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a  b  s  t  r  a  c  t

In  this  study,  low  temperature  vacuum  microwave-assisted  extraction,  which  simultaneous  performed
microwave-assisted  extraction  (MAE)  in  low  temperature  and  in vacuo  environment,  was proposed.
The  influencing  parameters  including  solid/liquid  ratio,  extraction  temperature,  extraction  time,  degree
of vacuum  and  microwave  power  were  discussed.  The  predominance  of  low  temperature  vacuum
microwave-assisted  extraction  was investigated  by  comparing  the  extraction  yields  of  vitamin  C,  �-
carotene,  aloin  A and  astaxanthin  in  different  foods  with  that in MAE  and  solvent  extraction,  and 5.2–243%
increments  were  obtained.  On the  other  hand,  the  chemical  kinetics  of  vitamin  C  and  aloin A, which  com-
posed  two  different  steps  including  the  extraction  step  of analyte  transferred  from  matrix  into solvent
and  the  decomposition  step  of  analyte  degraded  in  the  extraction  solvent,  were  proposed.  All of  the
decomposition  rates  (K2)  for the selected  analyte  in  low  temperature,  in  vacuo  and  in nitrogen  atmo-
sphere  decreased  significantly  comparing  with  that  in  conventional  MAE,  which  are  in agreement  with
that  obtained  from  experiments.  Consequently,  the  present  method  was  successfully  applied  to  extract
labile  compound  from  different  food  samples.  These  results  showed  that  low  temperature  and/or  in vacuo
environment  in  microwave-assisted  extraction  system  was  especially  important  to  prevent  the  degra-
dation  of  labile  components  and  have  good  potential  on  the  extraction  of  labile  compound  in  foods,
pharmaceutical  and  natural  products.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

It is very important of extraction and enrichment for analytes
prior to final analysis of food samples. Conventional extraction
methods for food sample such as soxhlet extraction and solvent
extraction usually required long extraction time and large vol-
ume  of organic solvent, resulting in loss or degradation of active
compounds with relative lower extraction efficiency [1,2]. Many
innovative techniques including microwave-assisted extraction
(MAE) [3] accelerated solvent extraction (ASE) [4] and supercrit-
ical fluid extraction (SFE) [5] can shorten the extraction time and
reduce the solvent consumption, they were successfully applied on
food analysis. MAE  had attracted special interest and was widely
used in different fields such as natural product [6],  food and
agricultural analysis [7,8], because it not only has less solvent con-
sumption and shorter extraction time, but also it has equivalent or
even higher extraction yield than conventional methods [9].  How-
ever, the operating temperature in MAE  was commonly applied
near to the boiling point of the solvent, some oxygen sensitive

∗ Corresponding author. Tel.: +86 20 84110922; fax: +86 20 84115107.
E-mail address: cesgkl@mail.sysu.edu.cn (G. Li).

compounds were easily oxidized due to presence of air oxidation,
and some thermo sensitive compounds were also degraded due
to high temperature. The stability of phenolic compound under
microwave irradiation was related to its chemical structure, the
fewer substituent in the aromatic ring, the higher stability of phe-
nolic compound [10]. Moreover, the sterols in phytosterol enriched
milk [11] and carotenoids such as (all-E)-astaxanthin in marine ani-
mals and plants [12] also showed significant instability with the
increasing both treatment time and microwave power in MAE.

Application of vacuum system during extraction process, inhibit
the oxidation process and possibly favour to the extraction of oxy-
gen sensitive components due to the absence of air along with the
lower boiling point of solvent. MAE  performed in vacuum system
(VMAE) was successfully applied for the extraction of polypheno-
lic compounds and pigments from Chinese herbs. The extraction
yields in VMAE for resveratrol, myricetin and safflomin A were 7.4%,
6.4% and 9.4% higher than that obtained from MAE, respectively,
indicating the good potential of VMAE on the extraction of thermo
sensitive compounds [13]. Moreover, for the extraction of typical
antioxidants such as vitamin C and vitamin E, VMAE was also supe-
rior to MAE  with higher extraction yields, in which the low oxygen
atmosphere and subpressure in the extraction system were benefit
to the extraction of antioxidants [14].

0003-2670/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2011.11.034
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Table 1
Validation of low temperature vacuum MAE-HPLC method.

Compounds Linear regression equation Concentration range (mg  L−1) Correlation coefficient (r) Limit of detection (LOD, mg L−1) RSD (%, n = 6)

Vitamin C Y = 2.57 × 104X − 1.56 × 105 1.0–100 0.9996 0.04 1.7
�-Carotene Y = 5.81 × 104X − 1.21 × 104 0.5–10 0.9988 0.02 1.3
Aloin  A Y = 1.47 × 104X + 2.16 × 103 2.0–20 0.9996 0.54 4.6
Astaxanthin Y= 1.13 × 105X − 9.74 × 103 0.1–5 0.9998 0.05 3.0

Performing MAE  at low temperature and thin oxygen system
would utilize the vastly accelerated extraction rate provided by
microwave energy. It also can prevent the degradation of thermo
sensitive compounds and the oxidation of oxygen sensitive com-
pounds, which was benefit for the extraction of thermo and/or
oxygen sensitive effective compounds from foods or plants. More-
over, in order to study the mass transfer process of solvent from
sample matrix transfer to the extraction solvent, the kinetic dur-
ing the MAE  extraction of essential oil [15], thymol [16], etc. had
been reported. However, literature data about optimization, mod-
eling and simulation of the MAE  process were still scarce. During
the extraction process, the main driving force was  attributed to
the concentration gradient between the external and internal solid
material, and the interactions among the fluxed and the tissue
matrix, fewer literatures such as Farhat [17] and Fan [18] had devel-
oped kinetic models and studied the mechanism of MAE  under
closed vessel conditions according to the chemical kinetics and
Fick’s second law.

Vitamin C is the most important vitamin for human nutrition
that is supplied by fruits and vegetables, it is also a main natu-
ral antioxidant occurring in feeds and sensitive to heat as well
as prone to oxidation [19]. �-Carotene is the most effective vita-
min  A precursor and has been reported to protect humans against
certain types of cancer. The isomerisation of cis-�-carotene to its
trans-isomer was occurred at more than 90 ◦C, and high stabilities
were found during heating of nitrogen-protected �-carotene [20].
Aloin A is the main component of aloe vera. It was reported that the
amount of aloin A decreased with temperature and time, the higher
temperature and the longer period of heat treatment may  provide
more effect on the instability of aloin A [21]. Astaxanthin is the
main carotenoid pigment found in aquatic animals and its chemical
structure is closely similar to �-carotene. It cannot be synthesized
by animals and must be acquired from the diet. Free astaxanthin is
particularly sensitive to oxidation and commonly used as a strong
antioxidant [22].

The main aim of the present work was to develop a simple
and efficient method by performing microwave-assisted extraction
in vacuo as well as in lower temperature for the extraction of labile
compounds from food samples. The influencing parameters includ-
ing solid/liquid ratio, extraction temperature, extraction time and
degree of vacuum were investigated using �-carotene and aloin
A as models. The extraction yields of vitamin C, �-carotene, aloin
A and astaxanthin in different food matrix were compared with
that in MAE  and solvent extraction. To further study the mech-
anism of low temperature vacuum MAE, the extraction chemical
kinetics was also investigated and compared with experimental
results.

2. Experimental

2.1. Chemicals and materials

Methanol, ethanol, acetone, potassium dihydrophosphate and
acetic acid were all of analytical reagent grade and purchased
from Guangzhou Chemical Reagent Factory (Guangzhou, China).
Acetonitrile and methanol of HPLC grade were supplied by Merck

(Darmstadt, Germany). Standards of vitamin C, �-carotene, aloin
A and astaxanthin were obtained from Guangdong Institute for
the Control of Pharmaceutical Product (Guangzhou, China). Ceston
Pured Water (Shenzhen, China) was used throughout the experi-
ments.

Peppers, guava,  aloe vera, shrimps, and carrot were purchased
from a local market, all samples were cut or triturated to 20–40
mesh and stored in desiccators. The same batch of each sample
was used here for the experiments.

2.2. Extraction procedures

The extraction conditions such as solid/liquid ratio, extraction
temperature, extraction time and degree of vacuum for all of the
samples were optimized and each extraction was performed in
triplicate.

2.2.1. Determination of extraction yields
Vitamin C was  extracted according to literature [14], 5.0 g of

sample was weighed accurately and put into an extraction tank
with 50 mL  of 1.0 mol  L−1 acetic acid aqueous. The tank was  placed
in the microwave oven and connected with a condenser. The air
in the vessel was pumped out till the degree of vacuum was
reach to 0.05 MPa. Then, the extraction was performed as 25 ◦C for
10 min.

For �-carotene, 5.0 g of sample was  extracted with 60 mL  ace-
tone:ethanol (1:2, v/v) at 25 ◦C for 20 min, the degree of vacuum
was set at 0.04 MPa. For aloin A, 5.0 g of aloe vera was  extracted
with pure water, the solid/liquid ratio was 1:20 (g:mL), the extrac-
tion temperature was 35 ◦C and the extraction time was 15 min,
while the extraction was  performed at air atmosphere (degree of
vacuum = 0). For the extraction of astaxanthin from shrimps, the
optimized extraction conditions were that extraction solvent was
ethanol, the extraction temperature was  45 ◦C, the extraction time
was 15 min  and degree of vacuum was 0 MPa.

For solvent extraction, 5.0 g of different samples were put into
a conical flask with 100 mL  of solvent. Then the extraction was
performed at room temperature, the extraction time was 20, 60,
45 and 30 min  for vitamin C, �-carotene, aloin A and astaxanthin,
respectively.

2.2.2. Monitoring of chemical kinetic
5.0 g sample and 100 mL  extraction solvent were introduced into

the extraction tank, then a magnetic agitation, a condenser and a
vacuum pump were equipped and the operation of the batch exper-
iments were performed under the optimum conditions. Liquid
samples were taken out at different time and the analyte concentra-
tion was  then measured by HPLC. As the analytical sample volume
was 0.5 mL  each time, the measurement was supposed to have no
significant influence on the process.

2.3. HPLC analysis

The extracts were filtrated and the solvent was  added until
a final volume of 100 mL.  A ten-time diluted solution was  used
for high performance liquid chromatography (HPLC) analysis after
it was filtrated through a 0.45-�m microporous membrane. A
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Fig. 1. HPLC chromatograms of standard (a) and the extract (b) in pepper (A), carrot (B), aloe vera (C) and shrimp (D) by low temperature vacuum MAE. Peak 1 represents
vitamin C (A), �-carotene (B), aloin A (C) and astaxanthin (D), respectively.

Shimadzu LC-2010 system (Shimadzu, Japan) and Diamonsil C18
column (250 mm × 4.6 mm ID, 5 �m,  Dikma, China) or an Inert-
sil ODS-P column (150 mm × 4.6 mm ID, 5 �m,  Dikma, China),
attached a 7.5 mm C18 security guard column (Phenomenex, Tor-
rance, CA, USA) were used.

Vitamin C was determined using a mobile phase consisting of
0.05 mol  L−1 potassium dihydrophosphate in water and acetoni-
trile (97/3, v/v) at 254 nm.  The conditions of �-carotene analysis
were that a mobile phase consisting of methanol and acetonitrile
mixture (90/10, v/v) was used and the elution was monitored at
450 nm.  The mobile phase for aloin A was 0.2% acetic acid in water

Fig. 2. The schematic plot of the low temperature vacuum MAE device.

and acetonitrile (26/74, v/v) and the wavelength was  set at 360 nm,
while the mobile phase for astaxanthin was methanol and acetoni-
trile (85/15, v/v) and the wavelength was 476 nm.  The entire flow
rate during HPLC analysis was  1 mL  min−1 and the temperature was
room temperature.

The calibration graphs were constructed for six working aque-
ous standards ranged from 0.1 to 100 mg  L−1, the limit of detection
(LOD) varied between 0.02 mg  L−1 and 0.54 mg  L−1. The repeatabil-
ity of the method, expressed as relative standard deviation (RSD),
was calculated for six replicates of a working standard at a low con-
centration of the calibration curve, the values varying from 1.3%
to 4.6% as summarized in Table 1. Fig. 1 shows the HPLC chro-
matograms of standard and extract from pepper (A), carrot (B),
shrimp (C) and aloe vera (D).

Briefly, the extraction yield was defined as follows:

Extraction yield (mg/100 g)

= quantity of analyte in extraction solution (mg)
quantity of original sample (100 g)

3. Results and discussion

3.1. Actualization of the low temperature vacuum MAE

The low temperature vacuum MAE  was  to exploit the rapid
energy transfer property of microwave energy while maintaining
a low bulk extraction temperature in vacuum, there was  need for
a compact device that carries out microwave-assisted extraction
at low temperature and in vacuo simultaneously. The schematic
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plot of the device is shown in Fig. 2. It consisted of a MAS-
II microwave oven (Sineo, Shanghai, China), a homemade low
temperature extraction tank containing an interior cooling tube,
a DLSB-5L/25 low temperature cooling liquid circulating pump
(Gongyi, Henan, China), and an AP-02B vacuum pump (Autoscience,
Tianjin, China) connected with an outer condenser.

The homemade extraction tank was the principal part of the
device which consisted of an extraction tank wall formed of
microwave transparent material such as glass or PTFE, and an
extraction chamber for extraction. In preferred embodiments the
extraction chamber had a volume of about 200 mL.  A low temper-
ature cooling liquid circulating pump was used to help maintain
lower temperature in the extraction tank, an interior cooling tube
was placed in the extraction chamber and the fluid coolant such as
alcohols at the desired low temperature, e.g. in the range of about
−20 ◦C to 60 ◦C, was supplied and exited to the coolant reservoir.
And then microwave irradiation was applied in the extraction tank
while simultaneously circulating coolant in the extraction cham-
ber. A vacuum pump was connected with the upper portion of the
outer condenser to keep a certain degree of vacuum in the whole
system in process of extraction.

The extraction temperature and the degree of vacuum were
controlled and adjusted with the low temperature cooling liquid
circulating pump and vacuum pump, and then, the device was  easy
to perform MAE, vacuum MAE  (VMAE), and low temperature vac-
uum MAE, etc.

3.2. Study of the low temperature vacuum MAE  method

Based on the interior circulating cooling tube in the extraction
tank and the vacuum pump, a steady low temperature and in vacuo
atmosphere was  provided for the extraction of labile compounds.
Some significantly factors such as solid/liquid ratio, extraction tem-
perature, extraction time and degree of vacuum were investigated.
�-Carotene is a typical thermo sensitive and oxygen sensitive vita-
min  A precursor, aloin A is a thermo sensitive effective compound in
aloe vera, and then �-carotene and aloin A were selected as models
to study the low temperature vacuum MAE  method.

3.2.1. Extraction for thermo and oxygen sensitive ˇ-carotene
The extraction solvents were firstly optimized according to the

polarity of analyte, acetone:ethanol (1:2, v/v) showed better extrac-
tion efficiency and it were selected as the optimum solvent for
�-carotene. And then the effect of solid/liquid ratio on the extrac-
tion yield of �-carotene was studied and the results are shown in
Fig. 3A. A larger solvent volume of 24 mL  at a solid/liquid ratio of
1:12 (g:mL) led to highest extraction yield. The reason was probably
that a larger concentration gradient of analyte between matrix and
solvent was obtained within a larger volume of solvent, which can
accelerate the mass transfer process and improve the extraction of
analyte. Moreover, the in vacuo atmosphere not only provides a less
oxygen system and benefits for the extraction of oxygen sensitive
compounds, but also it can provide a pressure difference between
the inner and outer of the cell wall, which enhancing the extraction
efficiency of analyte.

The effect of extraction temperature on the extraction yield of
�-carotene was investigated and the results are shown in Fig. 3B.
Although the extraction temperature can be performed at 5 ◦C
or lower, the best extraction yield for �-carotene was  obtained
when it was extracted at nearly room temperature, which is 25 ◦C.
Higher than 50 ◦C or lower than 20 ◦C were both disadvantageous,
the extraction yield of �-carotene in 10 ◦C decreased than that in
25 ◦C with a decrement of 27.1%. The reason probably due to that
higher extraction temperature can accelerate the diffusion of ana-
lytes between the matrix and solvent, which was beneficial for the
extraction of analyte. For labile compounds, although the extraction

process performed in low temperature could reduce the degrada-
tion of analyte, it also cut down the speed of mass transfer during
extraction. And then, a suitable extraction temperature was  signif-
icantly important.

Extraction time was  also a significant parameter should be opti-
mized in MAE, due to the dramatic thermo effect, longer extraction
time was commonly not recommended. Fig. 3C shows the effect
of extraction time on the extraction yield of �-carotene. When the
extraction time increased from 5 to 20 min, the extraction yield of
�-carotene was enhanced significantly. The probably reason was
that in regular MAE  the extraction temperature was usually fixed
and the microwaves were stop/started to guarantee a fixed temper-
ature in the solvent, the microwaves were greatly limited because
the extraction solvent was  rapidly heated to the fixed temperature
under microwave irradiation. While in low temperature vacuum
MAE, an interior cooling tube is used to fix the extraction temper-
ature, then the microwaves should continue working in order to
maintain the fixed temperature in the system, which was  benefi-
cial to the extraction of labile compounds and longer equilibrium
time between the extraction of analytes from sample matrix and
the degradation of analytes in extraction solvents was needed. So,
longer equilibrium time was accepted in the vacuum and in low
temperature environment.

Oxygen in the extraction system can also affect the extraction
yield of labile compounds, especially for the oxygen sensitive ana-
lyte. Fig. 3D shows the effect of degree of vacuum (0.02–0.06 MPa)
on the extraction yield of �-carotene. The subpressure in the system
had great effect on the extraction of �-carotene and its high-
est extraction yield occurred within 0.02 MPa. Performing MAE
in vacuo can reduce the oxidation of oxygen sensitive compounds
and be beneficial for the extraction of �-carotene. However, the
extraction solvent of acetone:ethanol (1:2, v/v) was reduced greatly
when the degree of vacuum was larger than 0.06 MPa, while higher
degree of vacuum would also easily result in the loss of analyte and
decrease its extraction yield.

Microwaves are recognized to enhance chemical reactions such
as oxidation, hydrolysis, especially for the degradation of fat and
oil [23]. For the extraction of oxygen sensitive compound such as
�-carotene, the microwave power also shows obvious affect on the
extraction yield (Fig. 3E). The extraction yield of �-carotene was
increased when the microwave power increased from 300 W to
500 W,  while it was  decreased when the microwave power was
continued to increase.

3.2.2. Extraction for thermo sensitive aloin A
For the thermo sensitive aloin A, the extraction solvent was also

optimized and pure water was selected as the optimum solvent.
Fig. 4A showed the effect of solid/liquid ratio on the extraction
yield of aloin A. The highest extraction yield of aloin A was obtained
when 40 mL  of pure water at a solid/liquid ratio of 1:20 (g:mL) was
used. The results confirmed that larger volume of extraction sol-
vent was  benefit to the extraction of thermo sensitive analyte in
low temperature vacuum MAE  method.

The effect of extraction temperature on the extraction yield
of aloin A is shown in Fig. 4B. Similar to that for �-carotene,
better extraction yield of aloin A was  obtained when the extrac-
tion was  performed near to the room temperature. Comparing to
that extracted in 35 ◦C, not only is the extraction yield of aloin A
decreased when extracted in 20 ◦C, but also it was  decrease when
the extraction temperature was  higher than 45 ◦C. And then, extrac-
tion temperature was a significant factor for the extraction of both
thermo and/or oxygen sensitive compounds.

Fig. 4C and D shows the effects of extraction time and degree
of vacuum on the extraction yield of aloin A. When the extrac-
tion time increased from 5 to 15 min, the extraction yield of
aloin A was significantly enhanced. But the extraction yield was
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Fig. 3. Effect of solid/liquid ratio (A), extraction temperature (B), extraction time (C), degree of vacuum (D) and microwave power (E) on the extraction of �-carotene from
carrot.

slightly decreased when the extraction time increased from 15
to 20 min. However, the subpressure in the system showed little
effect on the extraction yield of aloin A, the extraction yield was
slightly changed when the degree of vacuum increased from 0.02
to 0.04 MPa.

The effect of microwave power on the extraction yield of aloin
A is shown in Fig. 4E and similar results as that for �-carotene was
obtained. The best extraction yield of aloin A was obtained when
the sample was irradiated at 500 W.  Higher microwave power was
probably induced to the degradation of labile compounds, resulting
the slightly decrease of extraction yields such as aloin A and �-
carotene.

Overall, the extraction temperature and extraction time were
significant factors for labile compounds, the degree of vacuum
showed greater effect on the extraction yields of oxygen sensitive
compound than that of thermo sensitive compound. Additionally,
other commonly antioxidants such as vitamin C and astaxanthin
were also extracted and their extraction conditions were opti-
mized. The vitamin C was extracted with 50 mL  of 1.0 mol  L−1

acetic acid aqueous (1:10 g mL−1) at 25 ◦C for 10 min  and the degree
of vacuum was 0.05 MPa. The optimum extraction conditions for
astaxanthin were that extraction solvent was ethanol, the extrac-
tion temperature was 45 ◦C, the extraction time was 15 min  and
degree of vacuum was 0 MPa.

3.3. Evaluation of the low temperature vacuum MAE

3.3.1. Comparison with conventional methods
To evaluate the extraction efficiency of the low temperature vac-

uum MAE  method, the conditions of MAE  and solvent extraction for
all of the analytes except vitamin C were optimized in triplicate, and
then, they were also applied for the extraction of vitamin C from
green pepper, �-carotene from carrot, aloin A form Aloe vera and
astaxanthin from Shrimp head under their optimum conditions. The
comparison of extraction yields for all of compounds in different
methods are shown in Fig. 5.

The extraction yield of vitamin C in low temperature vacuum
MAE was 30.0% higher than that in MAE  and 35.8% higher than that
in solvent extraction, respectively, these results were in accordance
with our previously study [14]. The extraction yield of �-carotene
in low temperature vacuum MAE  was also significantly enhanced,
an increment of 51.7% compared to that obtained in MAE  and 243%
increment compared to that obtained in solvent extraction were
obtained, respectively. For the thermo sensitive aloin A, the extrac-
tion yield in low temperature vacuum MAE  was 5.2% higher than
that in MAE  and 30.0% higher than that in solvent extraction. The
extraction yield of astaxanthin in the low temperature vacuum MAE
was also slightly higher than that obtained in MAE  and solvent
extraction. These results indicated the low temperature vacuum

Fig. 4. Effects of solid/liquid ratio (A), extraction temperature (B), extraction time (C), degree of vacuum (D) and microwave power (E) on the extraction of aloin A from aloe
vera.
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Fig. 5. Comparison of extraction yields in different extraction methods. LT-VMAE:
low temperature vacuum microwave-assisted extraction; MAE: microwave-
assisted extraction; SE: solvent extraction.

MAE  was more suitable for the extraction of labile compounds than
conventional methods.

3.3.2. Investigation on the effects of low temperature and
in vacuo in the extraction system

To further discuss the effects of temperature, in vacuo and oxy-
gen during the extraction process, a series of experiments were
proposed and �-carotene and aloin A were selected as models. At
first, 2.0 g carrot was extracted with 24 mL  of acetone–ethanol sol-
vent (1:2, v/v) at 500 W for 20 min, the extraction temperature was
set at 25 ◦C and 40 ◦C, respectively. While for aloin A, 2.0 g sample
was extracted with 40 mL  of pure water for 15 min, the extrac-
tion temperature was 35 ◦C and 70 ◦C, respectively. The results are
showed in Fig. 6A. About 13% increment of extraction yield for �-
carotene in 25 ◦C was obtained comparing to that in 40 ◦C, while
the extraction yield of aloin A in 35 ◦C were 28% higher than that
obtained in 70 ◦C, which conformed that low temperature was ben-
efit for the extraction of labile compounds.

Moreover, in order to investigate the effect of oxygen and
in vacuo in the extraction process, MAE  was performed in vacuo
and in air pressure including nitrogen and air atmosphere, respec-
tively, to extract �-carotene from carrot and aloin A from aloe vera,
the results are shown in Fig. 6B. When the extractions were per-
formed under air pressure, the extraction yield of �-carotene in
the nitrogen atmosphere was significantly higher than that in air
atmosphere, and 34.0% of increment was obtained. While for aloin
A, which is insensitive to oxygen, similar extraction yields in both
nitrogen and air atmosphere were obtained. These results indi-
cated that the low oxygen atmosphere in the extraction process was
greatly benefited and suitable for the extraction of oxygen sensitive
compounds.

The extraction yields of �-carotene and aloin A in vacuo compare
to that in the air pressure of nitrogen atmosphere were also studied.
About a significant increment of 10.1% for �-carotene was obtained,
and 3.2% increment for aloin A was also achieved, showing the pos-
itive effect of in vacuo on the extraction process, especially for the
extraction of oxygen sensitive compounds.

3.4. The chemical kinetic study of low temperature vacuum MAE

Performing at low temperature not only reduces the degrada-
tion of thermo sensitive compounds during the extraction process,
the low concentration of oxygen in the system could also protect
the oxygen sensitive compounds. In order to further discuss the
effects of temperature, in vacuo and oxygen during the extraction

process on the extraction of analytes in low temperature vacuum
MAE, their chemical kinetics were proposed and investigated. Vita-
min  C, a simple and abundant antioxidant founded in fruit and
vegetables, along with aloin A were chosen as the models.

3.4.1. Chemical kinetic model
Because of the decomposition of analytes, there are two  contin-

uous steps, the extraction step of analyte from matrix (S) into the
solvent (L) and the decomposition step of analyte in the extraction
solvent (D), during extraction of labile compounds. The extraction
yield measured with HPLC was influenced by both of the extraction
and decomposition steps. The extraction process could be written
as follows:

S
K1−→L

K2−→D

where K1 is the extraction rate of analyte transfer from the matrix
into the solvent and K2 is the decomposition rate of analyte in
extraction solvent.

The extraction process inside a material particle is a mass trans-
fer process of analyte in the solid–liquid phases, in which the
rate controlling step is analyte diffused from the internal matrix
towards the surface [24]. The first-order chemical kinetic equation
can be used to describe this process in MAE  [17] and the kinetic
equation for the extraction step of labile compound is expressed
as:

−dC

dt
= K1C (1)

−dC ′

dt
= K2C ′ (2)

Fig. 6. Comparison of the extraction yields of �-carotene from carrot and aloin A
from aloe vera in MAE  performed in low temperature, MAE  performed in nitrogen
atmosphere, MAE performed in vacuo and conventional MAE.
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Fig. 7. The relationship of ln(C0/C) and extraction time under different vacuum degree for vitamin C standard (A) and the extraction kinetic curves of vitamin C from
green pepper (B) at different temperature. �, Experiment and —, calculation. ln C0

C = −1.16 × 10−1 × t − 7.11 × 10−2 r = 0.9635 (0 MPa); ln C0
C = −7.32 × 10−2 × t + 3.52 ×

10−1 r = 0.9618 (0.018 MPa); ln C0
C = −2.76 × 10−2 × t + 3.15 × 10−1 r = 0.9571 (0.035 MPa).

Since both extraction and decomposition steps were hypoth-
esized to be first-order rate reaction, and then they could be
described as follows:

−dCs

dt
= K1Cs (3)

dCl

dt
= K1Cs − K2Cl (4)

where Cs, Cl were the concentration or amount of analyte in the
matrix and in the extraction solvent, respectively.

With initial values in (4),  when t = 0, then Cs = C0, Cl = 0.
The differential equation (4) can be solved such that

Cl = K1C0

K2 − K1
(e−K1t − e−K2t) (5)

where Cl, C0 and t were determined with experiments. Especially,
C0 was determined by analysis of all the extraction solutions with
three repeated extractions of the same sample under the optimum
conditions. Extraction ratio is expressed as a percentage of the
concentration of analyte in extraction solution relative to its total
amount in samples (C0).

The parameters of kinetic model (constants K1 and K2) were
determined from experimental data using non-linear regression.
The concordance between experimental data and calculated value
was established by the correlation coefficient (r2) and the root mean
squared deviation.

3.4.2. Simulation of the extraction process
For the thermo and oxygen sensitive vitamin C, it is easily lost

during thermal processing. Gadient [25] found that vitamin A and
biotin are most sensitive to heat, whereas vitamins A, D and C are
more prone to oxidation. When the extraction temperature was
25 ◦C and microwave power was 500 W,  batch experiments were
done in order to investigate the effect of vacuum degree on the
decomposition of standard vitamin C and the results are shown
in Fig. 7A. It was observed that there was good linear relationship
between <!– no-mfc –>ln(C/C0)<!– /no-mfc –> and the extraction
time with correlation coefficient (r2) more than 0.957, which con-
firmed that the decomposition of vitamin C to be a first-order rate
reaction. Moreover, the decomposition rate (K2) of vitamin C was
1.16 × 10−1, 7.32 × 10−2 and 2.76 × 10−2 min−1 for different vac-
uum degree of 0, 0.018 and 0.035 MPa, respectively. A decrease in
decomposition rate value was  obtained with the increase of vac-
uum degree in the extraction system, showing good protection of
vitamin C in vacuum.

Fig. 7B shows the influence of temperature on the extraction
vitamin C. Experiments were conducted under the optimum low
temperature vacuum MAE  conditions. The decomposition rate (K2)
of vitamin C at 25 ◦C was 1.3 × 10−2 min−1, which was similar to
that in the nitrogen atmosphere at the same temperature. How-
ever, the K2 value obtained at 40 ◦C, that is 2.33 × 10−1 min−1,
was almost 18 times increased than that obtained at 25 ◦C. The
result confirmed that extraction temperature can significantly
influence the stability of vitamin C. Moreover, owing to the greater
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Fig. 8. The relationship of ln(C0/C) and extraction time for aloin A standard (A) and the kinetic curves of aloin A (B) at different temperature. �, Experiment and
—,  calculation. ln C0

C = −1.83 × 10−2 × t + 7.32 × 10−2 r = 0.9897 (90 ◦C); ln C0
C = −1.63 × 10−2 × t + 1.15 × 10−3 r = 0.9921 (70 ◦C); ln C0

C = −1.13 × 10−3 × t + 2.34 ×
10−3 r = 0.8637 (35 ◦C).

decomposition of vitamin C at higher temperature as well as a rel-
ative extraction rate at 25 ◦C and 40 ◦C, the largest extraction yield
was occurred at 8 min  when vitamin C was extracted at 25 ◦C, while
only 3 min  occurred the largest extraction yield at 40 ◦C.

The influence of oxygen was also studied by performing MAE  in
nitrogen and in air atmosphere. For vitamin C, the chemical kinetic
equation (5) applied to the experimental results gave well fit and
the correlation coefficient (r2) was 0.943. The decomposition rate
(K2) of vitamin C was 1.4 × 10−2 min−1 in the nitrogen atmosphere,
which was greatly lower than that obtained in air atmosphere,
−1.16 × 10−1 min−1, indicating that the decomposition of vitamin
C was reduced in the nitrogen atmosphere.

For the thermo sensitive aloin A, Chang et al. [21] reported that
the amount of aloin A decreased with temperature and time, the
higher temperature and the longer period of heat treatment may
provide more effect on the instability of aloin A. And then, the
decomposition of standard aloin A at different temperature was
also investigated. Fig. 8A shows the linear relationship between
ln(C/C0) and the extraction time for 90 ◦C, 70 ◦C and 35 ◦C. The
decomposition rate (K2) of aloin A at different extraction tempera-
ture was 1.83 × 10−2, 1.63 × 10−2 and 1.13 × 10−3 min−1 with cor-
relation coefficient (r2) of 0.990, 0.992 and 0.864, respectively, indi-
cating that the decomposition of aloin A was  a first-order rate reac-
tion and lower temperature was benefit to the extraction of aloin A.

Table 2
Analytical results of food samples.

Samples Compounds Extraction yield (mg/100 g) Spiked amount (mg/100 g) Recovery (%) RSD (%, n = 3)

Green pepper

Vitamin C

28.7 100 114.9 0.7
Bell  pepper 66.8 100 113.5 3.1
Red  pepper 110.2 100 102.1 2.3
Guava  80.0 90 116.7 1.9
Carrot

�-Carotene
9.86  10 95.1 3.7

Spinach 0.6 1.0 98.4 1.5
aloe  vera

Aloin A
24.5 14 94.0 5.0

Chinese aloe 6.9 14 88.0 0.3
Shrimp

Astaxanthin
3.4  3.5 97.0 2.9

Shrimp  shell 18.2 10 85.0 2.6
Shrimp  head 9.1 10 91.0 3.3
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The influence of temperature on the extraction of aloin A is fur-
ther shown in Fig. 8B. The decomposition rate (K2) of aloin A at
70 ◦C was 1.15 × 10−2 min−1, which was 3 times than that obtained
at 35 ◦C, 3.0 × 10−3 min−1, while the extraction rate (K1) at 70 ◦C
and 35 ◦C was 5.05 × 10−1 and 4.51 × 10−1 min−1, respectively. A
slightly increase of K1 was got with the temperature increased from
35 ◦C to 70 ◦C, and then, the largest extraction yield of aloin A was
occurred at 8 min  for 70 ◦C and 15 min  for 35 ◦C, respectively.

Moreover, the simulation results and the experimental data had
also well fit with correlation coefficient (r2) over 0.986 by per-
forming MAE  both in vacuo and in air pressure environment, the
decomposition rate (K2) in nitrogen, 7.5 × 10−3 min−1, was  similar
to that obtained from MAE  performed in vacuo (1.15 × 10−2 min−1)
and in air atmosphere (1.0 × 10−2 min−1). Oxygen in the extraction
system had slightly effect on the extraction of aloin A.

Overall, a good fitting between experimental data and chemical
kinetic was obtained. For the thermo sensitive and oxygen sen-
sitive compound such as vitamin C, the decomposition rate (K2)
in vacuo with vacuum degree of 0.035 MPa  (2.76 × 10−2 min−1)
was lower than that in air atmosphere with vacuum degree of
0 MPa  (1.16 × 10−1 min−1). Moreover, compare to that in air atmo-
sphere, K2 in nitrogen atmosphere (1.4 × 10−2 min−1) and in low
temperature (1.3 × 10−2 min−1) was also decreased significantly,
indicating that both of the subpressure and low temperature envi-
ronment in low temperature vacuum MAE  could protect vitamin
C from decomposition and oxidation. Moreover, the extraction
rate (K1) in vacuo (4.2 × 10−1 min−1) was also higher than that
obtained in nitrogen atmosphere (2.0 × 10−1 min−1), showing the
in vacuo environment was benefit to the extraction in low tem-
perature vacuum MAE. For the thermo sensitive aloin A, although
the decomposition rate (K2) at low temperature (35 ◦C) was  lower
than that at higher temperature (70 ◦C and 90 ◦C), the K2 in
nitrogen atmosphere was similar to that in vacuo and in low
temperature environment. These results showed that low tem-
perature and/or in vacuo in the extraction system were of benefit
to the extraction, which were well agreed with the experimental
data.

3.5. Application of the low temperature vacuum MAE

Under their optimum conditions, vitamin C in fruit and vegeta-
bles, �-carotene in carrot and spinach, aloin A in different aloe vera
and astaxanthin in marine organisms of shrimp A were extracted
with low temperature vacuum MAE  and determined by HPLC. The
analytical results for the food samples are summarized in Table 2.
The recoveries were ranged from 102.1% to 116.7%, 95.1%-98.4%,
88.0%-94.0% and 85.0%-97.0% for vitamin C, �-carotene, aloin A
and astaxanthin, respectively, the relative standard deviation (RSD,
n = 3) were lower than 5%, indicating that the present method was
suitable for the extraction and analysis of thermo and/or oxygen
sensitive compounds from different food samples.

4. Conclusion

In the present work, MAE  performed in low temperature and in
vacuo, which was the combination of microwave irradiation, low

temperature and in vacuo, was proposed and applied to extract
labile compounds from food samples. Better extraction efficien-
cies than that in MAE  and in solvent extraction for vitamin C,
�-carotene, aloin A and astaxanthin in different food matrix were
obtained. Moreover, the chemical kinetics for the extraction pro-
cess of vitamin C and aloin A were proposed. The results showed
that low temperature and/or in vacuo in the extraction system
were of benefit to the extraction, which were well agreed with
the experimental data. This extraction method offers an opportu-
nity to develop efficient procedure for the extraction of valuable
thermo sensitive and/or oxygen sensitive components and have
good potential on the extraction of components in many fields such
as food, pharmaceutical and natural products.
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