x magnification; (c) before hot-water blanching at 40000x
magnification; (d) after hot-water blanching at 40000x magnification; CW: cell wall; CM: cell membrane.

bonded with each other, and the cell membrane was thick,
intact, and continuous in shape and dimension. After HWB
pretreatment, cell membrane was partly detached from cell
wall and became thinner and partially broken, which can
contribute to the results of the dehydration and softening in
cell tissue, the increase of cell membrane permeability, and
the decrease in tissue hardness. In some sense, all the changes
in cell tissue caused by HWB pretreatment can account for
the higher mass loss, shorter FD time, higher SR and RR, and
smaller hardness of the freeze-dried samples inHWB-VF-FD.

3.8. SEMAnalysis. Representative apparent photographs and
SEMmicrographs of freeze-dried samples in the three meth-
ods were shown in Figures 8 and 9, respectively. Retaining the
original shape of the materials is an essential requirement for
FD products. In Figure 8, a significant shrinkage and collapse
phenomenon was observed in the freeze-dried samples in
VF-FD (Figure 8(a)), whose volume was much smaller than
the others, while HWB-VF-FD obtained a flat and full
appearance in the samples which was almost the same as
that in HWB-PF-FD (Figures 8(a) and 8(b)), showing a
good performance of retaining the original shape of fresh
materials.

In Figure 9, it can be found that the honeycomb network
was formed in the tissues of all the samples. VF-FD samples
formed the smallest pores and appeared to be the most com-
pact and dense (Figure 9(a)). HWB-VF-FD samples showed
a network size with larger pores (Figure 9(b)). HWB-PF-FD

samples appeared to be of a network size with the largest
pores (Figure 9(c)). The porosity of freeze-dried samples in
the three methods was shown as Figure 10. There was signif-
icant difference among the porosity of samples in the three
methods. HWB-PF-FD samples had the highest porosity,
followed by HWB-VF-FD samples and VF-FD samples. The
results of the porosity measurement were consistent with
the observation results of SEM images in Figure 9, which
identified that the VF-FD samples had a dense structure.

The pores of the tissue in SEM images were associated
with the size and location of ice crystals [27]. It is well known
that ice crystal size is closely related to the freezing rate.
Compared with the PF treatment in HWB-PF-FD, the VF
treatment in VF-FD and HWB-VF-FD was performed with
a much faster freezing rate, resulting in smaller ice crystals in
the frozen tissue and forming smaller pores in the dried tissue
after ice sublimation. Besides, microvolume distribution of
water in the apple tissue during the VF treatment can directly
influence the size of ice crystal and the network pores. About
30% water was removed from apple samples during the
VF treatment in VF-FD and HWB-VF-FD, which inevitably
reduced the water microvolume distribution in the cell tissue
and also formed smaller ice crystals and network pores in
contrast to that in HWB-VF-FD.

On the other hand, the shape of the honeycomb network
was also influenced by HWB pretreatment in the NIFD
process. Pores in the samples of VF-FD presentedmuchmore
shrinkage and collapse than the others, which conform to
the results of apparent photographs in Figure 8. Krokida et
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Figure 8: Apparent photographs of freeze-dried samples with 3 freeze-drying methods. (a) VF-FD; (b) HWB-VF-FD; (c) HWB-PF-FD. VF-
FD: apple samples without hot-water pretreatment were performedwith vacuum freezing treatment and freeze-drying process; HWB-VF-FD:
apple samples with hot-water pretreatment were performed with vacuum freezing treatment and freeze-drying process; HWB-PF-FD: apple
samples with hot-water pretreatment were performed with plate freezing treatment and freeze-drying process.

(a) (b)

(c)

Figure 9: Microphotographs (at 100 magnification) from SEM of freeze-dried samples with 3 freeze-drying methods. (a) VF-FD; (b) HWB-
VF-FD; (c) HWB-PF-FD. VF-FD: apple samples without hot-water pretreatment were performedwith vacuum freezing treatment and freeze-
drying process; HWB-VF-FD: apple samples with hot-water pretreatment were performed with vacuum freezing treatment and freeze-drying
process; HWB-PF-FD: apple samples with hot-water pretreatment were performed with plate freezing treatment and freeze-drying process.
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Figure 10: Porosity of freeze-dried samples in 3 freeze-drying
methods. VF-FD: apple samples without hot-water pretreatment
were performed with vacuum freezing treatment and freeze-drying
process; HWB-VF-FD: apple samples with hot-water pretreatment
were performed with vacuum freezing treatment and freeze-drying
process; HWB-PF-FD: apple samples with hot-water pretreatment
were performed with plate freezing treatment and freeze-drying
process. Note. Different letters on the same bar indicate significant
differences at 𝑝 = 0.05 by Tukey’s HSD test.

al. showed that serious shrinkage of FD products was often
caused by the appearance of the overmuch unfrozen water
due to the insufficient freezing treatment of materials and the
ice melting in samples during FD process because of unsuit-
able heating speed [41]. Mass loss during the VF treatment in
VF-FD was significantly smaller than HWB-VF-FD because
of the HWB pretreatment. It can be inferred that ice melting
and collapsing occurred during the FD process because of
the incomplete freezing status caused by insufficient mass
loss during the VF treatment. VF-FD samples had the lowest
SR value and the highest hardness value mainly due to its
smallest pores size and porosity, most compact and densest
structure of the honeycomb network formed during the VF
treatment and the subsequent FD process. So, the NIFD
process of VF-FD without HWB cannot be viewed as a
successful one especially due to its serious shrinkage and
collapse appearance.

4. Conclusions

By comparing the 3 different FD processing methods, we
can conclude that HWB pretreatment in the NIFD progress
of HWB-VF-FD resulted in lots of changes to the product
qualities in contrast to VF-FD, including higher mass loss,
shorter FD time, higher SR and RR, lower Vc content, smaller
hardness, better apparent colors, and shape in freeze-dried
samples, which were desired or acceptable for a successful FD
process (except the quality index of VC content). Compared
with the CFD process in HWB-PF-FD, the NIFD process of
HWB-VF-FD achieved similar or better product quality and,
moreover, showed a considerable time-saving advantage.The
observation of apple sample’s microstructure was conducted
by TEM and SEM, which can account for the above differ-
ences in product qualities.

Abbreviations

FD: Freeze-drying
NIFD: Novel integrated freeze-drying
CFD: Conventional freeze-drying
HWB: Hot-water blanching
VF-FD: Apple samples without hot-water

pretreatment were performed with
vacuum freezing treatment and
freeze-drying process

HWB-VF-FD: Apple samples with hot-water
pretreatment were performed with
vacuum freezing treatment and
freeze-drying process

HWB-PF-FD: Apple samples with hot-water
pretreatment were performed with plate
freezing treatment and freeze-drying
process

VC: Vitamin C
VF: Vacuum freezing
PF: Plate freezing
RR: Rehydration ratio
SR: Shrinkage ratio
TEM: Transmission electron microscopy
SEM: Scanning electron microscopy.

Additional Points

Practical Application. Vacuum freeze-drying is one of the
best methods for food drying. But in practice, conventional
freeze-drying process is characterized bymany disadvantages
including complicated process steps, large space occupation,
huge equipment investment, frequent materials transferring,
long drying time, and high production cost, which greatly
reduced economic competitiveness of FDproducts.Therefore
the novel integrated freeze-drying processing technology was
proposed. In this study, the effect of HWB on the drying
characteristics and product qualities of apple slices dried
with the novel progress. HWB pretreatment in the novel
progress resulted in lots of desired or acceptable changes to
the drying characteristics and product qualities such as FD
time, rehydration ratio, shrinkage ratio, apparent colors, and
shape. The NIFD process of HWB-VF-FD was suggested as a
promising alternative method to decrease FD time, simplify
the steps, and achieve similar product quality of the CFD
process.
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