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Abstract

This study develops a simultaneous system combining low-temperature drying, extraction, and sterilization under low temperature, by comprising a microwave 
source and a vacuum chamber. The study commences by investigating the reduction in moisture content under microwave heating in vacuum conditions as a function of 
the drying time, the material load, and the microwave output power. Subsequently, the study compares the results obtained for the yield and composition of the essential 
oil extracted from Coleus amboinicus Loureiro leaves using the proposed system with those obtained using a conventional steam distillation technique. Finally, the study 
investigates the performance of the developed system in inactivating Bacillus subtilis spores using a low-pressure plasma sterilization technique. The experimental results 
show that the low-temperature vacuum conditions established in the proposed drying system accelerate the rate of moisture removal. Furthermore, the microwaves 
penetrate the interior of the material, heating the internal moisture directly. This not only reduces the drying time but also preserves the original fl avor and appearance of 
the dried material. The extraction results show no signifi cant difference between the fi nal yield percentages and compositions of the essential oils extracted using the 
proposed system and the distilled steam technique, respectively. However, the extraction time is reduced from 90 minutes in the distilled steam method to just 30 minutes 
in the proposed system. Finally, the plasma sterilization results demonstrate that the proposed system reduces the number of colony-forming units of Bacillus subtilis 
from 170 to 7 within a treatment time of 1 s, and achieves complete sterilization following 180 s.
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Introduction

It is frequently necessary to dry biological materials in 
order to stabilize them prior to storage or distribution. The 
intention of the drying process is to remove a suffi cient 
amount of moisture to prevent microbial spoilage. Various 
drying methods are used throughout the industry [1-3]. 
Some of these methods have been combined with extraction 
techniques to accelerate the drying process or to increase 
the extraction yield of essential oils from the dried material 
[4-5]. However, traditional drying and extraction methods, 
particularly those based on the use of hot air, signifi cantly 

degrade the fl avor and nutritional content of the dried product 
[6]. Furthermore, such techniques require long drying times, 
even at high temperatures, resulting in serious degradation of 
the dried product quality [7]. In an attempt to overcome these 
limitations, vacuum-drying processes have been developed, 
which apply both heat and vacuum effects to remove moisture 
from the material. Vacuum drying is particularly suited to the 
drying of materials containing a high percentage of amino acids 
or proteins and successfully retains both the original fl avor and 
the color of the dried material. However, due to the absence of 
convection effects during the drying process, the rate of heat 
transfer into the solid phase is signifi cantly reduced, and hence 
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protein oxidation [19-20]. It has also been shown that fatty acid 
peroxide is formed by plasma and is then altered to membrane 
lipids [21]. In addition to the chemical effects discussed above, 
sterilization is also thought to involve physical effects. For 
example, it has been demonstrated that a charge accumulation 
on the cell membrane induces electrostatic stress, which may 
lead to cell rupture [22]. As a consequence, both the chemical 
damage caused by ozone and atomic oxygen effects and the 
physical damage infl icted by ions in the streamer discharge are 
important issues in any study of atmospheric pressure plasma 
sterilization [18]. 

In the above literature reviews, sterilization, extraction, 
and drying are common requirements for biological materials 
processing. This research develops a compact and simultaneous 
low-temperature drying, extraction, and sterilization system 
in which the material of interest is dried using a microwave 
heating effect under vacuum conditions. At present, most of 
the general equipment performed only the aforementioned 
two functions [23-25]. The study commences by analyzing the 
effects of the drying time, the material load, and the microwave 
output power on the moisture content reduction. The study 
then investigates the yield and composition of the essential 
oil extracted from Coleus amboinicus Loureiro leaves using 
the proposed system. The yield results and extraction time are 
then compared with the results obtained using a traditional 
steam distillation technique. Finally, the study investigates the 
performance of the proposed system in inactivating Bacillus 
subtilis spores using a low-pressure plasma sterilizing 
technique. 

Materials and methods

Equipment 

Figure 1 presents a photograph of the proposed low-
temperature rapid extraction system. The system consists of 
a microwave source, a vacuum chamber, a cooler system and 
vacuum pump mechanisms designed to remove the air from the 
chamber and maintain a vacuum status. To enable observation 
of the samples within the chamber, a monitoring system is 
installed in the chamber casing comprising a pinhole lens video 
camera and a video capture device. During the experiments, 

long drying times are required. Freeze-drying techniques have 
also been successfully applied for moisture removal [8-9]. 
However, such methods are highly complex and expensive, 
with the result that their use is generally restricted to the drying 
of delicate, heat-sensitive materials of high value. The use of 
microwave-based drying techniques has gradually emerged 
in recent years. Such techniques provide a rapid heat transfer 
effect in drying and food processing applications and have 
found important applications in a number of fi elds, including 
modeling [10] and experiment [11-12]. Integrating microwave-
drying techniques with vacuum-drying processes enables the 
production of dehydrated products with excellent taste, smell, 
and rehydration properties [13]. In the past, the high energy 
costs associated with this integrated drying technique limited 
its application to the case where the fi nal dried product was 
required to meet a very high-quality specifi cation. However, 
with the emergence of low-cost, energy-effi cient microwave 
ovens aimed at the consumer market, the potential now exists 
to exploit the technology embedded within these household 
appliances to develop a compact, low-cost, energy-effi cient 
drying system for industrial applications. 

It has been reported that a two-stage drying process 
involving forced-air convective drying followed by microwave 
drying not only provides an improved dried product quality but 
also yields considerable time and energy savings [10]. Compared 
to conventional hot-air drying techniques and other traditional 
drying methods, microwave drying is a rapid, uniform, and 
highly energy-effi cient method. Furthermore, due to the high 
energy intensity of microwave sources, microwave-based 
drying systems typically occupy no more than 20-35% of 
the fl oor space required by conventional heating and drying 
systems [14]. However, it has been shown that the sudden 
increase in temperature within cellular structures exposed to 
microwave irradiation may result in a rupturing of the cell 
walls and a rapid release of the constituent materials into 
the surrounding medium [15]. In an investigation into the 
kinetics of the microwave-assisted extraction of essential 
oil from Cinnamomum burmannii leaves, it was shown that 
while a higher microwave power was necessary to enhance 
the rate of moisture removal, the weight of the leaves in the 
solvent increased [16]. Sterilization techniques are widely used 
throughout the food industry. These methods typically involve 
the use of autoclaving, ethylene oxide (EtO), -irradiation, or 
UV light [17]. However, not only do these techniques require 
lengthy sterilization times, but the sterilization agents 
which they apply may have a potentially harmful effect on 
human health. Plasma sterilization represents an emerging 
alternative technique for the rapid inactivation of bacteria 
spores. In such techniques, undesirable microorganisms are 
sterilized by physical or chemical processes induced by the 
plasma. Typically, the physical processes involve the action 
of positive and negative ions in the discharge streamer, while 
the chemical processes involve ozone, atomic oxygen, hydroxyl 
radicals, and so forth [18]. It has been reported that plasma 
sterilization involves one of three different mechanisms: (1) 
hydroxyl radicals become attached to unsaturated fatty acids 
and induce lipid peroxidation, (2) DNA oxidation is induced 
by oxygen radicals, and (3) amino acid oxidation followed by 

 

Figure 1: Experimental low-temperature vacuum system.
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the observation system provides a thermal imaging capability 
that enables the temperature to be assessed. The operation of 
the system is described as follows: The fi rst stage of pressure 
drop is carried out using a water pump. When the pressure 
drop slows down, we start up the root pump for the second 
stage of pressure drop. At this time, the microwave source is 
turned on, and the microwave is guided into the vacuum cavity 
by the waveguide to heat the agricultural products. Due to 
the lowering of the boiling point caused by the low pressure, 
the essential oils and water vapor of the agricultural products 
evaporate quickly, and the evaporated gas is extracted by 
the low-pressure pump and passed through the condenser 
to be collected. The process is demonstrated in Figure 2. The 
drying and extraction system developed in this study differs 
from traditional extraction systems. In traditional systems, 
the drying temperature is generally in the range of 50-150 C. 
However, in the current system, the material is maintained at a 
temperature of less than 35C throughout the drying procedure. 
Since the volume in the drying chamber is constant, the gas 
pressure within the chamber varies in direct proportion to the 
gas temperature. In traditional drying and extraction systems, 
the drying temperature generally varies in the range of 50-
150C. However, the vacuum conditions established in the 
present system reduce the boiling point of the moisture in the 
dried material, with the result that the drying temperature is 
maintained at a level of less than 50C throughout the entire 
drying process. Figure 3 presents a connection photograph of 
the vacuum chamber and the micro waver, the microwave is 
transferred into the chamber by the waveguide.

The essential oil was analyzed using a gas chromatograph 
(HEWLETT PACKARD 5890A SERIES II) with an FID detector 
and a 5% phenylmethyl polysiloxane fused-silica column (HP-
5, 30 m, 0.25 mm inner diameter, fi lm thickness 0.25 μm). 
During the extraction process, the operating conditions were 
specifi ed as follows: helium carrier gas fl ow rate 1.0mL/min; 
split 1:30; injection volume 1.0μL; injection temperature 250C; 
oven temperature increased from 60 to 130C at 1C/min, from 
130 to 200C at 2C/min, from 200 to 250C at 4C/min and held 
constant at 250C for 40 min.

Plant material 

Coleus amboinicus Loureiro is one of the most useful of all 
medicinal plants. The leaves from this plant yield an essential 
oil that is widely used in the commercial fragrance industry and 
which is applied in the treatment of coughs and colds as well as 
arthritic infl ammation in the medical fi eld. In the Philippines, 
macerated fresh leaves are applied externally to burns, while 
the leaves are bruised and applied locally to treat centipede 
and scorpion bites. Coleus amboinicus Loureiro extracts also 
demonstrate excellent insect repellent properties. Accordingly, 
fresh leaves of Coleus amboinicus Loureiro were collected in 
the experiment. The leaves were then cut into small cubes and 
samples of prescribed weights were prepared for the drying 
and extraction experiments.

Test spores

To investigate the sterilization performance of the 
developed system, spores of Bacillus subtilis (ATCC 6633) were 
sprayed homogeneously onto an Agar medium plated in a Petri 
dish. Typically, the test scores were uniformly distributed over 
an area measuring 63.6 cm2 in the center of the test plate. 
The plasma sterilization performance of the experimental 
system was tested in the microwave drying procedure. When 
the microwave was fi rst started, oxygen was injected into the 
waveguide and subsequently reacted with the low-pressure 
microwaves to produce plasma.

Results and discussion

Drying characteristics

Figure 4 plots the variation of the moisture content of 
Coleus amboinicus Loureiro leaves with the drying time as a 
function of the material load at a constant microwave power 
of 900 W. The microwave drying process which reduced the 
leaves’ moisture contents from 93.4 to 44.8 g took 0-30 min, 
depending on the drying conditions. Since the variation in the 
initial moisture contents of the material is relatively small, the 
difference in the drying time is determined primarily by the 
material load. Furthermore, the microwave power intensity 
applied per unit mass of dried material reduces with an 
increased material load. Therefore, the gradients of the higher 
material loads are steeper than those of the lower material 
loads, due to the increased applied microwave power intensity 
per unit mass of dried product. The current low-pressure 
conditions reduce the boiling point of the moisture in the 

 

Figure 2: Flow chart of the process.

Figure 3: Micro waver and vacuum chamber.
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leaves. As a consequence, the results indicate that the moisture 
content of the leaves can be reduced to less than one-half the 
original value after different microwave drying times 

Figure 5 plots the variation of the moisture content with 
the drying time as a function of the microwave power. In 
general, it can be seen that the drying rate increases with 
increasing microwave power for a constant material load. As a 
consequence, the fi nal moisture content of the dried samples 
reduces with increasing microwave power. It is observed that 
the drying rate remains approximately constant for the fi rst 
fi ve minutes of the drying process. This implies that in the 
initial stages of the drying process, moisture migrates from 
the interior of the material to the surface, but is not actually 
removed. However, the drying rate then increases rapidly in the 
period of 5 to 20 minutes, implying that the combined effect 
of continued heating and vacuum conditions leads to a lower 
boiling point in promoting moisture loss from the material. 
Additionally, the low-pressure conditions cause the moisture 
to move slowly to the material surface, therefore avoiding 
damage to the cell walls and maintaining the appearance of the 
original sample.

Figure 6 illustrates the variation of the material temperature 
over the course of the drying process. The results show that the 
material temperature does not exceed 30C at any point during 
the drying process. The current low-temperature drying 
process is therefore benefi cial in terms of retaining the fl avor 
and nutritional content of the original material. 

Extraction yield and time 

In conventional extraction methods performed at 
atmospheric pressure, the extraction temperature must be 
suffi cient to raise the temperature of the moisture content to 
the boiling temperature of the water, i.e. 100C. Furthermore, as 
the extraction time increases, the chemical composition of the 
extracted essential oil loses its original activity. However, this 
study develops the system including an extraction technique 
based on microwave drying under vacuum conditions. The 
proposed technique has the advantage of a signifi cantly shorter 
extraction time. The low-pressure conditions established in 
the chamber reduce the boiling temperature of the moisture in 
the leaves. As a result, the energy provided by the microwave 
source is suffi cient to heat the moisture to the required 
temperature for evaporation within only a few minutes. In 
this study, the microwave-assisted extraction and traditional 
steam distillation methods were compared experimentally 
under the same power. As shown in Figure 7, in the proposed 
system, an extraction time of 30 minutes is suffi cient to obtain 
approximately the same yield as that obtained after 90 minutes 
using the conventional steam distillation method, i.e. 3.37% 
and 3.51%, respectively, In other words, the results indicate 
that the proposed extraction method achieves a comparable 
performance to conventional techniques, but with a time-
saving of approximately 1 hour.

Figure 6. Variation of essential oil yield with extraction 
time for improved microwave-assisted extraction method and 
steam distillation extraction method for Coleus amboinicus 

Figure 5: Variation of moisture content with drying time as a function of microwave 
output power.

Figure 6: Variation of material temperature with drying time.

Figure 4: Variation of moisture content with drying time as a function of material 
load. 

Figure 7: Variation of essential oil yield with extraction time for improved 
microwave-assisted extraction method and steam distillation extraction method 
for Coleus amboinicus Loureiro leaves.

Loureiro leaves. Analyzing the contents of the essential oils 
extracted using the two different methods, it is found that 
the volatile components and productivities of the two oils are 
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virtually identical. As shown in Table 1, the most abundant 
constituent in both cases is carvacrol (35.7% and 38.1%), 
followed by cymene (14.1% and 15.2%), and -terpinene (4.3% 
and 3.9 %).

Plasma sterilization 

The Bacillus subtilis test spore was diluted with physiological 
saline using the series dilute method. Agar medium was plated 
in a Petri dish and test spores were then inoculated on the 
medium. Five different plasma sterilization treatment times 
were applied, i.e. 1 s, 10 s, 30 s, 90 s, and 180 s. The plasma-
treated samples were then placed in an incubator for 12 hours 
at a constant temperature of 37C. An untreated control sample 
was also prepared for comparison purposes. Figure 7 presents 
images of the control sample and the sterilized samples 
following incubation. The untreated sample (Figure 8(a)) 
was found to contain 170 spores of Bacillus subtilis However, 
Figures 8(b)~(f), corresponding to sterilization treatment 
times of 1 s, 10 s, 30 s, 90 s, and 180 s, respectively, show that 
the number of spores is reduced signifi cantly following plasma 
sterilization.

Figure 9 illustrates the variation in the number of surviving 
spores with the plasma sterilization treatment time. The 
results for samples show that the number of cfus reduces 
from 170 to 29 following sterilization for 1 s. Furthermore, 
following sterilization for 180 s, no cfus survive. Observing 
the sterilization results obtained for the samples with a cover 
or no cover on the petri dish, it is seen that the number of 
cfus reduces from 170 to just 7 after 1 s without cover. Again, 
no spores survive following plasma treatment for 180 s. 
The results are presented in Figure 9 confi rm that plasma 
sterilization involves both chemical and physical sterilization 
processes even with the cover on the petri dish. 

Discussions and conclusions

This study develops a simultaneous system for drying, 
extraction, and plasma sterilization under low temperatures. 
At present, most of the general equipment performed only the 
aforementioned two functions [23-25]. This is a device that 

has not been explored to combine the aforementioned three 
functions. This system enables surface sterilization of biological 
materials, at the same time, microwaves stimulate oxygen in the 
air to form ozone, which can also help sterilization. However, 
whether plasma or ozone, the main mechanism of sterilization 
action comes from the high-speed impact of particles, it 
is not easy to effectively sterilize the interior of biological 
materials. The sterilization effect can only be achieved by using 
microwaves to vibrate water molecules to heat up the internal 

Table 1: Yields, extraction times, grouped compounds and chemical compositions of essential oils extracted from Coleus amboinicus Loureiro leaves using improved 
microwave-assisted extraction (IMAE) and steam distillation (SD) methods.

No. Compounds KI IMAE (%) SD (%) No. Compounds KI IMAE (%) SD (%)

1 α-thujene 920 - 0.2 13 Terpinolene 1080 - 0.2

2 α-pinene 927 - 0.1 14 t-sabinene hydrate 1095 - 0.1

3 camphene 949 - 0.5 15 Borneol 1161 - 0.1

4 1-octen-3-ol 981 0.3 0.5 16 terpin-4-ol 1172 0.8 0.4

5 β-myrcene 993 0.1 0.4 17 Thymol 1300 0.2 0.2

6 α-felandrene 1001 - 0.1 18 carvacrol 1310 38.1 35.7

7 δ3-carene 1009 - 0.1 19 t-caryophyllene 1421 3.3 5.4

8 α-terpinene 1015 0.2 0.8 20 α-bergamotene 1433 2.3 2.4

9 p-cymene 1022 15.2 14.1 21 α-humulene 1453 1.6 0.6

10 β- felandrene 1038 - 0.6 21 α-humulene 1453 1.6 0.6

11 γ-terpinene 1053 3.9 4.3 21 α-humulene 1453 1.6 0.6

12 c-sabinene hydrate 1064 - 0.1 22 Caryophyllene oxide 1582 0.9 0.4

Figure 8: Images of Bacillus subtilis samples: (a) control sample; (b)~(f) sterilized 
samples with treatment times of 1 s, 10 s, 30 s, 90 s, and 180 s, respectively.
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Figure 9: Variation of the number of surviving spores with plasma sterilization 
treatment time.
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microscopically. Therefore, the sterilization effect on deep and 
large substances will be less complete. Based on the present 
experimental results, the following conclusions can be drawn:

1. Under vacuum conditions, the boiling point of water 
is lowered and thus evaporation takes place at a lower 
temperature. Therefore it includes a faster drying rate 
and reduced oxidation of the samples.

2. Compared to traditional extraction techniques, 
the proposed extraction procedure has several key 
advantages, including a shorter extraction time, 
substantial energy saving and a reduced environmental 
burden. These advantages render the proposed low-
temperature rapid extraction system a suitable 
technique for the extraction of essential oils from 
aromatic plants.

3. Using the proposed low-pressure system, typical test 
spores such as Bacillus subtilis can be easily inactivated 
using a plasma treatment process within a few seconds. 
Furthermore, the proposed sterilization system 
produces no toxic byproducts and does not require the 
use of expensive process gases.
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