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Abstract: In this study, the effects of ultrasonic power, drying temperature, and slice thickness on
the drying rate, chromatism, water migration law, gingerol content, flavor, and antioxidant activity
of ginger were investigated by using a direct-contact ultrasound and far infrared combined dry-
ing technology. The results showed that compared with single far infrared drying, direct-contact
ultrasound and far infrared combined drying accelerated the free water migration rate of ginger
(7.1~38.1%), shortened the drying time (from 280 min to 160 min), reduced the loss of volatile
components in ginger, and significantly increased the antioxidant activity of ginger (p < 0.05). Fur-
thermore, after ultrasound intervention, the gingerol content decreased in slices of 4 mm thick-
ness (0.1226 ± 0.0189 mg/g to 0.1177 ± 0.0837 mg/g) but increased in slices of 6 mm thickness
(0.1104 ± 0.0162 mg/g to 0.1268 ± 0.0112 mg/g). This drying technology has a certain reference
significance for the drying process of ginger slices.

Keywords: ginger; drying; direct-contact ultrasound; infrared; flavor; quality

1. Introduction

Ginger (Zingiber officinale Roscoe) is the fresh rhizome of Zingiberaceae perennial herb
ginger [1]. It is a traditional spice and food seasoning and also a kind of traditional Chinese
medicine with high medicinal value [2,3]. As a traditional Chinese medicine, it has the effect
of relieving colds, vomiting, and coughs; warming the lungs; and detoxifying the body [4].
It is commonly used to treat wind chills, spleen and stomach illness, vomiting, lung cough
and colds, and fish and crab poison [5]. Ginger contains a variety of bioactive substances,
including gingerol, zingerone ginger oil, active polysaccharides, and glycoproteins [6,7].
However, due to the relatively high moisture in ginger, it is easily affected by environmental
factors during storage and, thus, rotting. In order to improve the practical value of ginger,
it is necessary to dry and process it. On the one hand, the drying process can reduce the
moisture content of the sample and increase the sample storage time [8]. On the other hand,
the relevant enzyme activity in the sample will also be effectively maintained [9], and the
flavor was also improved in the samples after drying [10].

Although traditional drying methods (including sun exposure and air circulation)
are simple and easy to use, excessive drying time can lead to excessive loss of volatile
components in the sample, affecting the sample flavor and this drying method is easily
limited by environmental conditions [11,12]. Therefore, it is necessary to develop new
drying methods to improve the drying quality of ginger slices. Compared with ordinary
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sun drying, the solar drying method not only shortened the drying time of samples but
also retained the content of essential oil [13]. Also, this drying method is limited by climate.
In recent years, new drying technologies have been widely used in the field of agricultural
and by-product processing. Vacuum microwave drying has improved the stability and
antioxidant activity of phenolic substances in ginger [14]. The combination of microwave
and infrared drying has significantly improved the drying efficiency and uniformity of
samples and effectively improved the quality and browning of ginger slices [15].

Ultrasound-assisted technology is a new, non-heating drying technology; it uses
ultrasonic waves to conduct the liquid inside the sample and work on the liquid [16]. The
liquid medium will produce cavitation in the compression stage, which will promote the
migration of water in the cells, so as to shorten the drying time [17–19]. Compared with
water bath ultrasound, airborne ultrasound has a higher uniformity in the energy transfer
process, which effectively improves the drying quality and the texture structure of the
sample, including kiwifruit [20], cumin seeds [21], mushroom [22], and orange peel [23].
In recent years, direct contact with ultrasound has played a significant role in improving
the drying process due to its low energy attenuation; it can not only reduce the cell surface
damage of dry samples and the mass transfer resistance during drying but also increase the
retention rate of bioactive substances in the samples, thereby improving the antioxidant
activity of the samples [24–27]. Drying using direct-contact ultrasound technology can
retain more nutrients and bioactive substances, resulting in better performance of dried
samples in both quality and function.

In this study, the direct-contact ultrasonic and far infrared combined drying technology
was used to dry ginger. And, the effects of ultrasonic power, infrared drying temperature,
and slice thickness on water migration, color, gingerol content, and antioxidant activity
were investigated. Meanwhile, the volatile components were analyzed via gas ion mo-
bility chromatography, in order to provide a technical basis for the industrialization of
ginger drying.

2. Materials and Methods
2.1. Material and Chemicals

Fresh ginger was purchased from a local shop in Jinan (Shandong, China). Acetonitrile,
methanol, and absolute ethyl alcohol were purchased from China Pharmaceutical Chemical
Reagent Co., Ltd. (Shanghai, China); the reference substances of 6-gingerol and 8-gingerol
were purchased from Shanghai Source Ye Technology Co., Ltd. (Shanghai, China). 2, 2-
diphenyl-1-picrylhydrazyl (DPPH) was purchased from Sigma Aldrich (Shanghai, China).

2.2. Dehydrating Method

The direct-contact ultrasonic and far infrared combined drying system mainly includes
a far infrared drying oven, ultrasonic generator (35 KHz), and ultrasonic oscillator (240 W)
(i.e., three parts). The ultrasonic oscillator is placed in the center of the drying chamber
of the infrared drying oven, and the energy transmission and conversion are carried out
using the ultrasonic generator through the high temperature resistant connection line. The
ultrasonic generator had a constant frequency of 35 KHz, and an adjustable power of 240 W,
and the ultrasonic power was altered by adjusting the percentage of power. (Figure 1). The
dry base moisture content of the ginger was (13.0627 g/g) when using the oven method at
105 ◦C. The fresh ginger was rinsed off and cut into thin slices of 4 mm by 6 mm. The ginger
slices (80 slices, 4 mm by 6 mm) were laid flat on a disc in the direct-contact ultrasonic
vibration disk (GSB-240, Ningbo Scientz Biotechnolody Co., Ltd., Ningbo, China) for the
drying test. Briefly, the direct-contact ultrasonic disc was placed in an infrared drying
oven (HF-881-2, Wujiang Huafei Electric Heating Equipment Co., Ltd., Suzhou, China)
and different ultrasonic power states were set (Figure 1). The ginger slices were weighed
every 10 min for the first 90 min and every 20 min for the period from 90 min to drying
to constant weight. The temperature of the infrared was set into 30 ◦C, 40 ◦C, 50 ◦C, and
60 ◦C, respectively; additionally, the ultrasonic power was set to 0 W, 96 W, 144 W, 192 W,
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and 240 W, respectively. Each experiment was repeated three times, and the average value
was used for index analysis.
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2.3. Drying Characteristics

The drying characteristics of ginger with different drying methods were determined,
including the drying base moisture content, moisture ratio, and drying rate [28].

2.3.1. Drying Base Moisture Content

The moisture content (MC) of drying base in the direct-contact ultrasonic and far
infrared combined drying process of ginger slices was calculated by using Equation (1) [29].

MC =
Wt − Wd

Wd
(1)

where MC stands for the dry base moisture content (g/g) and Wt and Wd denote the drying
sample weight (g) at random t time and the dried materials weight (g) after drying at
105 ◦C, respectively.

2.3.2. Moisture Ratio

The moisture ratio (MR) of the drying base in the direct-contact ultrasonic and far
infrared combined drying process of ginger slices was calculated by using Equation (2) [30].

MR =
Mt − Me

M0 − Me
(2)

where the MR represents the moisture ratio (g/g); Mt (g/g), M0 (g/g,) and Me (g/g)
stand for the dry base moisture content of arbitrary time, the initial, and the constant
weight, respectively.

2.3.3. Drying Rate

The drying rate (DR) during the experiment of ginger slices was calculated by using
Equation (3) [31].

DR =
Mt − Mt+△t

△t
(3)

where the DR denotes the drying rate (g/g·h); the Mt and Mt+∆t represent the moisture
content (g/g) at the time of t and t + ∆t, respectively.
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2.4. LF-NMR Analysis

The transverse relaxation time of the samples was determined using LF-NMR analyzer
(MesoMR23-60, Shanghai Niumai Electronic Technology Co., Ltd., Shanghai, China). Briefly,
the samples were placed into the center of the radio-frequency coil with a diameter of
40 mm at the center of the permanent magnetic field. The multi-pulse echo sequence Carr–
Purcell–Meiom–Gill (CPMG) was used to scan and collect the nuclear magnetic signals.
Then, the Sirt algorithm was used for inversion with millions of iterations to obtain the
T2 (the transverse relaxation time) spectrum. The main parameters of T2 included SF
(main frequency)—20 MHz, O1 (offset frequency)—995,924.40 KHz, P1 (90-degree pulse
time)—4.52 µs, P2 (180-degree pulse time)—13.52 µs, NS (cumulative sampling times)—8,
TE (echo time)—1.000 ms, and NECH (echo number)—4000.

2.5. Chromatic Aberration

Chromatic aberration represents the surface color difference of samples treated using
different methods which were measured using a NH310 high-quality portable colorimeter
(Shenzhen 3 NH Technology Co. Ltd., Shenzhen, China). The CIE laboratory color parame-
ters follow that the L* is the brightness of the color, a* is the degree of red and green, and b*
is the degree of yellow and blue. The change in the samples color was calculated by using
Equation (4).

∆E =

√
(L*)2 + (a*)2 + (b*)2 (4)

where the ∆E stands for the total chromatic aberration. The ∆L*, ∆a*, and ∆b* are the
following calculation formulas:

∆L* = L∗
t − L∗

0 ,

∆a* =a∗t − a∗0 ,

∆b* = b∗t − b∗0

where L∗
t , a∗t , and b∗t are the value of the color brightness, the red and green degree, and the

yellow and blue degree for the materials at any time t when drying, respectively, while the
L∗

0 , a∗0 , and b∗0 denote the initial values that L*, a*, and b* of the material, respectively.

2.6. Determination of Gingerol Content

Gingerol is a unique substance in ginger root, and the unique aromatic gingerol,
such as 6-gingerol and 8-gingerol, has anti-inflammatory, anti-tumor, anti-oxidation, anti-
coagulation, heart-strengthening, insecticidal, and other characteristic [32]. Firstly, the
ginger extract was derived from dried samples for 6-gingerol and 8-gingerol content
analysis. Briefly, crushed dried ginger (0.5 g) was mixed with ethanol solution (75%,
20 mL) and ultrasonic oscillation for 1 h (SB-5200DT, Ningbo Scientz Biotechnology Co.,
LTD), centrifugated (1112× g, 5 min, Thermo Fisher, Waltham, MA, USA) to obtain the
supernatant, and then the extracted solution was freeze-dried for 48 h to obtain the alcohol
extract solid (AEs). After that, the samples were stored in a refrigerator at 4 ◦C.

Specifically, 6-gingerol (0.0125 g) and 8-gingerol (0.0800 g) standards were dissolved in
volumetric bottles (10 mL each) and constant diluted with anhydrous methanol of different
concentration gradients as a standard solution to establish the 6-gingerol calibration curve
(y = 0.0002x + 0.0054 R2 = 0.999) and 8-gingerol calibration curve (y = 0.0002x + 0.0044 R2

= 0.999), respectively [33]. The AEs were dissolved in the same manner. The absorbance
was measured at 280 nm, and the blank was the anhydrous methanol solution.

The qualitative and quantitative analysis of gingerol in samples was carried out using
1120 HPLC (Agilent, Santa Clara, CA, USA) a 0.22 µm syringe filter to filter the extract, and
the filtrate was put into a liquid vial. Chromatographic condition: YMC-Pack ODS-AC18
column (250 × 4.6 mm.D. S-5 µm, 12 nm) at 45 ◦C; the gradient elution conditions were
shown in Table 1. The flow rate was 1 mL/min, the sample volume was 5 µL, and the
detection wavelength was 280 nm. The measured value is put into the standard curve to
obtain the gingerol content.
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Table 1. The chromatographic elution conditions of standards and samples.

Time/min Mobile Phase A: Water Mobile Phase B: Acetonitrile

0 70 30
40 30 70

2.7. Analysis of Volatile Substances

The volatile substance of ginger was evaluated using a FlavourSpec® GC—IMS (Gas
chromatography ion migration spectrometer, GAS, Dortmund, German). The sample (0.5 g)
was added into the headspace solid phase bottle that kept 500 r/min incubation for 10 min
at 80 ◦C. The headspace injection included an injection needle temperature (85 ◦C), injection
volume (400 µL), SE-54 capillary-column chromatography (0.32 mm × 30 m, 0.25 µm),
column temperature (60 ◦C), analysis time (35 min), high-purity nitrogen carrier gas (degree
of purity ≥99.999%), carrier gas flow velocity (0.2 mL/min), drift gas velocity (50 mL/min),
and IMS detector temperature (45 ◦C).

2.8. DPPH—Radical Scavenging Activity

The antioxidant activity of dried ginger was determined by measuring the DPPH (2,
2-diphenyl-1-picrylhydrazyl) radical scavenging ability [34]. The different dried gingers
were ground to obtain a powder; the ginger powder (3.0 g) was mixed with ethanol (75%,
30 mL), ultrasonic extraction occurred for 30 min, and the mixture was centrifuged (3407× g,
10 min). Then, the supernatant was collected and the procedure was repeated to extract the
sediment twice [35]. Finally, the extracted solution was freeze-dried for 48 h and stored
in a refrigerator at 4 ◦C. The DPPH radical scavenging activity was determined using
microplate reader (Spark® MicroplateReader, TECAN, Männedorf, Switzerland). Briefly,
the lyophilized samples (100 µL) were mixed with DPPH ethanol solution (0.15 mol/mL,
100 µL) and placed into a 96-well plate, the blank control was DPPH ethanol solution
(100 µL) and sample solvent (100 µL). After incubation for 1 h in obscurity, the DPPH
radical scavenging activity was assessed at the absorbance of 517 nm and calculated using
Equation (5) [36].

DPPH · (%) =
A0 − A1

A0
(5)

where A0 and A1 represent the absorbance of blank and sample, respectively.

2.9. Statistical Analysis

The results are expressed as the mean ± standard deviation (SD) and were subjected
to analysis of variance (ANOVA) tests in triplicate and the significant differences between
diverse groups (p < 0.05). Origin 9.0 was used for data processing plotting. The laboratory
analytical viewer (LAV) software was used in the analysis of sample chromatogram, and
the difference chromatogram and fingerprint chromatogram of different samples were
drawn by using the Reporter plug-in and Gallery Plot plug-in.

3. Results and Discussion
3.1. Effects of Drying Conditions on Drying Characteristics of Ginger

The effects of temperature, ultrasonic power, and thickness on the drying character-
istics of ginger slices (4 mm) was determined by measuring the drying curve and drying
rata curve. Drying to a constant weight was using as the basis for comparison, Figure 2a
showed the changes of drying curves at different drying temperatures (30 ◦C, 40 ◦C, 50 ◦C,
and 60 ◦C); the results showed that the drying time needed 400 min at the temperature of
30 ◦C, while the drying time at 50 ◦C and 60 ◦C only needed around 280 min. This indicated
that the water loss rate of ginger slices was accelerated with the increase of temperature;
consequently, the time to reach the inflection point was obviously shortened. The drying
rate curve is shown in Figure 2b; the drying rate of the samples at the four experimental
temperatures firstly increased and then decreased. And, the higher the temperature, the
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faster the drying rate of the samples, indicating that increasing the drying temperature ac-
celerates the water migration rate during drying [37]. Under the experimental temperature
gradient, there is no significant difference in the variation in the appearance of ginger slices.
From the perspective of the drying rate, there is trivial difference between the drying rate
of 50 ◦C and 60 ◦C.
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Figure 2. Drying curves and drying rate curves for different drying temperature. (a) Drying curves;
(b) Drying rate curves.

The drying curves and drying rate curves of ginger slices (4 mm, 50 ◦C) at different
ultrasonic powers (0 W, 96 W, 144 W, 192 W, and 240 W) changed with drying time, as
shown in Figure 3. Based on drying to a constant weight, at the same drying temperature
with the increase of ultrasonic power, the time for the moisture content of ginger slices to
reach the drying inflection point was also significantly shortened. The drying time was
280 min at the ultrasonic power of 0 W but only around 160 min at 144 W, 192 W, and
240 W. The drying time was reduced by 42.8% after the addition of ultrasound, because
the ultrasound could produce a cavitation effect in the internal tissues, which enlarged the
internal water transport channels of ginger, accelerated the water loss rate and shortening
the drying time [38]. The drying rate firstly increased and then decreased, because the
ultrasonic gradually changed the internal texture of ginger slices at the initial stage [39],
resulting in a slight increase in the drying rate (Figure 3b). In conclusion, ultrasonic power
is also one of the main factors affecting the drying characteristics of ginger, and ultrasonic
treatment can indeed have a significant effect on shortening the drying time. Under the
ultrasonic power gradient of this experiment, the difference in the appearance of ginger
slices is not obvious. From the drying rate, there was a slight difference between 144 W,
192 W, and 240 W.
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The changes in the drying curve and drying rate curve against the drying time of
ginger slices of different thicknesses (4 mm, 6 mm, 144 W, 50 ◦C) were shown in Figure 4.
According to the analysis of the drying curve, under the premise that the drying temper-
ature and ultrasonic power were the same and unchanged, the thinner the thickness of
ginger slice, the faster the drying rate and the shorter the drying time. The ginger slices
with a thickness of 4 mm were affected by ultrasonic conditions, while ginger slices with a
thickness of 6 mm were less affected by ultrasonic factors. This was due to the fact that the
thick slice led to the high resistance of water between cells in the diffusion process, which
slows down the drying rate [40]. It can be concluded that, under the drying condition of
50 ◦C and 144 W, the thinner the ginger slice, the greater the degree of appearance change.
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3.2. Changes in Water Migration

LF-NMR (Low field nuclear magnetic resonance) technology was used to determine the
changes in water migration of raw ginger slices [41]. In the drying process, the transverse
relaxation time T2 (transverse relaxation time) reflected the distribution and changes in
the water content in different states [42], the smaller T (relaxation time) indicated the
smaller degree of water freedom [43], indicating that water was more tightly bound to
macromolecules in the environment in which it was located and less easily removed. The
greater the T2, the greater the water freedom and the easier the removal [44]. The magnetic
resonance signal data of ginger slices under different drying methods were fitted using
multi-exponential fitting to obtain the T2 inversion map. The LF-MRI signal data of ginger
slices (6 mm) dried at 50 ◦C, 0 W and 50 ◦C, 144 W were fitted via multi-exponential fitting
to obtain T2 inversion plots, as shown in Figure 5. The water sources in raw ginger slices
were free water and non-flowing water and had a low content of bound water. During the
drying process, it was observed that the position of the peak of water in different states
obviously shifted to the left, indicating that the mobility of water in the ginger slices became
worse. The free water was lost rapidly during the drying process, while the non-flowing
water was lost slowly. The bound water almost did not change before and during the
middle period of drying and began to lose the bound water when the free water and
non-flowing water were lost [45].
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From T2 inversion plots, the content and loss rate of non-flowing water (especially
after 45 min) of ginger slices dried using direct-contact ultrasonic and far infrared cmbined
dying were faster than those of ginger slices dried using traditional infrared drying. This is
because the ultrasonic energy increased the freedom of immobile water, making it easier
to lose and, thus, increasing the drying rate [46]. Moreover, from the above comparison,
it can be concluded that the drying time of direct-contact ultrasound and far infrared
combined drying ginger slices is shorter than that of traditional infrared drying. A large
part of the reason is that the immobile water in direct-contact ultrasound and far infrared
combined drying ginger slices is converted into the kinetic energy of water due to the
energy generated via ultrasound [47], thus accelerating the migration rate of water and
shortening the drying time.

3.3. Effects of Different Drying Conditions on Color Changes of Ginger Slices

Color is an important index affecting sample quality; the influence of different drying
temperatures on the color of the sample was shown in Figure 6a, where L* represented
the brightness difference, a* represented the red–green degree, b* represented the blue–
violet degree, and ∆E was used to evaluate the overall color change. Compared with the
fresh sample, the L* value on the surface of the dried ginger increased, indicating that the
brightness of dried ginger was higher than that of fresh ginger, which was due to reduce the
water content of the sample after drying, leading to increased brightness [48]. In general,
the surface L* value was the lowest, the a* value was the largest, and the ∆E value was the
smallest at the drying temperature of 30 ◦C. This is due to the longer drying time required
under drying conditions at 30 ◦C and the longer contact time of ginger with air. However,
the drying temperature of 60 ◦C is higher, which causes the cell rupture of ginger to release
oxidase, resulting in a high degree of browning of ginger slices [49]. The L* value of 40 ◦C
and 50 ◦C drying conditions is higher, and the color of dried ginger slices is better, while
the b* value of 40 ◦C drying ginger slices is larger, so the drying effect is the best under the
drying temperature of 50 ◦C.

Figure 6b showed the influence of different ultrasonic powers on color change when
the drying temperature was constant. At 0 W and 240 W ultrasonic powers, the L* value
was the lowest, a* value was the largest, and ∆E value was the smallest on the surface of
the dry sample. The former is due to the absence of ultrasonic treatment, which puts the
ginger in contact with the air for a long time, resulting in a high degree of ginger browning,
while the ultrasonic energy at 240 W power is overtop, which causes the ginger cells to
break down and release oxidase, resulting in a high degree of ginger browning [50]. Under
the condition of 144 W ultrasonic drying, the L* value was the highest, the a* was small, the
∆E value was the largest, and the color of dried ginger slices was better.

Figure 6c showed the influence of slice thickness on color change when the drying
temperature and ultrasonic frequency were constant. The L* value of the dry sample with
6 mm slices was larger than that with 4 mm slices, while the a* value was smaller and the
∆E value was larger. The thin section of the 4 mm sample makes it easier for the ultrasonic
energy to penetrate the cells and rupture them, releasing the oxidase and resulting in a high
degree of browning [51]. However, the dried samples of 6 mm slices had less cell rupture
and less browning than those of 4 mm slices due to the thicker thickness. Therefore, the
color of ginger slices under the drying conditions of 6 mm size, 144 W ultrasonic power,
and 50 ◦C drying temperature is the best.
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3.4. Effects of Different Drying Methods on Gingerol Content

According to the set chromatographic conditions, 10 µL each of the control solution
(standard solution) and the sample solution (6 mm, 50 ◦C, and 0 W; 6 mm, 50 ◦C, and 144
W; 4 mm, 50 ◦C, and 0 W; and 4 mm, 50 ◦C, and 144 W) were precisely extracted, and
the sample was injected using an automatic sampler. The chromatographic diagrams of
the standard and sample solution are shown in Figure 7. The content of 6-gingerol and
8-gingerol in ginger slices under different drying conditions was shown in Table 2. At the
drying temperature of 50 ◦C, under the thinner slice thickness (4 mm), the gingerol content
of the ultrasonic treated ginger slices (0.0160 ± 0.0006 mg/g) is lower than that of the
infrared dried ginger slices (0.0214 ± 0.0018 mg/g), which may be due to the mechanical
damage inside the material due to cavitation and mechanical effects caused by high-
intensity ultrasound, reducing the content of active ingredients [52]. However, with the
increase of slice thickness (6 mm), the gingerol content (0.0205 ± 0.0008 mg/g) was higher
than that of ginger slices dried using infrared drying methods (0.0194 ± 0.0015 mg/g),
which may be due to the ability of ginger slices with a certain thickness to reduce the
damage of the internal cellular structure of the material caused by ultrasound [53]. The
6 mm, 144 W ginger showed satisfactory results in terms of drying time, retention of volatile
oil, and sample color.
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Table 2. The gingerol content, drying time, and chromatism of ginger slices under different slice
thickness and ultrasonic frequency (at 50 ◦C).

4 mm 6 mm

0 W 144 W 0 W 144 W

6-gingerol (mg/g) 0.1012 ± 0.0171 a 0.1017 ± 0.0831 a 0.0910 ± 0.0147 b 0.1063 ± 0.0104 a

8-gingerol (mg/g) 0.0214 ± 0.0018 a 0.0160 ± 0.0006 b 0.0194 ± 0.0015 a 0.0205 ± 0.0008 a

Drying time (min) 280 b 160 d 430 a 270 c

Chromatism (∆E) 11.97 ± 0.65 a 11.86 ± 0.58 b 11.62 ± 0.79 c 11.03 ± 0.91 d

Each value is the mean ± standard deviation (n = 3). Different letters (a–d) are significantly different (p < 0.05).

3.5. Analysis of Volatile Substances

The GC-IMS (gas chromatography-ion migration spectrometer) analysis was used to
detect and analyze volatile substances in ginger slices dried using two different methods.
The difference in volatile components (VOCs) in ginger dried using different methods was
qualitatively analyzed using the Reporter plug-in in LAV software, as shown in Figure 8a,
where the abscissa represents the ion migration time and the ordinate represents the
retention time; each red dot represents a volatile substance, with darker colors indicating
higher levels [54]. The results showed that the content of VOCs in the samples treated
with ultrasonic combined with infrared drying was higher than that of the samples treated
with infrared drying. This may be due to the fact that ultrasonic treatment shortened
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the time for the ginger slices to reach the dry constant weight, thus better retaining the
volatile substances contained in the ginger slices. The characteristics of VOCs in ginger
pieces under different drying conditions were obtained by comparing the retention index,
retention time, and ion migration time, and all VOCs were identified using the database
of the National Institute of Standards and Technology (NIST). The results of the analysis
were shown in Table 3. The ginger under different drying conditions contained a variety
of substances, with 55 different types of VOCs identified and 18 peaks not identified,
including alcohols (12), aldehydes (12), ketones (11), alkenes (11), esters (4), and others (5).
The Gallery Plot plug-in in LAV software was used to quantitatively analyze the difference
in VOCs in ginger that had undergone different drying methods, as shown in Figure 8b;
each row represents a sample and each column represents a volatile component. Among
them, the content of octanal, propionaldehyde, 1-pentanol, 2-pentanone, 1-butanol, and
another four compounds after ultrasonic treatment were significantly higher than that of
infrared air drying. This may be due to the fact that the drying time was shortened by
implementing sonication and the loss of volatile components was reduced. In addition,
the content of VOCs in the 6mm thickness ginger slices after ultrasonic treatment with
pentanal, 1-pentanol, 2-pentanone, hexanal, heptanal, octanal, and butyl methyl ketone
were higher than that of 4mm thickness ginger slices. This may be due to the fact that the 4
mm thickness of the ginger slice is too thin to accelerate the loss of substances in the ginger
slice during the drying process.

Processes 2024, 12, x FOR PEER REVIEW 12 of 17 
 

 

substances, with 55 different types of VOCs identified and 18 peaks not identified, includ-
ing alcohols (12), aldehydes (12), ketones (11), alkenes (11), esters (4), and others (5). The 
Gallery Plot plug-in in LAV software was used to quantitatively analyze the difference in 
VOCs in ginger that had undergone different drying methods, as shown in Figure 8b; each 
row represents a sample and each column represents a volatile component. Among them, 
the content of octanal, propionaldehyde, 1-pentanol, 2-pentanone, 1-butanol, and another 
four compounds after ultrasonic treatment were significantly higher than that of infrared 
air drying. This may be due to the fact that the drying time was shortened by implement-
ing sonication and the loss of volatile components was reduced. In addition, the content 
of VOCs in the 6mm thickness ginger slices after ultrasonic treatment with pentanal, 1-
pentanol, 2-pentanone, hexanal, heptanal, octanal, and butyl methyl ketone were higher 
than that of 4mm thickness ginger slices. This may be due to the fact that the 4 mm thick-
ness of the ginger slice is too thin to accelerate the loss of substances in the ginger slice 
during the drying process. 

 
Figure 8. The flavor profiles at different ultrasound frequencies and specifications at 50 °C: (a) GC-
IMS of ginger dried using different drying methods; (b) GC-IMS fingerprint of volatile components 
in ginger dried using different methods. The A, B, C, and D represent 6 mm, 144 W; 6 mm, 0 W; 4 
mm, 144 W; and 4 mm, 0 W, respectively. 

  

Figure 8. The flavor profiles at different ultrasound frequencies and specifications at 50 ◦C: (a) GC-
IMS of ginger dried using different drying methods; (b) GC-IMS fingerprint of volatile components
in ginger dried using different methods. The A, B, C, and D represent 6 mm, 144 W; 6 mm, 0 W;
4 mm, 144 W; and 4 mm, 0 W, respectively.
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Table 3. There are many volatile compounds in ginger, including aldehydes, ketones, alcohols, esters,
and pyrazines.

NO Compounds CAS# Formula MW RI Rt Dt

1 Nonanal 124-19-6 C9H18O 142.2 1103.2 798.551 14.786
2 1,8-Cineole 470-82-6 C10H18O 154.3 1037.7 674.219 12.958
3 Limonene 138-86-3 C10H16 136.2 1034.2 668.154 12.194
4 Octanal 124-13-0 C8H16O 128.2 1009.5 626.709 14.102
5 Butyl butyrate 109-21-7 C8H16O2 144.2 996.8 606.492 1.221
6 ∆-3-Carene 13466-78-9 C10H16 136.2 1011.9 630.753 12.178
7 Myrcene 123-35-3 C10H16 136.2 991.8 595.373 11.733
8 β-Pinene 127-91-3 C10H16 136.2 979.0 567.07 12.178
9 α-Fenchene 471-84-1 C10H16 136.2 952.4 512.485 12.147

10 α-Pinene 80-56-8 C10H16 136.2 937.0 483.17 12.194
11 2-Heptanone 110-43-0 C7H14O 114.2 890.3 404.325 16.297
12 Heptanal 111-71-7 C7H14O 114.2 901.7 422.52 13.387
13 Cyclohexanone 108-94-1 C6H10O 98.1 889.8 403.43 11.573
14 1-Hexanol 111-27-3 C6H14O 102.2 868.9 369.358 1.124
15 (Z)-3-hexen-1-ol 928-96-1 C6H12O 100.2 852.2 344.223 11.798
16 Hexanal 66-25-1 C6H12O 100.2 793.6 268.818 1.565
17 Butyl methyl ketone 591-78-6 C6H12O 100.2 781.5 255.412 11.887
18 1-Butanol, 2-methyl- 137-32-6 C5H12O 88.1 740.1 214.638 11.536
19 1-Hexen-3-one 1629-60-3 C6H10O 98.1 776.2 249.827 10.904
20 1-Pentanol 71410 C5H12O 88.1 758.0 231.395 1.255
21 Pentanal 110-62-3 C5H10O 86.1 691.4 174.98 14.225
22 1-Butanol 71-36-3 C4H10O 74.1 651.2 156.548 13.965
23 Pentan-2,3-dione 600-14-6 C5H8O2 100.1 692.2 175.539 12.931
24 2,3 Butandione (Diacetyl) 431-03-8 C4H6O2 86.1 572.4 126.945 11.556
25 Linalool 78-70-6 C10H18O 154.3 1087.9 767.519 12.229
26 1-Octen-3-ol 3391-86-4 C8H16O 128.2 991.4 594.422 11.786
27 Benzaldehyde 100-52-7 C7H6O 106.1 960.1 527.625 11.508
28 Styrene 100-42-5 C8H8 104.2 902.2 423.356 1.441
29 3-Hexen-1-ol 928-96-1 C6H12O 100.2 841.4 328.862 1.223
30 2-Pentanone 107-87-9 C5H10O 86.1 676,5 167.452 11.097
31 Isopropyl acetate 108-21-4 C5H10O2 102.1 660.5 160.477 11.593
32 Acetone 67-64-1 C3H6O 58.1 506.1 106.417 11.142
33 Propanal 123-38-6 C3H6O 58.1 489.6 101.839 10.425
34 n-Nonanal 124-19-6 C9H18O 142.2 1103.5 799.136 19.427
35 2-Nonanone 821-55-6 C9H18O 142.2 1092.6 776.93 14.109
36 Octamethylcyclotetrasiloxane 556-67-2 C8H24O4Si4 296.6 1011,8 630.574 16.845
37 2,3-Butanedione 431-03-8 C4H6O2 86.1 567.9 125.429 11.661
38 1-Propanol 71-23-8 C3H8O 60.1 561.6 123.365 11.248
39 Ethyl Acetate 141-78-6 C4H8O2 88.1 596.2 135.234 10.953
40 Terpinolene 586-62-9 C10H16 136.2 1090.1 768.204 1.22084
41 Benzeneacetaldehyde 122-78-1 C8H8O 120.2 1045.9 687.765 1.2561
42 β-Ocimene 13877-91-3 C10H16 136.2 1035.1 669.436 1.21916
43 Hexyl acetate 142-92-7 C8H16O2 144.2 1010.1 628.708 1.40889
44 Pyrazine, 2-ethyl-5-methyl- 13360-64-0 C7H10N2 122.2 991.9 597.143 1.1755
45 Camphene 79-92-5 C10H16 136.2 951.9 511.612 1.21412
46 2-Propanol 67-63-0 C3H8O 60.1 929.3 468.846 1.20572
47 3-Methylbutanal 590-86-3 C5H10O 86.1 902.6 423.026 1.20069
48 Dipropyl sulfide 111-47-7 C6H14S 118.2 889.4 401.644 1.15703
49 Butanal 123-72-8 C4H8O 72.1 868.3 367.024 1.12513
50 2-Hexenal 505-57-7 C6H10O 98.1 852.1 342.586 1.18054
51 (Z)-3-Hexen-1-ol 928-96-1 C6H12O 100.2 839.9 325.277 1.22419
52 Furfural 1998/1/1 C5H4O2 96.1 834 317.131 1.33333
53 1-Octene 111-66-0 C8H16 112.2 784.7 257.056 1.19061
54 2,3-Pentanedione 600-14-6 C5H8O2 100.1 673.1 163.379 1.27792
55 2-Propenal, 2-methyl- 78-85-3 C4H6O 70.1 582.5 127.741 1.22251
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3.6. DPPH—Radical Scavenging Activity

The minimum concentration of ginger slices under different ultrasonic power and
slice thickness (at 50 ◦C) to reach IC50 can explain the antioxidant capacity of the sample to
a certain extent. The antioxidant activities of four different specifications of ginger slices
were exhibited in Figure 9. The antioxidant capacity of the four samples with different spec-
ifications was shown as 6 mm, 144 W > 4 mm, 144 W > 4 mm, 0 W > 6 mm, 0 W (p < 0.05).
The IC50 (half-inhibition concentration) values of 6 mm, 144 W; 4 mm, 144 W; 4 mm, 0 W;
and 6 mm, 0 W were 0.402 ± 0.006 mg/mL, 0.456 ± 0.011 mg/mL, 0.724 ± 0.009 mg/mL,
and 0.843 ± 0.008 mg/mL (p < 0.05), respectively. From the experimental data, the DPPH
scavenging capacity of the samples treated via sonication was significantly enhanced.
According to Sections 3.4 and 3.5 gingerol content data and volatile substance content com-
parison, it was found that the content of ultrasonic-treated samples was higher than that of
non-ultrasonic samples, and the content of 6mm samples after ultrasonic treatment was
higher than that of 4mm samples This may be due to the fact that ultrasonic combined with
infrared drying shortened the drying time and improved the retention of active substances.
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4. Conclusions

In this study, the drying rate, water transport, gingerol content, flavor, and antioxidant
activity of ginger slices under different drying conditions were investigated using direct-
contact ultrasound and far infrared combined drying. The results of LF-NMR showed that
ultrasonic treatment increased the degree of freedom of hard-to-flow water and accelerated
the drying rate, which provided auxiliary proof for the direct-contact ultrasound and far
infrared combined drying technology of ginger slices. The GC-IMS data indicate that
direct exposure to combined ultrasonic and far infrared drying increases the retention of
volatile components in the sample. The gingerol content of the thicker slices treated with
ultrasound was higher than that of the non-sonicated slices. Compared with the traditional
infrared drying, ultrasonic and far infrared combined drying improved the drying rate of
ginger slices, shortened the drying time, reduced the color difference, and improved the
antioxidant activity of ginger slices. Therefore, the direct-contact ultrasonic and far infrared
combined drying technology has a certain reference significance for the drying process of
ginger slices.
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