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Drying Characteristics of Apple Slabs after Pretreatment with Supercritical CO2
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Abstract
Supercritical CO2 pretreatment before dehydration leads to a faster dehydration rate. The best supercritical CO2 

pretreatment conditions for the most effective dehydration were 45oC, 25 MPa and 55oC, 25 MPa. Increasing 
pressure of the supercritical CO2 pretreatment system tended to accelerate the dehydration rate more than increas-
ing temperature did. Samples pretreated at higher temperatures and pressures showed greater shrinking and pore 
distribution on scanning electron microscopy. Control samples maintained their cell walls, whereas samples pre-
treated at higher temperatures and pressures showed more cell disruption, and more pores were observed. Pore 
sizes of control and pretreated samples were about 100 and 70～80 μm, respectively. Samples pretreated at higher 
temperatures and pressures had smaller pores and a denser distribution. 
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INTRODUCTION

Today’s consumers demand safer and healthier proc-
essed foods, as well as products with natural qualities. 
Therefore, food processing techniques have been devel-
oped to meet these demands, and cost-, energy-, and 
time-effective procedures have been implemented. One 
of the most popular food processing methods for keeping 
food safe is dehydration. Drying is a process that parti-
ally or totally removes the water content from foodstuff. 
Depending on the way the drying is practiced, a number 
of mass transport mechanism(s) take place to achieve 
this. Evaporation and sublimation are the main mecha-
nisms in air drying and freeze drying, respectively. 
Drying is a unit operation with a phase transition and 
mass transfer of water. Dehydration protects food from 
decomposition by microorganisms, and it reduces prod-
uct mass and volume, resulting in cost-effective pack-
aging and delivery (1).

Very often, vegetable dehydration is accomplished 
with hot air drying, which, in comparison to other drying 
methods (e.g. freeze drying), is less expensive per kg 
of dried material produced. But hot air drying can result 
in shrinkage, surface hardening, and low recovery after 
rehydration. Additionally, color, texture, taste, and nu-
trition may change (2). To minimize these changes, sev-
eral pretreatments for dehydration have been suggested: 
blanching, steaming (3), microwaving (4), or dipping the 
food into chemicals such as organic acids (ascorbic or 

citric acids), antioxidants, alkali solution or ethyl oleate 
(5). The blanching method, which inactivates enzymes, 
often results in pronounced leaching of water soluble nu-
trients, such as minerals and vitamins, due to the ther-
mally-induced loss of cell membrane functionality that 
regulates the permeability of those compounds. In certain 
cases, prolonged blanching can also disrupt cell walls, 
resulting in vegetable tissue undergoing a very pro-
nounced loss of texture upon rehydration (6-10). Due to 
the disadvantages of blanching (heat-induced changes), 
chemical treatment (chemical residues), and osmotic de-
hydration (taste changes), the food products do not main-
tain their natural flavors and textures.

Studies about supercritical fluids have been widely 
conducted in many areas. In particular, supercritical car-
bon dioxide (CO2) has been studied for the extraction 
and separation of mixtures. Using supercritical CO2 pre-
treatment could be an ideal method of preparing foods 
prior to dehydration because supercritical CO2 possess 
both gas-like and liquid-like properties, which means su-
perior mass transfer properties with a higher diffusion 
coefficient and lower viscosity than liquid solvents. 
Also, the absence of surface tension allows the rapid 
penetration into the pores of matrices of foodstuffs. The 
pretreatment of foods with supercritical CO2 could po-
tentially reduce energy costs and save time by enhancing 
drying velocity, as well as maintain food qualities through 
prompt enzyme inactivation and low heat-induced 
change, plus eliminate toxic residues (11,12).
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Fig. 1. Schematic flow diagram of supercritical fluid system 
for the drying pretreatment. A, liquid carbon flow dioxide cyl-
inder; B, cooling circulator; C, E, H, and J, stop valve; D, 
CO2 pump with cooling jacket; F, heating jacket; G, extraction 
vessel; I, reservoir.
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Fig. 2. Weight reduction of the apple slab at different drying 
temperatures.

Although the potential for using supercritical CO2 as 
a pretreatment for food dehydration exists, limited in-
formation on this process is available. In this study, the 
drying characteristics of an apple slab (drying velocity, 
water uptake by re-hydration and surface observation by 
scanning electron microscopy) were investigated to de-
termine whether supercritical CO2 can be applied as a 
pretreatment method. 

MATERIALS AND METHODS

System and preparation for experiments
Apples (Malus domestica Borkh) were purchased 

September at local market and stored at 4oC. The apples 
were peeled, the core was removed, and the fruit was 
sliced into 3×3×0.5 cm pieces. The supercritical fluid 
pretreatment system was self-manufactured (Fig. 1). Sys-
tem temperature and pressure were set by controlling the 
electro-currency of the heating jacket and the back-pres-
sure regulator valve of the extraction vessel, respectively. 
Sliced apples (50 g) were put into the extraction vessel, 
and three different temperatures (35, 45, and 55oC) and 
pressures (15, 20, and 25 MPa) were used to test the 
effects of both factors on the drying characteristics of 
an apple slab. The system took 10 min to reach the de-
sired pressure and an additional 10 min for the pressure 
to be reduced to atmosphere pressure by vent. Every 
sample was pretreated for 20 min in each of the super-
critical states. Three times were run for replication at 
each treatment.

Determination of drying temperature and pretreatment 
time

Before entering into the actual experiments, it was 

necessary to determine which temperatures were proper 
for drying and how long the apple samples needed to 
be pre-treated. First, the weight changes of the apple slab 
were investigated every 30 min for 4 hours at 55, 70, 
and 85oC. To determine the proper pretreatment time, 
the mildest condition among the experimental designs 
was selected (35oC and 15 MPa), and apples were treated 
for 10, 30, and 60 min. A convection oven (EDO-L, 
Gae-Rim Instrument LTD, Tokyo, Japan) was used for 
drying. 

Weight changes in the apple slab during drying
After identifying the best drying condition, apple slabs 

were pretreated at the supercritical CO2 conditions of 
35, 45, 55oC and 15, 20, 25 MPa and then dried for 
6 hours at 70oC. Samples were taken every 30 min for 
6 hours to analyze weight changes. The weights were 
measured three times and averaged. The weight losses 
during drying were considered to be the result of de-
creasing water content. 

Moisture gain during rehydration
Dried apple samples were rehydrated in a water bath 

at 40oC, and their weights were measured every 20 mi-
nutes for 140 minutes. 

Surface observation of the dried apple 
The sample surface was observed using scanning elec-

tron microscopy (SEM, S-4300, Hitachi, Tokyo, Japan) 
after gold ion coating.

RESULTS AND DISCUSSION

Determination of drying temperature and pretreatment 
time

The results showed that the fastest dehydration oc-
curred at 85oC, followed by 70oC and 55oC; water con-
tent reached an equilibrium moisture content after 120 
minutes (Fig. 2). Due to the caramelization of sugar, the 
samples changed color to brown and smelled burnt at 
85oC. The dehydration rate at 55oC was slowest, with 
no difference in color and texture compared to the 70oC 
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Fig. 3. Weight reduction of the apple slabs with supercritical 
CO2 pretreatment time at 35oC and 15 MPa. 

control

Fig. 4. Moisture content changes in apple slabs after pretreat-
ment at each of the supercritical CO2 conditions. Control, un-
treated; 35-15, 35oC, 15 MPa; 35-20, 35oC, 20 MPa; 35-25, 
35oC, 25 MPa; 45-15, 45oC, 15 MPa; 45-20, 45oC, 20 MPa; 
45-25, 45oC, 25 MPa; 55-15, 55oC, 15 MPa; 55-20, 55oC, 20 
MPa; 55-25: 55oC, 25 MPa.

treatment; therefore, 70oC was chosen for the drying 
temperature after supercritical CO2 pretreatment. Enough 
drying time (210 min) was provided for the samples to 
reach equilibrium moisture content. Fig. 3 shows the 
changes in sample weight for those samples treated with 
the mildest experimental condition (35oC, 15 MPa) while 
drying at 70oC. The sample weight decreased more 
abruptly at 30 and 60 min than at 10 min of treatment. 
No difference in appearance was detected with the naked 
eye between samples treated for 30 or for 60 min, so 
a pretreatment time of 30 min was chosen to save ex-
perimental time. 

Weight changes in the apple slab during drying
Water content of the dry apple samples over time is 

shown in Fig. 4. Control samples (water content: 84.3%) 
that received no supercritical CO2 pretreatment rapidly 
dehydrated to 30% within 60 min, and subsequently 
showed a slow dehydration rate. Water content decreased 
to a low of 4.2% after 210 min. Samples pretreated at 
35oC and 15 MPa dehydrated to 17.5% with a constant 
water reduction rate during 60 min. The final water con-
tent was 3.6% after 120 min. Samples treated with 35oC 
and 20 MPa (water content, 13.8% after 60 min; final 
water content, 3.1%) or 25 MPa (water content, 6.5% 
after 30 min; final water content, 2.5%), showed a trend 
similar to that for samples pretreated at 15 MPa. 

At 45oC and 15, 20, or 25 MPa, water content after 
60 min was 18.9, 18.0, and 9.6%, respectively, and the 
final water content was 3.6, 2.4, and 1.5%, respectively. 
At 55oC and 15, 20, or 25 MPa, water content after 60 
min was 17.1, 16, and 10.9%, respectively, and the final 
water content was 2.4, 2.3, and 1.5%, respectively. 

Supercritical CO2 pretreatment before dehydration led 
to a faster dehydration rate. The best supercritical CO2 
pretreatment conditions for the most effective dehy-
dration were at 45oC, 25 MPa and 55oC, 25 MPa. 
Increasing the pressure of the supercritical CO2 pretreat-
ment system appeared to accelerate the dehydration rate 
more than increasing the temperature.

These observations are the result of the low viscosity 
and high diffusion rate of the supercritical fluid and the 
near-absence of surface tension. These properties allow 
the supercritical fluid to easily penetrate into the micro-
pores and cells of the apple slices. Furthermore, new 
pores or channels could have been made by the super-
critical fluid. Thus, newly made channels may increase 
the surface area that contacts the hot air during the dehy-
dration process, resulting in faster dehydration. The de-
hydration rate depends on exposed surface area, the dif-
ference in moisture content between air and target foods, 
and the air flow rate (13,14). After the fast dehydration 
within the 60-min constant-dehydration rate period, the 
dehydration rate might be controlled by capillary move-
ment and molecular diffusion, and supercritical CO2 pre-
treatment may affect these phenomena, resulting in faster 
dehydration and less water content than the control. 
Quenzer & Burns (15) also reported that cell disruption 
by pretreatment increases water movement. 

Moisture gain during rehydration
Moisture gains during rehydration are shown in Fig. 

5. Control samples absorbed 2.45 g/g water during 40 



264 Bo-Su Lee et al.

control

Fig. 5. Moisture gains in apple slabs after pretreatments and 
drying. Samples: See Fig. 4.
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      45-150             45-200            45-250
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Fig. 6. Morphology of the dried apple 
slabs after the supercritical CO2 pre-
treatments. Samples: See Fig. 4.control

min, followed by slow rehydration. After 120 min, no 
further water absorption occurred, and 3.82 g/g water 
was absorbed. Samples pretreated with supercritical CO2 
at 35oC and 15 MPa absorbed 2.91 g/g water during 
40 min, but water absorption tended to slow, resulting 
in 4.24 g/g of water being absorbed by the end of the 
experiment. Samples pretreated at 35oC and 20 and 25 
MPa absorbed 3.15 and 3.04 g/g water, respectively, dur-
ing the first 40 min, but a big increase in water absorp-
tion after 60 min was not observed (final absorption, 4.65 
and 4.93 g/g for 20 and 25 MPa, respectively). Samples 
pretreated at 45oC showed a similar trend (water absorp-
tion 3.01, 2.92, and 3.10 g/g during the first 40 min; 
4.43, 4.93, and 5.33 g after 240 min for 15, 20 and 25 
MPa, respectively). 

During the first 40 min, water absorption by the sam-
ples pretreated at 55oC was 2.66, 2.53, and 2.97 g/g for 
15, 20, and 25 MPa, respectively. The final water absorp-
tions were 4.90, 4.88, and 5.13 g/g for 15, 20, and 25 
MPa, respectively. After 60 min, a difference in water 
absorption was observed between samples pretreated at 
different temperatures. Water absorption rates were sim-
ilar between 15 and 20 MPa; however, samples under 
the 25 MPa condition showed the fastest water absorp-
tion as soon as rehydration was initiated. Samples pre-
treated at 45oC and 25 MPa showed the greatest rehydra-

tion rate, followed by those at 55oC and 25 MPa, 45oC 
and 20 MPa, and the control.

Thus, the cell disruption in the apple samples caused 
by supercritical pressure resulted in an increase in water 
absorption. The faster rehydration rate in samples pre-
treated at 55oC than those pretreated at 45oC may have 
been caused by heat damage to the cells, resulting in 
a decrease in the rehydration rate. Therefore, additional 
study concerning cell damage may be needed.

Surface observation
Fresh apples contain relatively high moisture and have 

a soft texture (16), but surface shrinking occurs easily 
when they are dried with hot air (17). The shrinking 
shapes are shown in Fig. 6. Pretreated samples showed 
more deformation than did controls, but no cracks were 
observed. 

Kilpartrick et al. (18) reported that shrinking volume 
is close to the volume of water lost. A study of hot-air 
dehydration of radishes and sweet potatoes by Cho et 
al. (19) showed that shrinkage depended on sample 
thickness, air temperature, moisture, and flow rate. The 
greater deformation and shrinkage found in pretreated 
samples may have been caused by cell disruption that 
resulted in an increase in the dehydration rate and capil-
lary movement compared to controls.
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Fig. 7. Scanning electron micro-
graphs of dried apple after su-
percritical CO2 pretreatments. 

The surfaces of the pretreated dry apple samples as 
visualized by SEM are shown in Fig. 7. More shrinking 
occurred in the pretreated samples, and they had a great-
er degree of pore distribution than did controls. Samples 
pretreated at higher temperatures and pressures showed 
greater shrinking and pore distribution. Control samples 
maintained their cell walls, whereas pretreated samples 
at higher temperatures and pressures showed more cell 
disruption and more pores. The pore sizes of control and 
pretreated samples were about 100 and 70～80 μm, 
respectively. Samples pretreated at higher temperatures 
and pressures had smaller pores and a denser distribution. 
Therefore, the pretreated samples might have had more 
cell disruption caused by the loss of cell moisture. Saurel 
et al. (20) showed a similar result in that osmotic treat-
ment leads to cell wall shrinking by dehydration.
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