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Abstract: In order to explore the effects of different pretreatments on the pore structure of Chinese yam during Microwave 
Freeze Drying (MFD), the samples were treated by typical drying pretreatments including osmosis, blanching and ultrasound, 
and compared with the untreated samples.  The results showed that the pretreatment had significant impacts on the porosity of 
MFD Chinese yam.  Ultrasonic pretreatment could obtain the highest open porosity, and the internal pore network structure of 
the material showed a uniform sponge shape.  The shape of pores obtained by blanching pretreatment was the most irregular.  
The pore network structure obtained by different pretreatments could result in various product texture and rehydration, which 
implied that pretreatment methods should be carefully selected according to actual requirements.  All these pretreatments 
could improve the open porosity of MFD Chinese yam, which result in a better rehydration capability.  Among them, 
ultrasonic treatment is worth further investigating. 
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1  Introduction  

Chinese yam (Dioscorea opposite Thunb) is one of the most 
important edible and medicinal plants in China.  It is widely 
cultivated in China and is usually consumed as a popular healthy 
promoting function food.  The main active components of yam 
tuber are flavonol, polysaccharide and steroidal saponins.  Among 
them, the specific active substance is Chinese yam polysaccharide[1].  
Many studies have confirmed that Chinese yam has excellent 
health and pharmacological effects in the fields of medicine and 
health care[2].  Currently, various products of Chinese yam are 
increasingly demanded by consumers.  Therefore, more and more 
dried products of Chinese yam are appearing in the market.  

At present, most of the yam chips are produced by frying, 
puffing, hot air drying and other processes.  High temperature 
leads to low product quality.  Among these methods, hot air 
drying is a commonly used method for drying Chinese yam[3,4].  
Hot air drying can accurately control the drying temperature to 
obtain the appropriate core temperature, but the appearance of the 
sample is generally poor.  The material often suffers from 
discoloration, shrinkage and nutrient loss due to high drying 
temperature[5,6].  In addition, thermal effects during hot air drying 
lead to degradation of active substances so that the quality loss of 
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products is far beyond acceptable[7].  Vacuum fried yam chip may 
be an important alternative with lower cost, better texture and 
flavor, but the oil content of the product cannot be controlled at a 
very low level[8].  Compared with vacuum frying, freeze drying 
(FD) can process Chinese yam at lower temperature.  The FD 
products of Chinese yam have higher nutritional value and lower 
quality loss, which can meet the requirements of consumers[9].  
But FD has high energy consumption, expensive operation and 
long drying time.  Its application in industry is limited by these 
shortcomings[10].  

In recent years, Microwave Freeze Drying (MFD) has attracted 
wide attention for its ability to produce high-quality products.  
Compared with FD, MFD can reduce energy consumption by about 
30%[11].  Qian et al.[12] showed that the combination of freeze 
drying and microwave drying could significantly reduce the energy 
consumption of freeze drying carrot.  The results also showed that 
retention of carotene and rehydration rates were similar to those of 
freeze-dried products, meanwhile, the drying time was greatly 
shortened.  Zheng et al.[13] reported that the product quality of 
MFD was almost the same as that of FD.  Therefore, MFD has the 
potential to replace the traditional freeze drying.  

It is well known that FD products have porous structure, which 
leads to its products with unique taste and rehydration property.  
The porosity is an important physical property characterizing the 
texture and the quality of dry and intermediate moisture foods.  In 
recent studies, it has been recognized that the porous structure 
plays an important role in determining the quality of food.  Many 
problems in food research have been found to be rooted in events 
that occur at the microstructure level (below 100 μm), where the 
extent of physicochemical and biochemical changes in postharvest 
tissues is significantly dependent on cellular organization[14].  It 
appears that food structure is closely associated to product 
performance (chemical and biological stability, textural properties, 
transport properties, etc.) and that structure in turn depends on 
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processing history.  In addition, porosity is an important 
parameter in the prediction of the diffusional properties of cellular 
foods.  One of the main affected transport properties is the 
diffusivity of gases and liquids in the material.  The diffusivity in 
the gaseous phase in a porous solid is proportional to the porosity 
of the material and irreversibly proportional of the tortuosity[15].  
The porosity of the material expresses the ratio of open (empty) 
space of the material to that of total material volume.  Huizenga 
and Smith[16] found that the effective vapor diffusivity in porous 
solids increased with increasing porosity and average pore size.  
Karathanos and Saravacos[17] found similar results for starch 
materials.  At present, there are few reports on the behavior of 
pore changes in dried products during FD.  Moreover, pore 
formation is more complex in MFD process[18].  Therefore, the 
formation of porous structure in MFD process needs to be further 
studied.  

Apart from the drying process, different pretreatments also 
could affect the pore formation during MFD.  At present, wildly 
used pretreatment methods of drying include blanching, osmotic, 
ultrasonic treatment, etc[19].  Blanching is the most commonly 
used thermal pretreatments before processing of agricultural 
products as it can destroy enzymes, which cause deterioration 
reactions, off-flavor and undesirable changes in color, texture and 
nutrients.  Osmotic treatment has received much attention due to 
its low cost and multiple functions.  Li et al.[20] studied the effect 
of pectin osmosis on the texture properties of dehydrated apple 
cube, and they found that although the change of pectin content did 
not significantly affect the volume expansion ratio of dried apple 
cube, it still could affect the internal pore diameter and pore wall 
thickness.  Ultrasound technology has been directly or indirectly 
used as a pretreatment in many drying and/or dehydration 
applications.  Ultrasonic pretreatment can be used before drying 
and osmotic dehydration of vegetables and fruits.  Studies showed 
that effective water diffusivity increases after the application of 
ultrasound causing a reduction of about 16% in the drying time[21].  
At the same time, different pretreatments will also affect the pore 
structure of dried materials.  However, the effect of typical 
pretreatments on pore formation of Chinese yam during MFD 
process has not been reported.  

The investigation for the effect of different pretreatments on 
pore structure of MFD Chinese yam can help to improve the 
product quality, which is a crucial link in the industrialization of 
microwave freeze drying.  Therefore, the object of this study is to 
compare the effect of different pretreatments on the pore 
characteristics of Chinese yam during MFD process, and 
investigate the porous structure change law of MFD Chinese yam.  

2  Materials and methods 

2.1  Materials and drying with different pretreatments 
Fresh Chinese yam (Dioscorea opposite Thunb) was purchased 

from a local market in Luoyang, China.  The Chinese yams were 
washed, peeled and sliced into 4 mm thick segments.  The 
samples were round and had a diameter of approximately 20 mm.  
In order to study the effects of different pretreatments on the pore 
characteristics of Chinese yam during MFD, fresh Chinese yam 
slices were treated by the following three methods.  It should be 
noted that different pretreatments have complex technical processes, 
which could lead to various structures.  In order to simplify the 
comparison results of various pretreatments, only common 
treatment parameters were used without considering optimal 
conditions.   

Osmotic pretreatment[22]: the samples were immersed in 5% 
salt solution with a solid-liquid ratio of 1:8 for 3 h at 30°C in an 
electrothermal constant temperature water bath (HH-S4, Beijing 
Kewei Yongxing Instrument Co., Ltd.).  After immersion, the salt 
solution adhering to the sample surface was washed with deionized 
water, and the water on the surface was absorbed by filter paper.   

Blanching pretreatment[23]: the samples were blanched in hot 
water at 85°C for 1 min in an electrothermal constant temperature 
water bath (HH-S4, Beijing Kewei Yongxing Instrument Co., Ltd.) 
and the water on the surface of the material was absorbed by filter 
paper.  

Ultrasound pretreatment: the ultrasound pretreatment system 
was developed by the authors[24].  Its main components are an 
ultrasonic generator and an ultrasonic transducer.  Power 
ultrasound was delivered in the tank at a fixed frequency of 25 kHz 
under the power of 300 W.  Samples were immersed in the water 
in the tank at 30°C for 30 min, and then the water on the surface of 
the material was absorbed by filter paper.  

After various pretreatments, the samples (1 kg) were placed in 
a polypropylene tray and frozen at −25°C for at least 8 h, and then 
microwave freeze drying was carried out.  The microwave freeze 
dryer was developed by authors.  As shown in Figure 1, an 
independent polypropylene drying cavity was set up in a 
rectangular resonant cavity, which could effectively avoid the 
coronal discharge under the vacuum condition.  The pressure of 
the drying cavity was operated within a range of 10 kPa to 30 kPa 
(absolute pressure).  The power of the microwave could be 
adjusted continually.  The core temperatures of the materials were 
detected by an optic fiber sensor.  In the experiment, a fixed 
microwave power density loading levels (0.225 W/g) were applied.  
All MFD processes were carried out at a cavity pressure of 100 Pa 
and a cold trap temperature of −40°C.  All of the experiments 
above were repeated three times and the average of the results was 
used for the analysis. 

 
Figure 1  Schematic diagram of microwave freeze dryer 

 

2.2  Detection methods 
2.2.1  Determination of total porosity (ε) 

The porosity of the sample was determined by the pycnometer.   
At 30 min intervals during the drying processes samples were taken 
out, crushed it to below 0.15 mm, soaked in 20°C n-hexane, and 
then held on a pycnometer for 30 min.   The weighing was 
performed on a digital balance.  The tests were performed in 
triplicate.  The porosity of samples under different drying conditions 
was calculated according to the Equations (1) and (2) as follows[25]:    
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where, ms is the weight of samples, g; ρ is the density of n-hexane 
at 20°C, g/cm3; m1 is the weight of the pycnometer filled with 
n-hexane, g; m2 is the mass of the pycnometer filled with samples 
and n-hexane, g; V is the volume of samples, cm3; ρs is the true 
density of the samples, g/cm3.   
2.2.2  Measurement of opening porosity (ε0) 

The pores that are interconnected within the material or 
connected to the surface of the material are called open pores, and 
the pores that are divided into independent pores inside the material 
are called closed pores.  The sample was placed in a 50 mL beaker 
and immersed by n-hexane.  After two hours, the saturated sample 
was taken out, wiped out the free n-hexane on the surface of the 
sample, and then weighed with an electronic balance.  Each 
experiment was performed in triplicate.  The open porosity was 
calculated according to Equation (3)[25].     
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where, m1 is the weight of the sample before immersion, g; m2 is 
the weight of the immersed sample, g; ρ is the density of n-hexane, 
g/cm3; V is the sample volume, cm3. 
2.2.3  Measurement of closed pore porosity (ε1) 

According to Equation (4), the closed porosity is calculated as 
follows [25]:  

ε1 = ε − ε0                              (4) 
where, ε is the total porosity of the sample, %; ε0 is the open 
porosity, %.   
2.2.4  Scanning electron microscope analysis 

The microwave freeze dried sample was placed on conductive 
adhesive tabs, mounted on a scanning electron microscope (S4800, 
Hitachi, Japan) tubs and coated with gold-palladium in a sputter 
coater.  The internal pore morphology of the coated samples was 
observed at an accelerating voltage of 4 kV.   
2.2.5  Pore size and pore distribution  

The microwave freeze dried sample was analyzed by a 
Mercury Porosimetry (AutoPore IV 9500, Micromeritics 
instrument corporation, USA).   The AutoPore IV 9500 provided 
full-scale resolution in the following pressure ranges: low pressure 
(4-345 kPa), and high pressure (0.1-414 MPa).   For testing, the 
sample was placed in the dilatometer, and then cleansed of 
absorbed and/or adsorbed gases by degassing in a vacuum (4 kPa).  
The dilatometer, still under vacuum, was then filled with mercury.  
The pressure in the dilatometer was built up gradually to a final 
pressure of 414 MPa for the high-pressure tests and 345 kPa for 
low-pressure tests, in approximately 15 min.  The mean pore 
diameter was given from the AutoPore software.   

3  Results and analysis 

3.1  Effects of different pretreatments on total porosity of 
Chinese yam during microwave freeze drying 

As shown in Figure 2, it was found that there was a significant 
difference in porosity variation between untreated samples and 
pretreated samples, which implied that pretreatment could 
significantly affect the total porosity of MFD Chinese yam.  
According to Figure 2, the porosity of the untreated sample showed 
a down trend in the drying time of 0-60 min.  The possible reason 
was that the volume shrinkage caused by a large amount of free 
water sublimation affected the formation of pores.  In the period 
of 0-30 min, the porosity of pretreated samples increased, and from 

30 min to 60 min, the porosity of pretreated samples dropped again.  
This could be due to the fact that pretreatment destroyed the 
internal structure of the samples to a certain extent, resulting in a 
certain micro-pore structure, which reduced the water diffusion 
resistance, and decreased the volume shrinkage phenomenon.  
This was conducive to the formation of pores during this drying 
stage.  Therefore, the total porosity of the pretreated samples 
showed an upward trend in the period of 0-30 min.  The total 
porosity of ultrasonic pretreated samples was larger than that of 
osmotic and blanching pretreatments in the drying time of 0-30 min.  
This indicated that ultrasonic pretreatment had a relatively higher 
impact on the material, leading to more pores formation.  Then, 
the total porosity of various pretreated samples decreased in 
varying degrees in drying time of 30-60 min.  The possible reason 
was that the volume shrinkage of samples increased and destroyed 
some formed pores.  In addition, the porosity of ultrasonic 
pretreated samples had the fastest fall trend, which implied the 
samples treated by ultrasound were easier to be compressed, 
resulting in a decrease in total porosity.  After drying time of   
60 min, the total porosity of various pretreated samples kept similar 
trends as that of the untreated samples, and showed a trend of going 
up first and then down.  Compared with untreated samples, the 
total porosity of the pretreated samples was higher at the beginning 
stage, and became lower at the end of drying.  The reason was that 
pretreatments destroyed the cell wall structure resulting in fast ice 
sublimation at the early drying stage.  As a result, more pores 
could form at this stage.  Pretreatments improved the heat and 
mass transfer efficiency and water diffusion rate in the early stage 
of drying, and then accelerated the formation of pores.  On the 
other hand, pretreatments reduced the effect of volume shrinkage 
on pore formation.  As a result, the total porosity of pretreated 
samples at the early stage of drying was higher.  The order of total 
porosity from high to low was ultrasonic, blanching and osmosis 
pretreated samples respectively.  This also implied that ultrasound 
could accelerate the water diffusion rate, resulting in more pores 
formation[26].  At the end stage of drying, long-term microwave 
heating could lead to local high temperature of the sample, 
resulting in some ice melting, and then local high moisture content 
and high temperature could lead to the collapse of the matrix, so 
the porosity showed a downward trend.  When the drying 
completed, the order of total porosity from high to low was 
untreated, osmosis, blanching and ultrasonic pretreatment.  This 
indicated that collapse was more likely to occur at the end of drying, 
and the collapse phenomenon reduced the total porosity. 

 
Figure 2  Variation of total porosity of Chinese yam under 

different pretreatments during MFD process 
In order to further investigate the pore form evaluation under 

various pretreatments during MFD process, the changes of opening 
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and closed pores were detected, which were shown in Figures 3 and 
4.  As shown in Figure 3, the opening porosity of different 
samples increased with the drying proceeding.  After 60 min, the 
difference in opening porosity between pretreated and untreated 
samples increased significantly.  When the drying completed, the 
samples undergoing blanching and ultrasonic pretreatments had the 
highest opening porosity.  The opening porosity of the samples 
pretreated by osmosis, blanching and ultrasound were about 1.23, 
1.98 and 1.92 times of that of untreated samples respectively.  The 
results showed that pretreatments could effectively improve the 
proportion of opening pores.  Moreover, it was illustrated that the 
samples pretreated by ultrasound had the largest proportion of 
opening pores, which made them have a better rehydration[20].  
Therefore, ultrasound is a recommendable treatment method for 
MFD Chinese yam.     

 
Figure 3  Variation of open porosity of Chinese yam under 

different pretreatments during MFD process 

 
Figure 4  Variation of closed porosity of Chinese yam under 

different pretreatments during MFD process 
 

As shown in Figure 4, the changing trend of closed porosity 
was similar to that of total porosity.  The untreated samples 
exhibited a trend of downward-upward-downward.  The 
pretreated samples showed a trend of 
upward-downward-upward-downward during the whole drying 
process.  Within drying time of 0-30 min, the pretreated and 
untreated samples showed the opposite tendency.  For pretreated 
samples, faster water diffusion and sublimation led to some pore 
formation, and compressive stress caused by shrinkage also was 
low in the early drying stage.  Therefore, the closed porosity of 
pretreated samples showed an upward trend during this period.  
During the period of 30-60 min, the shrinkage stress inside the 
material became higher and the closed pores were compressed.  
Therefore, the closed pore porosity showed a downward trend.  

The closed porosity of osmotic samples increased gradually after 
60 min, and the closed porosity of ultrasonic and blanching treated 
samples gradually recovered after 90 min.  At the end of drying, 
the closed porosity of all pretreated samples showed a downward 
trend.  Compared with Figures 2 and 3, it could be concluded that 
lots of closed pores constantly transformed into open pores during 
the drying process.  In addition, some network structures 
collapsed because of local hyperthermia under action of microwave 
energy, leading to the transformation of closed pore into open pore.  
From Figure 4, it could be concluded that the pore structure of the 
pretreated samples was looser and collapse was more likely to 
occur than that of the untreated samples.  The change of pore 
structure will affect the texture characteristics of dried samples[27].    
3.2  Effects of different pretreatments on the pore structure of 
MFD Chinese yam 

In order to further explore the effect of different pretreatments 
on the pore structure evolution of Chinese yam during microwave 
freeze drying process, the variation of total porosity, open porosity 
and closed porosity under different moisture content were 
compared as shown in Figure 5.  The results showed that with the 
decrease in water content, only the open porosity increased 
continuously among the three kinds of porosity.  As drying 
proceeding, when the water content of untreated samples ranged 
from about 40% to 10%, the closed porosity decreased rapidly, and 
the open porosity increased rapidly.  This could be due to the 
matrix collapses during this period, meanwhile, some closed pores 
transformed into open pores.  The moisture content of the samples 
treated by osmosis, blanching and ultrasound was about 15%, 16% 
and 22%, respectively when a large number of closed pores were 
transformed into open pores.  For blanching and ultrasonic 
pretreated samples, when drying was finished, the open porosity 
was 2.97 and 4.97 times of the closed porosity, respectively.  This 
meant that blanching and ultrasonic pretreatment were easier to 
obtain porous network structure and products with higher 
rehydration.  The opening porosity of the osmosis treated samples 
was only 0.73 times of the closed porosity, but it was still 1.41 
times of that of the untreated samples.  This result showed that all 
three pretreatments could increase the opening porosity of the 
material. 

Scanning electron microscopy was used to observe the pore 
morphology of different pretreated Chinese yam when the MFD 
process was finished.  As was shown in Figure 6, it was illustrated 
that the untreated samples had fewer and smaller pores, less pore 
network structure, relatively uniform cell structure and less cell 
damage.  Pretreatments could increase the pore size of samples, 
and also could lead to damage to the cell structure.  The porous 
network structure of ultrasound treated samples was the loosest, 
and showed uniform sponge shape, resulting in soft texture.  The 
reason was that the ultrasonic wave could produce lots of uniform 
micro-channels in the material due to the mechanical stresses 
associated with wave transmission[28].  The diffusion of water 
during microwave freeze drying resulted in the expansion of these 
micro-channels and the uniform spongy network structure was 
produced.  This result agreed with other investigations about 
ultrasound treatment for drying products[29].  The porous network 
structure of blanching treated samples was tighter than that of 
ultrasound treated samples, and the pore shape was very irregular.  
The osmotic pretreatment could lead to cells shrinkage under 
osmotic pressure, and the cells shrank tightly to form lots of closed 
pores.  
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a. Untreated  b. Osmosis 

 
c. Blanching    d. Ultrasound 

 

Figure 5  Porosity of MFD Chinese yam under different moisture content 
 

 

a. Untreated 
 

  b. Osmosis 
   

c. Blanching 
 

  d. Ultrasound 
 

Figure 6  SEM images of Chinese yam undergoing different pretreatments (×500) 
 

Figure 7 showed the pore size distribution of dried Chinese 
yam under different pretreatments.  The peak of Figure 7 
represented the amount of mercury intrusion, and the amount of 
mercury intrusion represented the number of pores.  It was found 
that the mercury intrusion was in the descending order of 
ultrasound, blanching, untreated, osmosis when the pore size 

ranged from 10 nm to 105 nm.  When the pore size was above  
105 nm, the mercury intrusion was in the descending order of 
osmosis,  ultrasound, blanching, untreated.  This implied that 
ultrasonic pretreatment could obtain more small size pores and 
osmotic pretreatment could obtain more large size pores.  The 
possible reason was that ultrasonic pretreatment resulted in many 
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micro-channels where ice crystals sublimated, which produced 
small size pores rather than destroyed the cell structure.  However, 
osmotic pretreatment made the cell structure shrink under osmotic 
pressure.  When the cell structure was stretched, the pore size 
became larger.  

 
Figure 7  Mercury test results of MFD Chinese yam undergoing 

different pretreatments 

4  Conclusions  

Typical pretreatments for MFD Chinese yam, including 
ultrasound, blanching and osmosis, have significant effects on the 
product pore structure.  The open porosity of the dried products is 
in the descending order of ultrasound, blanching, osmosis and 
untreated samples.  Among all pretreatments, the highest open 
porosity can be obtained by ultrasonic pretreatment, and the pore 
network structure of ultrasonically treated samples exhibits a 
uniform spongy shape.  In addition, the pore shape obtained by 
blanching is the most irregular.  As a result, all these 
pretreatments could improve the open porosity of MFD Chinese 
yam, which result in a better rehydration capability.  Among them, 
ultrasonic treatment is worth further investigating.  
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