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Abstract Microwave drying is usually combinedwith vacuum
environment in conjunction with hot air flow to draw the mois-
ture rapidly. The moisture content of the vegetables undergoing
drying is hard to measure online. This research designed a
microwave vacuum drying (MVD)-low-field nuclear magnetic
resonance (NMR) smart device and investigated the feasibility
of NMR method for online measurement of state of moisture
during MVD. The relation between the signal amplitude (A2)
and the true moisture content (M1) of six kinds of vegetables
(mushroom, carrot, potato, lotus, edamame, vegetable corn)
was fitted to estimate if NMR canmeasure theM1 of vegetables
directly. Results showed that A2 and M1 of different fresh veg-
etables had no single empirical mathematical model to fit.
However, for each kind of these vegetables, the A2 and corre-
sponding M1 in different MVD stages showed a significant
linear relationship. The predicted moisture content (M2) of
mushroom: M2 = 5.25351 × 10−4A2 − 0.34042, R = 0.996;
carrot: M2 = 5.78756 × 10−4A2 − 0.14108, R = 0.998; potato:
M2 = 3.10019 × 10−4A2 − 0.10612, R = 0.991; lotus:
M2 = 2.32415 × 10−4A2 − 0.01573, R = 0.998; edamame:
M2 = 3.13310 × 10−4A2 − 0.4198, R = 0.996; vegetable corn:
M2 = 1.69461 × 10−4A2 − 0.09063, R = 0.995. The linear

models betweenM2 and A2 were able to estimate the end point
(M1 < 8%) of MVD with a high accuracy (P > 0.950).

Keywords Microwave vacuum drying . NMR .Moisture
content . Signal amplitude . Smart

Introduction

Fresh vegetables are always dried with different methods until
the final moisture content is low enough for storage in a long
time, and the product was called dehydrated vegetable.
Dehydrated vegetable not only was widely used in the areas
where it is hard to have fresh vegetable but also was consumed
as snacks (Zhang et al. 2006; Zhang and Chen 2007). At
present, hot airflow drying is the main method, which has a
low drying efficiency and large energy consumption.
Microwave drying about vegetables has the advantage of
strong penetrability, high efficiency, low drying temperature,
and easy to control for the microwave power. In microwave
drying process, the moisture content measurement, especially
in the last stage of drying is critical for improving the drying
quality and stability (Zhang et al. 2006; Swain et al. 2014).
Traditionally, the empirical drying models are based on the
moisture ratios and the corresponding drying stages. At pres-
ent, there are at least ten kinds of models of this type, such as
Lewis model, Page model, and Henderson and Pabis model
(Ruhanian and Movagharnejad 2016; Wang et al. 2007).
However, these empirical models are sensitive to the drying
parameters, and the fitting goodness shows strong difference
in various drying stages (Jiang et al. 2017; Avhad and
Marchetti 2016). Weighting directly by a balance is a simple
method, which is efficient for the materials sampled from the
drying process, but microwave drying always combines with
vacuum environment or hot airflow (Ambros et al. 2016; Pu
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and Sun 2017; Giri and Prasad 2007). Both of these environ-
ments make the evaporated moisture drawn in time in high-
efficiency microwave drying. However, these environments
make it difficult to get the sample and obtain the accurate
result by weighting directly. Askari et al. (2013) researched
the mass variation in apple during microwave-hot-air com-
bined drying, but for sample weighting purpose, the hot air-
flow was stopped in order to improve the accuracy. With the
development of microwave drying process and equipment, the
method of measuring the water status information online and
in real time is needed to be developed for better predictability
and quality control (Su et al. 2015).

Low-field nuclear magnetic resonance (NMR) technology
has been widely applied in agricultural product process field
(Tylewicz et al. 2016; Badea et al. 2016). If a pulse electro-
magnetic wave is radiated in the perpendicular direction of the
magnetic field, the hydrogen protons in a certain energy level
will jump to the higher energy state. When this pulse electro-
magnetic wave is stopped, the hydrogen protons come back to
the original lower energy state (Yan et al. 2016). The time for
two activated hydrogen protons with same frequency but dif-
ferent moving trends returning to the same state is called trans-
verse relaxation time T2, which provides the detailed informa-
tion of water state in drying (Fundo et al. 2015; Sánchez-
Alonso et al. 2014). The signal amplitude curve of T2 provides
the information on the activity of the hydrogen protons and
reflects the state of water. If signal amplitudes (arbitrary unit,
a.u.) of T2 are large, the water molecules are much more ac-
tive, which should come from the free water (Jiang et al. 2013;
X. Wang et al. 2015). The total signal amplitude A2 (arbitrary
unit, a.u.) is the integral area of signal amplitudes of T2 in a
range (Lv et al. 2016; Xu et al. 2017; Zhou et al. 2016).
Experiments have shown that the A2 value has some relation-
ship with the moisture content of the sample. Xu et al. (2013)
researched the relationship between A2 value and moisture
content of carrots at different hot-airflow drying stages and
established a linear model A2 = 8.2337 + 0.9062M2

(R = 0.995) to predict the moisture content efficiently(Xu et al.
2013). However, this NMR/MRI measuring system was not
attached to the drying system online, and sampling process
would affect the subsequent drying process and introduce
some errors on measuring results (Zhang et al. 2012). In this
research, a microwave vacuum drying (MVD)-NMR com-
bined device was aimed to develop, and A2 value can be mea-
sured online during drying process, and at the same time, the
moisture content can be calculated through a formula fitting.
Under this condition, the drying quality and stability of vege-
tables can be improved particularly in the last stage. In this
work, the relation between the A2 and moisture content be-
tween edamame and vegetable corn of the six kinds of fresh
vegetables was fitted to determine if NMR method is capable
of measuring the moisture content of vegetables directly.
Thus, a MVD-NMR smart device was developed to estimate

the relation model between the A2 and corresponding M1 in
different drying stages for each kind of these vegetables.

Materials and Methods

Raw Materials

Mushroom (Pleurotus ostreatus), carrot (Daucus carota L.
var. sativa Hoffm.), potato (Solanum tuberosum L.), lotus
(Nelumbo nucifera Gaertn), edamame (Glycine max), and
vegetable corn (Zea mays Linn.) of the six kinds of fresh
vegetables were purchased in a local farmers market (Wuxi,
China). In these materials, the vegetables with low moisture
content are edamame (0.7019 ± 0.002, w/w), the vegetables
with normal moisture content are potato (0.8321 ± 0.002, w/
w), lotus (0.7908 ± 0.003, w/w), and vegetable corn
(0.8270 ± 0.002, w/w), and the vegetables with high moisture
content are mushroom (0.9171 ± 0.002, w/w) and carrot
(0.9182 ± 0.003, w/w). These raw materials were not affected
by pests and did not have any physical damage. Each kind of
vegetable came from the same batch. Mushroom, carrot, po-
tato, and lotus were cut into dices with 1 cm3 as a pretreat-
ment, and edamame and vegetable corn were dried directly.

Main Equipment and Parameters

AMVD-NMR smart device capable ofmeasuring water status
information of vegetables online was designed (Fig. 1). As
shown in the schematic diagram (Fig. 1a), it consists of 16
main components.

In this device, a MVD unit was installed on the upper part
of a NMR analyser (Suzhou Niumag Analytical Instrument
Corporation, Suzhou, China). Microwave power of this sys-
tem could be adjusted between 0 and 1200 W, consecutively.
The drying chamber can be adjusted between the MVD unit
and the NMR unit using a movable pole. The diameter of the
vacuum chamber is almost 4 cm, and the height of the material
in the chamber is no more than 3 cm, which is suitable for
measuring in NMR. The online measuring process of water
state in this device is shown in Fig. 1b. The drying of fresh
vegetables was carried out in the MVD unit, and the entire
drying chamber was transferred to the NMR unit in
predetermined time periodically. The water state as signal am-
plitude curves of T2 was detected quickly, and then the cham-
ber was returned to the original position for further drying.
During this measuring stage, the power on the drying unit
was automatically stopped but the vacuum pressure was main-
tained within the controlled range. A temperature fibre sensor
was attached to the drying chamber as well as to the computer
to measure and control the temperature within the chamber
during the entire drying process. During the drying process,
the microwave power was 200 Wand the temperature was no
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more than 70 °C, and if the temperature reached the set tem-
perature, the microwave power stops. The end point of the
moisture content was 8% (w/w, db) (Wang et al. 2009).
Vacuum level within the chamber was maintained in no more
than − 0.09 MPa.

Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was
selected to collect the signal amplitude of T2 of the vegetables
in NMR measurement (Pereira et al. 2015; McDonald et al.
2016). Main parameters of NMR instrument were as follows:

resonant frequency of 23.137MHz, magnetic field intensity of
0.55 T, coil diameter of 30 mm, and magnet temperature of
32 °C. The drying chamber was placed in the center of the RF
coil at the center of the permanent magnetic field. Main se-
quence parameters of CPMG were the following: sampling
points TD = 350,014, sampling frequency SW = 100 kHz,
repeat waiting time TW = 4S, and repeat accumulation num-
ber NS = 4. SIRT algorithm was applied in the 100,000 itera-
tive fitting.

   ( )            ( )            ( )            ( )            ( ) 

a

b

Fig. 1 Schematic diagram of
microwave vacuum dryer with
water state measured using NMR.
a Main structures. b Working
process. 1 computer, 2
temperature sensor, 3 data line of
microwave dryer, 4 date line of
NMR, 5 moving pole, 6 vacuum
chamber, 7 raw materials, 8
removable board, 9 NMR coil, 10
vacuum controller, 11 microwave
controller, 12 temperature
controller, 13 magnetron, 14
NMR box, 15 vacuum tube, 16
vacuum pump; (I) microwave
drying, (II) board removing, (III)
NMR measuring, (IV) returning,
(V) microwave drying

Fig. 2 Illustration of technical
route of MVD with smart
moisture content measurement by
using NMR
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The signal amplitude curves about transversal relaxa-
tion time T2 reflect the chemical environment about the
protons of water molecules, especially the binding force
and freedom in drying process. There is no uniform
standard for the division of water states (Wang et al.
2012; Hills et al. 1990; Bertram et al. 2003; Fullerton
et al. 1982). In this research, the water with relaxation
time of T21 (0.01–10 ms), T22 (10–100 ms), and T23
(100–10,000 ms) was def ined as bond water,
immobilised water, and free water, respectively. The to-
tal signal amplitude of different water states was inte-
grated in the preset relaxation time ranges, A21, A22, and
A23 are the total signal amplitudes of bond water,

immobilised water, and free water, and A2 is the total
signal amplitude of whole water in NMR.

Measurement of Moisture Content

The moisture content of each kind of these vegetables was
measured using 105-°C hot air oven drying (Chandramohan
and Talukdar 2017), and the values were average of three
repetitions. In order to control the same mass in measuring
basis of materials, wet basis is needed for calculating themois-
ture content of different kinds of fresh vegetables. The rela-
tionship between the total signal amplitudes of A21, A22, A23,
and A2 (a.u.) and the wet basis moisture content M (g water/
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Fig. 3 Signal amplitude of six
kinds of fresh vegetables
(mushroom, carrot, potato, lotus,
edamame, vegetable corn). a T2
curves of the fresh vegetables. b
A21, A22, A23, and A2 values of the
fresh vegetables
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g fresh sample) of each kind of vegetable was analysed using
Origin 9.0 software. If the relationship model between the
moisture content and signal amplitude of different fresh veg-
etables was significant, the moisture content can be estimated
using the NMR directly.

Determination of End Point of Drying

The most of the dehydrated vegetables can be stored with a
maximum stability at low moisture content of around 0.08
(g water/g solid) (Roknul et al. 2014; R. Wang et al. 2009).
The final moisture content calculated from the fitting models
and the total signal amplitudes A2 (or A21, A22, A23) values
should be decreased to this level.

The flow diagram of MVD with an aim of achieving
the end point moisture content measurement using NMR
is shown in Fig. 2. If the moisture content of the ma-
terials during MVD did not achieve the end point, the
vacuum chamber with materials will return to the orig-
inal position for drying. If the A2 values of the materials
in drying met the end point, drying is stopped, and the
materials were considered as final dehydrated product.
The values of A2 and moisture content were average of
three repetitions. In addition, the accuracy of the pre-
dicted moisture content as function of A2 value was
calculated as P

P ¼ 100% 1−
M2−M 1j j
M 1

� �
ð1Þ

where M1 is the true moisture content (g water/g solid)
and M2 is the predicted moisture content (g water/
g solid).

Results and Discussion

The Relationship Between Signal Amplitudes
and Moisture Content of Different Kinds of Fresh
Vegetables

Signal amplitudes T2 of six kinds of fresh vegetables were
used to reflect the water state, to establish a relationship
between T2 and the states of moisture during drying. The
signal amplitude curves T2 measured using NMR are
shown in Fig. 3a. It can be seen that the peaks and dis-
tribution of the six kinds of vegetables were different ob-
viously. According to relaxation time of hydrogen protons,
if the most of the signal amplitudes are located in the
right, the water molecules are much freer (X. Zhang
et al. 2012; Bauer et al. 2016). For example, the activity
of hydrogen protons was strongest in fresh carrot but
weakest in fresh edamame, which also meant that the

most of the water molecules of fresh carrot were much
freer than that of fresh edamame. The other vegetables
also had different water states. On the basis of the preset
relaxation time ranges of bond water T21 (0.01–10 ms),
immobilised water T22 (10–100 ms), and free water T23
(100–10,000 ms), the total signal amplitudes of A21, A22,
A23, and A2 were calculated, which are shown in Fig. 3b.
In order to discuss the water state in a same standard, the
preset relaxation time ranges of T21, T22, and T23 were the
same among the six kinds of vegetables. With calculation,
the total signal amplitudes of A21, A22, and A23 were
found different obviously. For example, fresh carrot had
low bond water amplitudes A21, and the fresh edamame
had very weak free water signal A23. At the same time,
the total signal amplitudes A2 were also different among
vegetables. A simple empirical mathematical relationship
model with the moisture content is useful to predict the
moisture content using NMR measurements.

The initial moisture contents of six kinds of vegetable mea-
sured using 105-°C hot air oven drying were as follows:
mushroom 0.9171 ± 0.002, carrot 0.9182 ± 0.003, potato
0.8321 ± 0.002, lotus 0.7908 ± 0.003, edamame
0.7019 ± 0.002, and vegetable corn 0.8270 ± 0.002 (w/w),
which are generally the same with the front report
(Srivastava et al. 2015; Aguiló-Aguayo et al. 2014; Li et al.
2017; Huang et al. 2014; Kumar et al. 2015). Fresh mushroom
and carrot had the high moisture content of more than
90.0% (% w/w), and the moisture content of fresh
edamame was the lowest as 70.2% (% w/w). The rela-
tionship between the between moisture content and the
corresponding total signal amplitudes A21, A22, A23, and
A2 of six kinds of fresh vegetables was fitted to estab-
lish a single mathematical model.
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Fig. 4 Relationship between the moisture content (M1) and A21, A22, A23,
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Figure 4 shows the scatter plots of A21, A22, A23, and A2

values of seven kinds of fresh vegetables and the correspond-
ing moisture contents. Even though the moisture content
was almost the same, the A21, A22, A23, and A2 values
had obvious difference. For example, the fresh mush-
room and carrot had an obvious difference in A21, A22,
and A23 values with almost the same moisture content

of 0.9171–0.9182 g water/g fresh samples. The fresh
potato and vegetable corn had an obvious difference in
A2 values (fresh potato: 17,695.26; vegetable corn:
20,161.50; arbitrary unit, a.u.) with the similar moisture
contents (fresh potato: 0.8321 ± 0.002; vegetable corn:
0.8270 ± 0.002; g water/g fresh samples). Therefore, no
single model will be suitable to describe the relation
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between the moisture content and the total NMR signal
amplitudes of different fresh vegetables.

The Relation Between Signal Amplitudes and Moisture
Content of Each Kind of Fresh Vegetables at Different
MVD Stages

The signal amplitudes for each kind of vegetables at different
MVD stages exhibited their own characteristics. The signal
amplitudes T2 of each kind of vegetables in different MVD
stages were measured and shown in Fig. 5A–F. In order to
explain the water state in a preset standard, the relaxation time
T21, T22, and T23 of six kinds of vegetables in MVD was
defined as bondwater when T21 was 0.01–10ms, immobilised
water when T22 was 10–100 ms, and free water when T23 was
100–10,000 ms. For four vegetables (mushroom, potato, lo-
tus, vegetable corn), the total signal amplitudes of
immobilised water and free water decreased quickly, reflected
by the shift of main peaks and main signal amplitudes to the

left direction during as the drying progressed. During the dry-
ing process, the bond water became the main part of the mois-
ture. Themost of the signal amplitude of fresh carrot was from
the free water, with little immobilised water and bond water.
Therefore, it is clear that the free water is the main moisture
loss during drying. In the MVD process of carrot, the main
peaks and main signal amplitudes also had the tendency of
moving to the left direction, which indicates that the remain-
ing water molecules form a stronger adsorption with dry mat-
ter. Each kind of vegetable has its own water distribution, and
the water state of edamame was divided as the same preset
standard. If the immobilised water T22 and free water T23
ranges were redefined according to the proportion of water
state of edamame, the immobilised water T22 and free water
T23 of edamame at present may belong to the free water, and
the added decreasing speed was much quicker than that in the
ranges of bond water. In summary, the T2 values of the
main peaks and main signal amplitudes have the tenden-
cy of moving to the left direction and also confirm the
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fact that the residual water molecules always form a
stronger adsorption with dry matter during MVD. This
water state was not easy to dry.

The total signal amplitudes of A21, A22, A23, and A2 calcu-
lated respectively are shown in Fig. 5a–f. For the most of the
vegetables, the total signal amplitudes ofA22, A23, and A2 have
an obvious decreasing tendency, the total signal amplitudes of
A21 decreased slowly, and even in some middle stage, the A21

values increased such as in edamame. Possibly caused
by the stimulation of microwave, the water molecules
always form a stronger adsorption with dry matter (Li
et al. 2015; Zhao et al. 2017).

Total signal amplitudes A21, A22, A23, and A2 and dry basis
moisture content of each kind of vegetables in different drying
stages had obvious relation, especially for the A2 and dry basis
moisture content. Figure 6 shows the relation between signal
amplitudes A21, A22, and A23 and the corresponding moisture
content. Among the total signal amplitudes, A21 and A22 had
some linear relationships with the corresponding moisture
content, but the fitting goodness was not good. The most of
the A23 and A2 had good linear relation with the corresponding
moisture content except A23 of edamame. With calculation, the
total amplitudesA2 of whole moisture and the corresponding true
moisture content M1 (g water/g solid) had the best fitting good-
ness with some sample linear models, and for the predictedmois-
ture contentM2, mushroom:M2 = 5.25351 × 10−4A2 − 0.34042,

R-squared R = 0.996; carrot:M2 = 5.78756 × 10−4A2 − 0.14108,
R = 0.998; potato:M2 = 3.10019 × 10

−4A2 − 0.10612, R = 0.991;
lotus:M2 = 2.32415 × 10−4A2 − 0.01573, R = 0.998; edamame:
M2 = 3.13310 × 10

−4A2 − 0.4198,R = 0.996; and vegetable corn:
M2 = 1.69461 × 10−4A2 − 0.09063, R = 0.995. The mean square
and F value in analysis of variance were shown in Table 1,
respectively. Between edamame and vegetable corn of the six
kinds of fresh vegetables, mean square was less than 0.05 and
F value was more than 1000. Therefore, the fitting linear relation
between the total signal amplitudes A2 and the corresponding
moisture content was significant. These fitting formulas were
applied for predicting the moisture content and end point of the
last drying stage.

End point determination of MVD

In general, the moisture contents of dehydrated vegetables is
less than 0.08 (g water/g solid), which was selected as the end
point of MVD. The relationship between the total signal am-
plitudes A21, A22, A23, and A2 and moisture content was
analysed. Results showed that only whole signal ampli-
tudes of A2 of all six kinds of fresh vegetables have the
best fitting model with their corresponding moisture
content during drying. MVD has a high efficiency, and
the moisture content measurement in the last stage of
drying is critical for improving the drying quality and

Table. 1 Main parameters in last drying stage of different kinds of vegetables

Vegetable Drying
time (min)

Signal amplitude
A2 (a.u.)

Fitting
formula

Predicted moisture
content M2

(g moisture/g solid)

True moisture
content M1

(g moisture/g solid)

Accuracy P (%)

Mushroom 90 1413.189 M2 = 5.25351 × 10−4A2 − 0.34042
R = 0.996
S = 0.044
F = 2208.8

0.402 0.405 99.225

95 967.772 0.168 0.163 96.932

100 794.935 0.077 0.075 97.333

Carrot 105 969.458 M2 = 5.78756 × 10−4A2 − 0.14108
R = 0.998
S = 0.017
F = 5325.4

0.420 0.425 98.824

110 608.339 0.211 0.215 98.140

115 362.985 0.069 0.068 98.529

Potato 90 1000.326 M2 = 3.10019 × 10−4A2 − 0.10612
R = 0.991
S = 0.022
F = 1016.9

0.204 0.206 99.029

95 739.052 0.123 0.125 98.400

100 584.222 0.075 0.078 96.154

Lotus 90 1939.333 M2 = 2.32415 × 10−4A2 − 0.01573
R = 0.998
S = 0.004
F = 3776.2

0.435 0.439 99.088

95 928.210 0.200 0.203 98.522

100 377.471 0.072 0.075 96.000

Edamame 75 1817.050 M2 = 3.13310 × 10−4A2 − 0.4198
R = 0.996
S = 0.014
F = 1886.4

0.149 0.142 95.422

80 1686.828 0.109 0.105 96.481

85 1594.683 0.080 0.078 97.654

Fresh corn 85 1785.839 M2 = 1.69461 × 10−4A2 − 0.09063
R = 0.995
S = 0.010
F = 1666.3

0.212 0.218 97.247

90 1130.821 0.101 0.105 96.191

95 965.591 0.073 0.072 98.611

Note: R means R-squared, S means mean square, F means F value in analysis of variance
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stability of dried products. Therefore, the A2 was mea-
sured every 5 min in the last 15 min of drying. The
measuring time was no more than 30 s, when the tem-
perature and vacuum level can be controlled. Main pa-
rameters in last drying stage of different kinds of veg-
etables are shown in Table 1.

Fresh mushroom had the moisture content of 91.71% (wet
basis), and in the pre-experiment of MVD with the same pre-
set parameters, the drying time of edamame was more than
90 min. When drying for 90 min, the moisture was measured
online and in real time. The signal amplitudes A2 were
1413.189, 967.772, and 794.9352 at 90, 95, and 100 min of
MVD, respectively. According to the fitting formula
M2 = 5.25351 × 10−4A2 − 0.34042, the predicted moisture
content was calculated. If the values reached to the end point
0.08 g water/g solid, the drying process was stopped. If the
moisture content did not reach to the end point, the residual
moisture content still remained high, and the vacuum chamber
would go back to the original position for further drying. For
this experiment of mushroom, at 100 min of drying, the pre-
dicted moisture will be 0.075 g water/g solid (< 0.08 g water/g
solid), which was considered as the end point. At this stage,
the accuracy of the result was found to be 97.07%.

By the samemethod, the end point of MVD of other carrot,
potato, lotus, edamame, and vegetable corn of the five kinds
of fresh vegetables was measured through MVD-NMR de-
vice. Applying their own fitting formulas, the accuracy P
was found to be 98.53, 96.15, 96.00, 97.65, and 98.61%,
respectively. These results show that all of the accuracy values
were more than 95%, when the measuring time used was 20–
30 s and the measurement was performed in every 5 min at
least. Therefore, the predicted mathematical models in Table 1
can be considered efficient to estimate the end point of the
MVD process online and in real time. Because there was no
single relationship model between the moisture content and
the total signal amplitudes A2 for all fresh vegetables, the
mathematical model of one kind of vegetable in different
MVD stages cannot be applied to other vegetables directly.
Therefore, the empirical mathematical model and smart mea-
suring system for moisture content during MVD should be
developed independently for different kinds of fresh
vegetables.

Conclusions

The distribution of NMR signal amplitudes T2 between
edamame and vegetable corn of the six kinds of fresh vegeta-
bles was found to be different obviously. The total integrated
signal amplitude A21, A22, A23, and A2 and their corresponding
moisture content of these fresh vegetables could not have a
single mathematical model to fit. Thus, the measuring result
from NMR could not predict the moisture content of all fresh

vegetables directly. However, the moisture content vs total
signal amplitudes (A2) could be described by a linear fitting
model (R ≥ 0.995) which can be applied to the last stage of
drying to determine the end of drying with a high
accuracy(P > 0.950). This work shows that the model should
be developed for each vegetable. In addition, the improvement
in onlinemeasuring efficiency (20–30 s) and the application in
industry need further study.
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