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Drying of restructured chips made from the old
stalks of Asparagus oﬃcinalis: impact of
diﬀerent drying methods
Zhenbin Liu, Min Zhang* and Yuchuan Wang
Abstract
BACKGROUND: Old stalks of Asparagus oﬃcinalis, which account for one third of the total length of each spear, are always
discarded as waste. To make full use of the resource, a kind of restructured Asparagus oﬃcinalis chip was made. The eﬀects
of pulse-spouted microwave-assisted vacuum drying (PSMVD), microwave-assisted vacuum drying (MVD) and vacuum drying
(VD) on texture, color and other quality parameters of restructured chips were then studied to obtain high-quality dried chips.
RESULTS: Results indicated that the drying time was signiﬁcantly aﬀected by drying methods, and PSMVD had much better
drying uniformity than MVD. The expansion ratio and crispness of chips increased with increasing microwave power and
vacuum degree. The browning reaction of samples in VD was more serious, which was conﬁrmed by the results of color test
and electronic nose.
CONCLUSIONS: The PSMVD drying method showed much better drying uniformity than MVD. The dried chips obtained by
PSMVD showed optimal quality and were more readily accepted by consumers.
© 2015 Society of Chemical Industry
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Asparagus (Asparagus oﬃcinalis), known as ‘the king of vegetables’, is very popular around the world, being rich in bio-active
compounds, such as ﬂavonoids, phenolics and dietary ﬁber.1 The
edible parts of asparagus account for two thirds of the total length
of each spear and the rest of the woody part is always discarded
as waste. This has led to seriously resource waste and environmental pollution. In the meantime, fresh asparagus is easily ligniﬁed,
which also generates a large quantity of old stalks still containing many nutrient substances. Fuentes-Alventosa reported that
high dietary ﬁber powder obtained from asparagus by-product
exhibited antioxidant activity, and found that saponin content
ranged from 2.14 to 3.64 mg g−1 ﬁber.2 Wen Zhang extracted
juice from recycled woody stems of asparagus and found that
the juice showed hypolipidemic properties in hyperlipidemic
mice.3
Drying is a preservation method widely used in the food industry, and drying is recognized as one of the most common and
most energy-consuming food preservation methods. Diﬀerent
drying technologies have diﬀerent characteristics and each drying technique has its own advantages and disadvantages. Vacuum drying (VD) is accomplished at low vacuum degree, which
is suitable for products that are easily damaged by heat. However, the diﬃculty of heat convection leads to a longer drying
time and higher energy consumption.4 Microwave-assisted vacuum drying(MVD)is based on VD and uses microwaves as a heating source, which can achieve internal heating and rapid drying.
MVD has been used for drying heat-sensitive materials such as

fruit and vegetables.5 Cui reported that MVD-dried honey showed
little diﬀerence from liquid honey in quality.6 However, the main
drawback of MVD is non-uniform heating, which can lead to hot
spots and poor-quality product, thus seriously aﬀecting its application in the food industry.7,8 Pulse-spouted microwave-assisted
vacuum drying (PSMVD) has the advantages of MVD and can
generate more uniform heating through spouting the materials by injecting air into a vacuum environment at regular intervals. In air-spouted bed microwave dryers, uniform exposure
of the product to microwave energy is achieved by pneumatic
agitation.9,10
The present research uses old stalks of Asparagus oﬃcinalis
mixed with other ingredients to make a kind of ﬁber-enriched
chip. The most important aspect of this research was to optimize
the quality of chips dried by diﬀerent vacuum drying methods, so
the objectives of this research were to compare the drying uniformity of PSMVD and MVD, and further to compare the quality of
dried restructured chips for electronic nose, bulk density, fracturability and other quality parameters.
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Figure 1. Flowchart for the production of asparagus restructured chips. Vacuum drying (VD); pulse-spouted microwave-assisted vacuum drying (PSMVD);
microwave-assisted vacuum drying (MVD).

MATERIALS AND METHODS
Raw materials
Old stalks of Asparagus oﬃcinalis used in this study, which were
no longer palatable as a vegetable, were supplied by the Jingjiang
Wisteria Garden Greening Engineering Company. White sugar was
purchased from a local Huarun supermarket. Isolated soybean
protein and pre-gelatinized wheat starch were purchased from
Henan Laibao Chemical Company.

2816

Processing of restructured asparagus chips
A ﬂowchart for the production of asparagus restructured chips is
shown in Fig. 1.
Old stalks of Asparagus oﬃcinalis were washed, cut into cylinders
(about 9 mm in diameter and 10 mm thickness) and blanched
for 3 min in 95 ∘ C water with a solid:liquid ratio of 1:4. Surface
water was then removed using dry paper towels. The blanched
stalks were ground for 4 min using a grinder (LK-321; Bestday
Company, Shanghai, China) until the slurry became smooth. The
slurry was then concentrated using a microwave vacuum dryer
(MVD-1; Jiangnan University, Wuxi, China) at 2.5 W g−1 and 320 g
material load for 12 min to around 85% (wet basis) moisture
content according to pre-experiment. The concentrated slurry was
kept at 4 ∘ C in a refrigerator for further use.
The concentrated slurry was mixed with isolated soybean protein, white sugar and pre-gelatinized starch. After malaxating for
10 min by hand, the mixture was pressed into a sheet of 3 mm
thickness using a smooth wooden cudgel (40 mm diameter and
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300 mm height). In order to avoid an adhesion problem during drying, the mixture surface was separated by a thin ﬁlm of soybean oil
(Jinlongyu Company, Shanghai, China). The mixture was then covered with plastic wrap on both sides and cooked for 6 min. After
cooling, the mixture was cut into slices (25 mm diameter and 3 mm
thickness) using a model made in the lab.
The formulation of the mixture was as follows: concentrated
asparagus pulp 100 g, pre-gelatinized wheat starch 12 g, isolated
soybean protein 16 g and white sugar 8 g.
Equipment and drying methods
Pulse-spouted microwave-assisted vacuum drying
For PSMVD, a laboratory-scale pulse-spouted microwave-assisted
vacuum dryer (Fig. 2) developed in our laboratory was used for
drying the mixed chips. There are six basic systems: (1) a cylindrical
multimode microwave cavity; (2) a circular duct vacuum drying
chamber; (3) a pulsed-spouted system; (4) a heat supply system; (5)
a water load system; and (6) a vacuum system. See Fig. 2 for further
information.11
For PSMVD, 300 ± 0.5 g of samples (per batch) was placed in the
drying chamber. The microwave levels used in this study were set
at 2.2, 2.6 and 3.0 W g−1 , according to previous experiments. The
drying process was divided into two stages: a ﬁrst stage without
spouting and a second stage with spouting. The vacuum pressure
was set at −0.09 MPa when without spouting in the ﬁrst drying
stage. During the second drying stage the samples were spouted
by allowing air to periodically ﬂow into the chamber by using an
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Figure 2. Schematic diagram of PSMVD system.

electromagnetic valve at regular intervals (spouting for 2 s at 88 s
intervals); the vacuum pressure ranged from −0.07 to −0.09 MPa,
with a recovery time of around 10 s. According to the previous
study, if the samples were spouted in a short time at ﬁrst, the
broken ratio of products was high. Otherwise, if the samples were
not spouted for a long time, the uniformity of heating was greatly
aﬀected; thus the ﬁrst drying stage without spouting was set at
20 min. The samples were dried to a ﬁnal moisture content below
6% (wet basis).
Microwave-assisted vacuum drying
A microwave vacuum dryer (MVD-1; Jiangnan University, Wuxi,
China) was used in this experiment and the microwave frequency
was 2450 MHz. Details of this apparatus may be found in the paper
published by Chen et al.12 For MVD, 300 ± 0.5 g of samples (per
batch) was placed on a rotating plate in the drying chamber.
The materials were dried in the drying cavity, where the vacuum
degree was set at −0.09 MPa and the plate rotated at 10 rpm
during operation. The microwave levels used in this study were set
at 2.2, 2.6 and 3.0 W g−1 , according to previous experiments. The
samples were dried to ﬁnal moisture content below 6% (wet basis).

J Sci Food Agric 2016; 96: 2815–2824

Temperature distribution
An infrared thermal imaging camera (IRI 4010 multi-purpose
imager; IRISYS, UK) was used to obtain the temperature distribution of the samples during PSMVD and MVD. For PSMVD, the samples were taken from the dryer and quickly placed in a square tray
to determine the temperature distribution. For MVD, the temperature distribution was measured directly on the rotating plate. The
samples were then discarded and another batch of samples was
placed in the dryer until the next time point of measurement.
Color
The product color was measured using a CR-400 model color meter
(Konica Minolta, Inc., Osaka, Japan). The color value was expressed
as CIE L*, a*, b*, where L* represents lightness, with 0 for black and
100 for white, a* is from red to green, and b* is from yellow to
blue.13 Before the test, a standard white tile was used to calibrate
the color meter. The samples were ground and then packed in a
small cup covered by a ﬁlm. Measurements were made directly
on the surface. Five replicates were performed for each batch of
samples.
Texture
Fracturability is considered as the index of texture associated with
large voids in the material and expansion ratio. The fracturability of
the samples was determined by the puncture test using a texture
analyzer (TA.XT2A: SMS, UK). The puncture test was performed
with a probe of P5 about 7 mm in diameter and the test parameters
were as follows: pre-test and test speed 1 mm s−1 ; post-test speed
10 mm s−1 , 5 g trigger force, and 60% compression ratio.12 All
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Vacuum drying
A vacuum dryer (DZF-6050; Shanghai Jinghong Experimental
Equipment Co. Ltd, Shanghai, China) was used in the experiment.
The mass load was 300 ± 0.5 g. The materials were dried on wire
netting in a drying cavity and the vacuum degree was set at −0.07,
−0.08 and −0.09 MPa. The temperature was set at 75 ∘ C. The samples were dried to a ﬁnal moisture content of about 6% (wet basis).
For PSMVD, MVD and VD, samples were withdrawn at regular time intervals to determine the moisture content and other
attributes. After each batch of measurements, the samples were
discarded and another batch of samples was placed in chamber
to dry. The same procedure was repeated until the desired moisture content was achieved. The dried samples were immediately
sealed in polyethylene bags after drying for further analysis. All
experiments were repeated three times and the average values
were used to draw the reported curves.

Analysis methods
Moisture content
The initial and ﬁnal moisture content was determined by the
vacuum oven method at 60 ± 5 ∘ C at −0.09 MPa. The moisture
content of the samples taken from the drying chamber at preset
time intervals was measured to plot the drying curve by their
weight loss as well as the moisture content of the samples before
and after drying.10 Tests were carried out in triplicate.
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Figure 3. Schematic of the electronic nose system: (1) sampling and gas collecting system; (2) sensor array; (3) sensor detection curve; (4) intelligent
recognition system.

numerical results were expressed in grams. The test was repeated
10 times.
Expansion ratio
The expansion ratio of crisp chips was obtained by the volume displacement method using silicon dioxide powder (1500 nm
diameter).14 The changes in volume for samples before and after
drying were noted and the degree of expansion was calculated as
follows:
(1)
Φ = V2 ∕V1
where Φ is the volume expansion ratio and V 1 and V 2 are the
volume of samples before and after drying. Five replicates were
performed for each batch of samples.
Bulk density
Bulk density as a parameter can reﬂect the porous structure, which
is very important for fracturability of products. The samples were
covered with plastic wrap and the volumes determined by the
volume displacement method using silicon dioxide powder14 for
a given weight of a sample. The bulk density was calculated as
follows:
𝜌 = W∕V
(2)
where 𝜌 is the bulk density, W is the weight of sample and V is the
volume of sample. Five replicates were performed for each batch
of samples.
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Total ﬂavonoids (TF) and total phenolic (TP) content
The dried samples, with moisture content below 6% after drying,
were ground and passed through a 70-mesh sieve. The powder
(5 g) was placed in a ﬂask (200 mL) and 50% (v/v) ethanol solvent
was added at a liquid:solid ratio of 20:1. The extraction ﬂask was
then placed in the water bath with a speed of 80 rpm (DSHZ-300;
Taicang Experimental Instrument Factory, Jiangsu, China) at a
constant temperature of 70 ∘ C for 2 h. The extract was ﬁltered and
each ﬁltered extract was stored in an airtight container at −18 ∘ C
until analysis.15
TF content was determined by the aluminum chloride colorimetric method reported by Fan et al.,15 with modiﬁcation. 2 mL of
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sample (appropriately diluted) was mixed with 2 mL distilled water
and 0.3 mL sodium nitrite (75 g L−1 ), then reacted for 6 min. Then
3 mL aluminum chloride solution (10 g L−1 ) was added and reacted
for 6 min, followed by an addition of 2 mL sodium hydroxide solution (40 g L−1 ). The ﬁnal volume of the solution was up to 10 mL
using distilled water. After the reaction of 30 min, the absorbance
was measured against a blank at 510 nm with a UV–visible spectrophotometer (UV-2600; Shanghai, China). The calibration curve
was established with a standard solution of rutin. Results were
expressed as grams of rutin equivalents per kilogram dry weight.
Tests were carried out in triplicate.
TP content was measured by Folin–Ciocalteu method, with
minor modiﬁcations.15 2 mL of sample at appropriate dilution
was mixed with 2.5 mL Folin–Ciocalteu reagent. After reacting for
6 min, 2.0 mL sodium carbonate (75 g L−1 ) was added and reacted
for 2 h at room temperature. The absorbance of the mixture
was measured at 760 nm with a UV–visible spectrophotometer
(UV-2600; Shanghai, China). Gallic acid was used as a standard.
Results were expressed as grams of gallic acid equivalents per
kilogram dry weight. Tests were carried out in triplicate.
Sensory evaluation
The acceptability of the ﬁnal products was evaluated by the
sensory qualities of samples in terms of their appearance, texture,
ﬂavor and overall acceptability. A panel of nine panelists who were
experienced in sensory evaluation carried out the test. They were
asked to rate their liking of the samples on a 1–9 hedonic scale,
where 1 represented dislike extremely, 5 neither like nor dislike,
and 9 like extremely.
Electronic nose
The dried samples, with moisture content below 6% after drying,
were ground and passed through a 70-mesh sieve. Then 5 g
powder was placed in an airtight sample bottle to determine the
ﬂavor by electronic nose (iNose; Ruifen Trading Co., Shanghai,
China), as seen in Fig. 3. There are four basic systems: (1) sampling
system and gas collecting system; (2) sensor array; (3) sensor
detection curve; (4) intelligent recognition system. There were 14
sensors in the sensor array system, as seen in Table 1. The sample
bottles were equilibrated for 2 h at room temperature. The test
parameters were as follows: air ﬂow 1 L min−1 , testing time 240 s,
cleaning time 120 s. Tests were carried out in triplicate.
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Table 1. Gas sensor array species
Sensor no.
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14

Sensing species
Aromatic compounds
Oxynitride
Sulﬁdes
Organic acid esters, terpenoids
Biosynthetic compounds, e.g. materials produced
in Maillard reaction, baking
Lenthionine
Aliphatic hydrocarbon
Amines
Dihydrostilbenes
Hydrocarbon
TVOC (volatile organic compound)
Sulﬁde
Ethylene
Volatile gas produced in cooking

Data analysis
Data analysis was performed using SPSS software (SPSS 17.0; IBM,
Chicago, IL, USA). One-way analysis of variance with application
of Duncan’s test was used to determine the diﬀerence among the
mean values of the test samples. The diﬀerence was considered
signiﬁcant at 95% conﬁdence level (P < 0.05).

RESULTS AND DISCUSSION
Drying curves
As seen from Fig. 4, the drying time was signiﬁcantly aﬀected by
drying method. The drying time to reach the ﬁnal moisture content (0.06 dry basis) of VD was signiﬁcantly longer compared with
MVD and PSMVD, which was attributed to the diﬀerent energy
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transmission modes. PSMVD and MVD used microwaves as a heating source, which can penetrate materials and eﬀect internal heating. Thus the temperature gradient, moisture content gradient and
pressure gradient were in the same direction, which was better for
the removal of water.16 For VD, due to poor convection, the transfer rate of heat energy is low, resulting in longer drying time and
higher energy consumption.12
As seen from Fig. 4, for VD, within expectation, increasing the
vacuum level resulted in a shortened drying time. For example,
when the vacuum degree was increased from −0.07 to −0.09 MPa,
the moisture content of samples decreased from about 2.17 to
0.06 and the drying time decreased from 140 to 106 min, indicating that the drying time was closely related to the vacuum
degree. This is attributed to the fact that the boiling point of water
could be decreased by increasing vacuum degree.17 For PSMVD
and MVD, as expected, at low power levels the drying time needed
to reach the desired moisture content was longer compared to
that at high power levels in which the samples readily caramelized;
similar results were reported by Chen et al.12 For MVD, at 2.2, 2.6
and 3.0 W g−1 microwave power levels, the drying time required
to reach the ﬁnal moisture content was 49, 43 and 38 min, respectively. A similar trend was found in PSMVD. The drying curves
of PSMVD and MVD can be roughly divided into two stages. For
example, in the ﬁrst 20 min the moisture content decreased from
2.17 to 0.5 (dry basis) during MVD at 2.6 W g−1 , and then the drying rates decreased sharply. This was probably due to the lowered
water content resulting in a decrease in the dielectric constant 𝜀′
and dielectric loss factor 𝜀′′ . Also, the ﬁnal drying stage involves
removal of sorbed water, and this period can be as long as or longer
than the time required for the removal of free water in the initial
drying stage.18 Similar results were found by Mothibe et al.11 At the
same microwave power level, the drying time required to achieve
the desired moisture content for PSMVD was longer than that in
MVD, which was probably due to the fact that the second drying
stage with pulsed-spouted ﬂushing air resulted in destruction of
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Figure 4. Drying curves of restructured chips dried by diﬀerent drying methods.
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Figure 5. Thermal images of restructured chips during drying methods of MVD and PSMVD (microwave power level 2.6 W g−1 ): (a) MVD (20 min); (b) MVD
(45 min); (c) PSMVD (35 min); (d) PSMVD (55 min).

the vacuum environment and loss of heat in PSMVD. As described
in an earlier section, the drying process of PSMVD was divided
into two stages: the ﬁrst stage without spouting at ﬁrst 20 min;
and the second stage with spouting by allowing air (20 ∘ C) to ﬂow
periodically into the chamber by using the electromagnetic valve
at regular intervals. Also, the pulse-spouted microwave-assisted
vacuum dryer equipped with the water load system can absorb
excessive microwave energy to realize a self-regulating microwave
ﬁeld intensity to protect the microwave source, so the absorption of microwave by samples would be reduced, especially in the
ﬁnal drying stage. This was consistent with the results of some
researchers, who found that PSMVD required a longer drying time
than MVD for apple cubes.11
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Drying uniformity of MVD and PSMVD
Microwave drying is an eﬃcient drying technique in which heat
is generated inside samples, so the moisture will intensively
evaporate and transport towards the surface.19 However, the
non-uniform heat generation in microwave drying can result in hot
and cold spots, which seriously aﬀect the quality of products.19,20
The non-uniformity in microwave drying is closely related to many
factors, such as vacuum cavity, microwave distribution, product
attributes and their spatial location in the cavity.21 In order to overcome the non-uniform heating of microwaves, PSMVD was developed. In PSMVD, the samples can alter the location in a spatial
rather than in a plane direction through pulse-spouted ﬂushing
air. The disordered movement of the samples can ensure a similar probability to the microwave irradiation in achieving relatively
uniform heating.
The temperature distribution for samples of MVD and PSMVD
at 2.6 W g−1 is shown in Fig. 5. Many hot spots were observed
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during MVD, especially in the ﬁnal drying stage. The hot spots were
mainly distributed at the edge of the rotating dish, suggesting
overheating around the dish. However, no hot spots were found
in samples dried by PSMVD, indicating uniform heating. The best
sample temperature uniformity obtained in the pulse-spouted
drying model can be explained by the improved cavity eﬀects
(cylindrical microwave cavity, circular tube drying chamber and
microwave source symmetrical distribution) and changing spatial
positions (three dimensions) of the sample in the drying chamber
to ensure that all samples receive equal electromagnetic ﬁeld
intensity over a period of time.21 This is consistent with the results
reported by Wang et al.10
The relative standard deviation (RSD: ratio of standard deviation
to mean value) was used to determine the drying uniformity,10
a large value indicating non-uniform heating. Table 2 shows the
moisture content and RSDs of seven individual mixed chips dried
by PSMVD and MVD at 2.6 W g−1 . RSDs of the seven mixed chips
during MVD and PSMVD showed the same trend: both increased
up to a certain point and then decreased with decreasing moisture content (MC). It can be observed that the RSD value (2.17%)
for PSMVD ﬁnal dried samples was signiﬁcantly lower than that of
MVD (8.75%), indicating that the drying uniformity of PSMVD was
much better than MVD. This further conﬁrmed that, although the
turntable moves constantly in a plane within the microwave cavity
in MVD, sample chips cannot achieve equal electromagnetic ﬁeld
intensity over a period of time. In contrast, the disordered movement of the samples in spatial positions by spouting can better
ensure that all samples receive relative equal electromagnetic ﬁeld
intensity in PSMVD, resulting in better uniform heating. Similar
results have been reported by previous researchers,10 who found
that the drying method of PSMVD can realize uniform heating for
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Table 2. Changes in mean moisture content (MC) and RSD for
seven restructured chips during drying methods of PSMVD and MVD
(microwave power level 2.6 W g−1 )
Drying time (min)
PSMVD
0
10
20
30
40
55
MVD
0
10
20
30
45

MC (%)

RSD (%)

68.41 ± 0.21
52.32 ± 0.58
29.32 ± 0.61
18.32 ± 1.23
11.89 ± 0.43
5.98 ± 0.13

0.31
1.11
2.08
6.71
3.62
2.17

68.38 ± 0.20
48.39 ± 1.86
23.23 ± 3.12
11.32 ± 1.03
5.94 ± 0.52

0.29
3.84
13.43
9.09
8.75

stem lettuce slices. Also, the pulse-spouted microwave vacuum
dryer equipped with three microwave radiators along the chamber can improve drying uniformity compared with a microwave
vacuum dryer with only one microwave radiator on top. Some
researchers have compared a single microwave radiator with multiple microwave radiators and found that multiple radiators can
ensure better uniform drying.21 The non-uniform drying of MVD
would lead to less desirable appearance of MVD chips. This was
proven in the sensory test.

J Sci Food Agric 2016; 96: 2815–2824

caused collision between the samples and the drying chamber
wall in spatial motion, resulting in a relatively compact structure. Figure 6 also shows that the fracturability of the sample
processed by VD decreased as the vacuum degree increased, indicating that a higher vacuum led to a higher crisp structure. The
taste of VD chips would be somewhat less desirable compared to
MVD and PSVMD chips, which was proven in the sensory evaluation test.
Expansion ratio and bulk density
Figure 7 shows the expansion ratio of mixed chips dried by different drying methods. It can be seen that the expansion ratio
of dried samples followed a descending order of MVD samples,
PSMVD samples and VD samples. Similarly, Huang et al. found that
the expansion ratio of MVD chips was signiﬁcantly higher than
that of VD-dried chips.25 This might be due to mass transfer within
the samples being rapid during microwave heating because heat
is generated in the samples in MVD and PSMVD processes, thus
creating a large vapor pressure diﬀerential between the center
and the surface of the products. The high internal vapor pressure produced by microwave heating and the low chamber pressure provided by the vacuum caused the structure of samples to
expand and puﬀ, thus leading to higher expansion ratio and lower
bulk density (Fig. 8). Meanwhile, in VD, when water was removed
from the samples during drying, a pressure imbalance was generated between the interior of the dried material and the external environment, which induced contracting stresses that led to
drying shrinkage, in accordance with the results of Chen et al.12 It
also can also be seen that the expansion ratio of chips increased
with increasing microwave power in MVD and PSMVD processes,
indicating that microwave power contributes to the formation
of a puﬀed structure. This is also consistent with the results of
Chen et al.12 In VD, the expansion ratio increased with vacuum
degree, because the higher vacuum level, the lower is the boiling point of water, resulting in a greater driving force for mass
transfer. Niamnuy et al.26 and Zhang et al.27 also found this phenomenon previously. From Fig. 7 it also can be seen that at the
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Eﬀects of drying methods on the quality of restructured chips
Texture
Microwave is considered as a processing method which can cause
structural expansion of food because of internal heating and vapor
creation by the evaporation/sublimation of moisture inside materials. Internal vapor formation results in an outward force, which
expands the food to create voids, and forms a crisp texture.14
Fracturability is associated with large voids in the material and
expansion.22 From Fig. 6 it can be observed that higher microwave
power always leads to less fracturability of samples for MVD and
PSMVD. This might be due to high microwave power leading
to quick drying rates (driving force), which can lead to samples
expanding and forming porous structure inside the samples. At a
high drying rate, damage to tissue structure is much greater and, as
a result, the material becomes crisp.23 Similar results were reported
by Zhang et al., who found that higher microwave power led to
higher expansion ratio and crispness of ﬁsh slices.24 The fracturability of samples processed by MVD and PSMVD was signiﬁcantly
lower than that obtained by VD, indicating the higher crispness
of PSMVD and MVD chips. This might be due to the microwave
application leading to an expanded macroscopic porous structure in chips. Similar results were reported by Chen et al.,12 who
found that ﬁsh granules dried by PSMVD and MVD had higher
crisp structure than VD-dried samples. PSMVD-dried apple chips
also showed signiﬁcant lower fracturability than VD-dried chips,
as reported by Mothibe et al.11 When compared with MVD- and
PSMVD-dried samples at the same microwave power level, MVD
samples showed a crisper quality. For example, at 2.6 W g−1 , the
fracturability of MVD- and PSMVD-dried chips showed a signiﬁcant diﬀerence. This was probably due to the fact that the
pulsed inlet air in PSMVD broke the vacuum environment and

Figure 6. Eﬀects of diﬀerent drying methods on fracturability of restructured chips. VD (vacuum pressures from left to right: −0.07, −0.08,
−0.09 MPa, respectively); MVD (microwave power level from left to right:
2.2, 2.6, 3.0 W g−1 , respectively); PSMVD (microwave power level from
left to right: 2.2, 2.6, 3.0 W g−1 , respectively). Diﬀerent upper-case letters
indicate a signiﬁcant diﬀerence (P < 0.05) in the same series; diﬀerent
lower-case letters indicate a signiﬁcant diﬀerence (P < 0.05) in the same
drying method.
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Table 3. Eﬀects of diﬀerent drying methods on the color of restructured chips
Drying method
VD −0.07 MPa
VD −0.08 MPa
VD −0.09 MPa
MVD 2.2 W g−1
MVD 2.6 W g−1
MVD 3.0 W g−1
PSMVD 2.2 W g−1
PSMVD 2.6 W g−1
PSMVD 3.0 W g−1
Fresh

L*

a*

62.73 ± 1.00d
64.64 ± 2.78d
65.21 ± 1.29d
73.16 ± 1.78b
75.73 ± 2.36ab
74.84 ± 1.51ab
71.69 ± 3.54b
74.10 ± 0.33ab
73.68 ± 1.35ab
78.31 ± 1.61a

−1.59 ± 0.37a
−1.73 ± 0.45b
−1.81 ± 0.56b
−2.73 ± 0.32c
−2.89 ± 0.76de
−3.13 ± 0.56f
−2.69 ± 0.39c
−2.75 ± 0.54 cd
−2.93 ± 0.47e
−3.51 ± 0.05 g

b*
23.24 ± 1.15a
22.15 ± 0.06ab
21.12 ± 0.32b
17.23 ± 0.53 cd
16.12 ± 0.43d
18.32 ± 0.45c
17.69 ± 0.35c
16.32 ± 0.48d
17.05 ± 0.54 cd
13.23 ± 0.15e

Results are mean ± standard deviation. Diﬀerent lower-case letters in
the same column express signiﬁcant diﬀerences (P < 0.05).
Figure 7. Eﬀects of diﬀerent drying methods on expansion ratio of
restructured chips. VD (vacuum pressures from left to right: −0.07, −0.08,
−0.09 MPa, respectively); MVD (microwave power level from left to right:
2.2, 2.6, 3.0 W g−1 , respectively); PSMVD (microwave power level from left
to right: 2.2, 2.6, 3.0 W g−1 , respectively); Diﬀerent upper-case letters indicate a signiﬁcant diﬀerence (P < 0.05) in the same series; diﬀerent lower
case letters indicate a signiﬁcant diﬀerence (P < 0.05) in the same drying
method.

Figure 8. Eﬀects of diﬀerent drying methods on bulk density of restructured chips. VD (vacuum pressures from left to right: −0.07, −0.08,
−0.09 MPa, respectively); MVD (microwave power level from left to right:
2.2, 2.6, 3.0 W g−1 , respectively); PSMVD (microwave power level from left
to right: 2.2, 2.6, 3.0 W g−1 , respectively). Diﬀerent upper-case letters indicate a signiﬁcant diﬀerence (P < 0.05) in the same series; diﬀerent lowercase letters indicate a signiﬁcant diﬀerence (P < 0.05) in the same drying
method.
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same microwave power level, such as at 2.6 W g−1 , the MVD-dried
samples showed a higher expansion ratio and lower bulk density (Fig. 8). This was probably due to fact that the pulse-spouted
inlet air in the second drying stage in PSMVD broke the vacuum environment and resulted in collision between samples
and the drying chamber wall. The intermittent pressure change
(−0.07 to −0.09 MPa) in the drying chamber might form an alternative pressure diﬀerence inside and outside the drying samples, which were detrimental to the formation of an expanded
structure.

wileyonlinelibrary.com/jsfa

Figure 8 shows the bulk density of mixed chips dried by diﬀerent
drying methods. It can be seen that the bulk density of MVD and
PSMVD was signiﬁcant lower than that of VD, which is because
microwave application leads to an expanded and porous structure
in the vacuum environment. This, in turn, can explain the results of
the mixed chips of PSMVD and MVD having higher crispness and
expansion ratio, as described before.
Color
Table 3 shows the color values of mixed chips dried by diﬀerent
drying methods. Generally, the chips obtained by VD had the
lowest L* value and highest a* and b* values. This means that
the VD-dried samples presented the darkest and yellowest color,
which is not a desirable appearance for the consumer. This was
probably due to the fact that the longer drying time in VD led to
a more serious browning reaction, and this was further conﬁrmed
by the electronic nose results (Fig. 10). As seen in Table 3, with an
increase in the microwave power the L* value ﬁrst increased up
to a certain point and then decreased during MVD and PSMVD.
This might be due to fact that rapid absorption of microwave
energy causes rapid evaporation of water, but this can easily lead
to overheating and charring of the product, making it diﬃcult
to control product quality at a high microwave power.18 This
is diﬀerent from the results of Chen et al.,12 who reported that
increasing microwave power did not darken the granules. This
might be due to fact that the highest microwave level used in his
study was still relatively low. In addition, the L* value increased
with an increase in the vacuum degree in VD, which was probably
because water was evaporated at low temperature at a high
vacuum degree, as well as the short drying time involved. In
this study, a* values were all negative, indicating that the chips
were much more prone to green coloration, and a lower value
indicated better quality. As seen from Table 3, the chips obtained
by MVD and PSMVD showed signiﬁcantly lower a* values than
that achieved by VD, indicating a greener color and less color
loss. a* values decreased with increasing microwave power in
MVD and PSMVD, indicating that the color become increasingly
greener, consistent with the results reported by Feng et al.9 Also,
a* and b* values decreased with an increasing vacuum degree
in VD. This might be due to the fact that the higher the vacuum
degree, the lower was the pressure and oxygen content in the dry
chamber, which hindered the browning reaction. This result was in
agreement with Chen et al.12
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Drying characteristics of restructured Asparagus oﬃcinalis chips

Table 4. Eﬀects of diﬀerent drying methods on total ﬂavonoid content and total phenolic content of restructured chips
Drying method
VD −0.07 MPa
VD −0.08 MPa
VD −0.09 MPa
MVD 2.2 W g−1
MVD 2.6 W g−1
MVD 3.0 W g−1
PSMVD 2.2 W g−1
PSMVD 2.6 W g−1
PSMVD 3.0 W g−1

Total ﬂavonoids(g kg−1 )
0.53 ± 0.03d
0.57 ± 0.01d
0.58 ± 0.01d
1.97 ± 0.10b
1.94 ± 0.05b
2.08 ± 0.11a
1.81 ± 0.02c
1.88 ± 0.02bc
1.81 ± 0.11c

www.soci.org

Table 5. Eﬀects of diﬀerent drying methods on the sensory score of
restructured chips

Total phenolics(g kg−1 )
1.29 ± 0.03e
1.34 ± 0.06d
1.35 ± 0.02d
3.46 ± 0.06a
3.34 ± 0.02b
3.38 ± 0.05b
3.22 ± 0.02c
3.23 ± 0.02c
3.24 ± 0.05c

Results are mean ± standard deviation. Diﬀerent lower-case letters
in the same column within the same sample express the signiﬁcant
diﬀerences (P < 0.05).

Sample

Factor

VD

−0.07 MPa
−0.08 MPa
−0.09 MPa
MVD
2.2 W g−1
2.6 W g−1
3.0 W g−1
PSMVD 2.2 W g−1
2.6 W g−1
3.0 W g−1

Appearance

Texture

Flavor

Overall
acceptability

3.9 ± 0.9c
4.8 ± 1.1c
5.0 ± 1.2c
6.8 ± 1.0b
7.8 ± 1.1b
6.7 ± 1.3b
7.1 ± 1.3b
8.5 ± 1.1a
8.3 ± 1.0a

4.1 ± 1.3b
4.2 ± 1.0b
4.6 ± 0.9b
7.8 ± 0.9a
7.9 ± 0.8a
8.2 ± 1.1a
7.7 ± 1.2a
7.6 ± 1.1a
7.9 ± 1.1a

4.3 ± 1.3c
4.2 ± 1.3c
4.9 ± 1.1c
8.1 ± 1.1a
8.5 ± 0.9a
7.9 ± 1.3b
7.9 ± 1.2b
8.3 ± 1.2a
8.1 ± 1.1a

4.6 ± 1.1c
5.3 ± 1.0c
5.4 ± 1.1c
6.9 ± 1.1b
7.1 ± 0.8ab
6.9 ± 1.1b
7.3 ± 1.0a
7.8 ± 1.0a
7.6 ± 1.1a

Mean value is based on a 1–9 hedonic scale (1 = extremely dislike and
9 = extremely like). Results are mean ± standard deviation. Diﬀerent
lower-case letters in the same column within the same sample express
signiﬁcant diﬀerences (P < 0.05).

Total ﬂavonoids and total phenolic content
Table 4 shows the content of TF and TP of chips dried by diﬀerent
methods. The chips dried by VD had lower content of TF and TP,
which might be due to the longer drying time, resulting in greater
loss of ﬂavonoids and phenolics. At the same microwave power
level, it can also be observed that the TF and TP content of samples
dried by PSMVD was slightly lower than that of MVD products. This
perhaps can be explained by the fact that the release of air carrying
oxygen when spouting during PSMVD and relative longer drying
time had adverse eﬀects for the preservation of TP and TF.
Sensory evaluation
The sensory evaluation results are shown in Table 5. The samples obtained by VD had the lowest scores for all attributes,
implying low acceptance by consumers. Such results were within
expectations considering the previous experiments for expansion
ratio, bulk density, color and other attributes, as discussed in earlier sections. A high microwave power level improves the drying rate, expansion ratio, crispness, color, etc., but also leads to
uneven heating, which causes the appearance of scorched samples and non-uniform puﬃng, especially during the MVD process.
At the same microwave power level, the appearance of MVD chips
showed a signiﬁcantly lower score compared with PSMVD samples. This might be due to the non-uniform drying of MVD seriously aﬀecting the appearance score for MVD chips. Also, the ﬂavor
scores of VD samples were signiﬁcant lower than that of PSMVD
and MVD samples, which was probably due to the fact that a
longer drying time resulted in a more serious Maillard reaction
and greater loss of ﬂavor characteristics of asparagus, which can
be further conﬁrmed by the electronic nose results (Figs 9 and 10).
From the results, the highest acceptance could be obtained from
samples that were prepared under the following conditions: MVD
2.6 W g−1 , PSMVD 2.6 W g−1 and VD −0.09 MPa. The ﬂavor results of
electronic nose under these conditions will be further discussed.
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principal components (PCs) from experimental data, which can
transform some obvious related variates into unrelated variates
and permutate these new variates according to the decrease in
variance.30 In applying linear discriminant analysis (LDA), it is necessary that the number of variables is not too large, to prevent
overloading of the computations and overﬁtting problems. Therefore, when the variable/object ratio is too high, a variable reduction must be performed.31 In this research, due to the fact that the
principal components were the same and the only diﬀerence was
the drying method, the method of LDA was better than PCA.
Figure 9 shows the LDA results of restructured chips. It can
be observed that diﬀerentiation index (DI) was 93.2% and the
position of VD samples was far from microwave-assisted drying
samples (PSMVD and MVD), indicating that the electronic nose
could clearly determine the diﬀerence between these samples.
Also, the distance between MVD and PSMVD samples was not far,
meaning that the diﬀerence between MVD and PSMVD samples
was not signiﬁcant.
Figure 10 showed the radar chart analysis of restructured chips
dried by diﬀerent drying methods. It can be clearly observed
that the signal of S5 for MVD chips was clearly signiﬁcantly
higher than MVD and PSMVD chips. The S5 sensor is sensitive to
biosynthetic compounds, such as the materials produced during
Maillard reaction and baking, as seen in Table 1. This suggested
that the browning reaction in VD was more serious than in MVD

© 2015 Society of Chemical Industry
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Electronic nose
Electronic noses are devices that mimic the sense of smell, on the
basis of diﬀerent technologies, to detect volatile analytes in complex matrices.28 It imitates the structure and principle of biological olfactory sensory function, and identiﬁes simple or complex
odors.29 Principal component analysis (PCA) and linear discrimination analysis (LDA) are the most commonly used methods in
electronic nose data processing. PCA is a method to analyze some

Figure 9. Linear discrimination analysis (LDA) of restructured chips dried
by diﬀerent drying methods.

www.soci.org

Figure 10. Radar chart analysis of restructured chips dried using diﬀerent
drying methods.

and PSMVD, consistent with the results of color analysis and sensory evaluation in earlier sections.

CONCLUSIONS
The drying time required to reach the desired moisture content
signiﬁcantly depended on the drying method, and decreased with
increasing vacuum degree and microwave power level. The drying
method of PSMVD had much better drying uniformity than MVD.
Also, the pulse-spouted mode in a tube drying chamber substantively improved the microwave-vacuum-dried product quality and
drying uniformity.
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