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Process performance and quality attributes of temperature and step-down
relative humidity controlled hot air drying of Panax notoginseng roots
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Abstract: The effects of temperature and step-down relative humidity controlled hot-air drying (THC-HAD) on the drying
kinetics, energy efficiency and quality, i.e., rehydration ratio (RR), color parameters (L*, a*, b*), total color difference (AE*),
Panax notoginseng saponins (PNS) content, and ginsenosides content (Ry, Rg1, Re, Ry, Rpy) 0f Panax notoginseng roots were
evaluated. The drying time was significantly affected by the drying temperature followed by the relative humidity (RH) of the
drying air. Special combination of drying conditions, i.e., drying temperature of 50<C, relative humidity of 40% for 3 h and
then continuous dehumidification from 40% to 8% allowed to shorten the drying time by 25% compared to drying at the same
temperature and continuous dehumidification. The longer was the drying time under constant high RH of drying air, the lower
was the RR of dried samples. The step-down RH strategy contributed to the formation of a porous structure, enhancement of
drying efficiency and quality improvement. Generally, the ginsenosides content increased with the increase in temperature,
while no obvious trend was recorded for ginsenoside R;.  The contents of the ginsenoside Ry, Rg;, Ry and PNS decreased with
the increase in the drying time under constant high RH.  Taking into account the drying time, energy consumption and quality
attributes, drying at the temperature of 50<C, constant RH of 40% for 3 h and then step-down RH from 40% to 8% was
proposed as the most favorable combination of drying conditions for dehydration of whole Panax notoginseng roots.
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1 Introduction

Panax notoginseng (Burk.) F. H. Chen (Araliaceae) roots,
called Jinbuhuan in China, is a precious Chinese medicinal used to
treat blood loss and anemia. It is widely distributed in southwestern
China, Myanmar and Nepal™. Saponins include Ry, Ry, Re, Ry and
Rp1 as their main medicinal components and are often used for
extraction for clinical trials™.  The sum of Ry, Ry, Re, Rg, and Ry
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contents is equal to the content of PNS. PNS may lower the risk
of arterial thrombosis, prevent myocardial ischemia-reperfusion
injuries, enhance cerebral microcirculation, and protect nerve
cellst®4,

Fresh Panax notoginseng roots are difficult to store for a long
time because of the high moisture content of them (over 65%).
Drying of Panax notoginseng roots may inhibit the activity of
enzymes, facilitate the extraction of medicinal ingredients, reduce
transportation costs and extend their shelf lifel®®!. At present, the
market mainly adopts two methods of natural drying and drying
room to dry fresh Panax notoginseng rootsl”). Sun drying and
convective hot air drying are widely used to preserve food
products”.  Sun drying of Panax notoginseng roots takes 13-15 d,
while hot air drying at the temperature range from 30<C to 50C
and an air velocity of 1.0 m/s of whole ginseng root takes
70-190 h¥®. Hot air drying of American ginseng roots has a
number of disadvantages such as long drying time, shrinkage,
ginsenoside content degradation, and color deterioration™*®.  The
excessive time of exposure of the product to the drying conditions
may generate a degradation of the quality due to the long exposure
to high temperatures. In addition, the hardening of the surface of
ginseng roots during drying restricts moisture movement®. This
phenomenon has been observed during the drying of Panax
notoginseng roots®.  The special combination of drying
conditions, i.e., temperature and relative humidity may allow to
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shorten the drying time and improve product quality™®. An
increase of drying temperature at constant air humidity may reduce
the drying time of the Panax notoginsengroots!®. However,
increasing the air temperature to a high level, e.g., 70<C, may result
in the reduction of total ginsenosides content, color deterioration,
or case-hardening of roots®*2*3l.  Not only higher temperature but
also higher air velocity and lower relative humidity (RH) may
enhance more rapid rates of drying resulting in high convective
heat and mass transfer rates at the product surface and then surface
hardening!?.  Hot air impingement drying (drying air temperature
of 45<C, air velocity of 6 m/s) of American ginseng slices
(thickness of 2 mm) allowed to significantly shorten the drying
time and well preserve ginsenosides™.

In order to solve the problem of case hardening and quality
loss, a strategy of drying temperature and RH control is essential.
In the step-down RH hot air drying, high RH air at a constant
temperature is applied for a certain period of time in the initial
drying stage to increase sample temperature and enhance internal
moisture transfer. Then, the RH of the drying air is reduced to a
fixed value at the same drying temperature to accelerate material
surface moisture evaporation®®.  The step-down RH drying
technology has been used for drying different fruit products, such
as apricot halves, yam slices, carrot slabs™®. |t resulted in
improved efficiency of drying and high quality attributes including
color, and heat sensitive components**¢,  The drying air of low
temperature and high RH may have the same enthalpy as that at
higher drying temperature and lower RHM®.  Keeping low
temperatures and high RH at the initial stage of drying results in
fast product temperature rise and more uniform distribution of
temperature and moisture inside the material. This mitigates
case-hardening caused by fast drying rate (DR) due to high drying
temperature and low RHI® Therefore, it is boldly assumed
that the moisture is always removed due to the vapor pressure
difference between the environment and the material surface, and
the drying intensity is severe under continuous dehumidification.
On the contrary, although the moisture is slowly removed from the
material surface, the drying intensity is weak, which may avoid the
surface hardening of the material and help to speed up the drying
process under step-down RH or constant RH.

Relative humidity control is important for the selection of
optimal drying parameters ensuring drying efficiency, and high
quality of food products®™®,  However, there is a general
scarcity of published data on the effect of step-down RH control
strategy on the drying characteristics of whole Panax notoginseng
roots, and no one combined with the material center temperature,
microstructure and texture characteristics to comprehensively
analyze the influence mechanism of relative humidity in the drying
process. Additionally, most of the published papers on the drying
of Panax notoginseng roots are limited to their pharmacological
and clinical aspects*®"].  Therefore, the aims of this study were
to evaluate the effects of temperature and humidity controlled
hot-air drying (THC-HAD) i.e., constant drying temperature,
constant relative humidity and step-down relative humidity on 1)
the drying characteristics of whole Panax notoginseng roots; 2)
quality attributes, such as color (L, a", b", AE"), rehydration ratio,
shrinkage, texture, ginsenosides contents (Ry, Ry, Ry, Re, Rg1, PNS),
and microstructure, as well as 3) specific energy consumption.

2 Materials and methods

2.1 Material
Freshly harvested three-year-old cultivated Panax notoginseng

(Burk.) F.H. Chen roots were obtained from Wenshan City,
Yunnan Province, China. The initial moisture content of freshly
harvested roots was (2.1940.10) g/g d.b. The initial moisture
content of roots was checked using oven drying at the
temperature of 105<C for 24 h according to the standard[®l.
Panax notoginseng (Burk.) F. H. Chen roots of similar size and
weight were selected for further experiments. The average radius,
length, and weight of Panax notoginseng roots were (4#1) cm,
(12+1) cm, and (4044) g, respectively. Panax notoginseng roots
were washed with tap water, while an electric fan was used to
remove the surface water. Fibrous root and rhizome were
removed. Panax notoginseng roots were stored in a refrigerator
at the temperature of 4<C and relative humidity of 80% no longer
than 3 d until the drying experiments. Before the drying
experiment, the fresh Panaxnotoginseng roots were taken out
from the refrigerator and left for about 4 h to reach the room
temperature of 20 <C.
2.2 Experimental equipment and design

Temperature and humidity controlled hot-air  drying
(THC-HAD) drying experiments with step-down relative humidity
(RH) strategy were performed in a laboratory-scale hot air drying
equipment installed in the College of Engineering of China
Agricultural University, Beijing, China. The schematic diagram
(Figure 1) and details on the drying set-up have been previously
reported in Reference [11].
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1. Humidification water tank 2. Wet curtain 3. Air bellow assembly
4. Human machine interface 5. Distribution box 6. Doorknob 7. Fan support
8. Drying chamber door 9. Moisture removing centrifugal fan 10. Weighing
module 11. Tray support 12. Door hinge 13. Return air flue 14. Electric
heating assembly  15. Inlet air pipe  16. Iron ore net  17. Axial flow fan
Note: Arrows represent the direction of air flow.

Figure 1 Schematic diagram of convective hot air dryer
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Single-factor experiments were designed to evaluate the effects
of constant drying temperature (40<C, 50<C, 60<C, and 70C),
constant relative humidity of drying air (20%, 30%, 40%, and 50%),
as well as step-down relative humidity of drying air (constant RH
of 40% for 0, 1, 3, 5 and 7 h; Step-down relative humidity from
40% to 8% until the end of drying) on the drying characteristics
and quality of Panax notoginseng roots. The detailed
experimental arrangement is listed in Table 1. The hot air
velocity was kept constant at 0.3 m/s during drying. A single
layer of Panax notoginseng roots (about 480 g) was spread on a
stainless steel wire mesh and placed in the drying chamber. The
weight loss of samples was monitored by an automatic weighing
system (Beijing Kang Sen Technology Co., China) with an
accuracy of #0.01 g. The mass of the sample was recorded every
60 min in the first 10 h and every 180 min until the end of drying
(<0.15 d.b.). After drying, samples were cooled down for 30 min
packed in low-density polyethylene (LDPE) bags and sealed. All
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the experiments were done in triplicate. The average value of
moisture content was used to calculate the drying curves.

Table 1 Experimental design for temperature and humidity
controlled hot-air drying (THC-HAD) of Panaxnotoginseng

roots
No. Temf%at“re Relative humidity/% tr/h
Control (raw, _ _
non-treated)
2 40 Continuous dehumidification from 25% to 8% 69.7
3 50 Continuous dehumidification from 25% to 8% 55.0
4 60 Continuous dehumidification from 25% to 8% 345
5 70 Continuous dehumidification from 25% to 8% 98.0
6 50 20% for 1 h and then continuous dehumidification to 8% 55.0
7 50 30% for 1 h and then continuous dehumidification to 8% 49.0
8 50 40% for 1 h and then continuous dehumidification to 8% 44.5
9 50 50% for 1 h and then continuous dehumidification to 8% 52.8
10 55 20% for 1 h and then continuous dehumidification to 8% 53.0
11 55 30% for 1 h and then continuous dehumidification to 8% 49.0
12 55 40% for 1 h and then continuous dehumidification to 8% 43.0
13 55 50% for 1 h and then continuous dehumidification to 8% 52.0
14 50 40% for 3 h and then continuous dehumidification to 8% 40.5
15 50 40% for 5 h and then continuous dehumidification to 8% 52.2
16 50 40% for 7 h and then continuous dehumidification to 8% 61.2

Note: v: Air velocity, 0.3 m/s; tr: Drying time, h.
2.3 Determination of drying characteristics of Panax
notoginseng roots
The moisture ratio (MR) of the Panax notoginseng roots
during drying was calculated using the following equation!®:
e @
IVIO - Me
where, M, indicates the moisture content at a particular drying time
t, g H,0/g d.b.; My indicates the initial moisture content, g H,0/g
d.b.; M, indicates the equilibrium moisture content, g H,0/g d.b.
When the equilibrium moisture content M, is relatively small
compared to M, or My, Equation (1) can be written in a simplified
form:

MR

o @
0

The drying rate (DR) of the Panax notoginseng roots under
various drying conditions was calculated according to the following
equation:

MR =

My~ M, @)
-t

where, My and M, indicate the moisture contents, g H,0/g d.b. of
Panax notoginseng roots at time t; and t,, respectively; t; and t,
indicate drying times, h.
2.4 Determination of color changes during drying of Panax
notoginseng roots

The color of cross-sections of fresh and dried Panax
notoginseng roots was measured using a D65 colorimeter (WR-10,
Shenzhen Weifu Photoelectric Technology Co., Ltd. China) with
standard illuminant D65 and observer angle of 10¥*°1. At least six
measurements at different positions were made for each sample.
Color was expressed in CIE L*a*b* scale, where parameter L"
indicates white or black, parameter a” indicates red or green, and
parameter b” indicates yellow or blue color. The index of total
color change (AE*) was calculated from the following
equation81°1;

DR =

AE = (L - o) + (@ —a5)” + (b —by)’ @)
where, AE” indicates the total color change between fresh and dried
roots; Ly, ay, and by indicate the color parameters of fresh roots;
L", a", and b" indicate the color parameters of dried samples.

2.5 Determination of shrinkage of Panax notoginseng roots
during drying

The liquid displacement method was applied to evaluate the
volume change of materials before and after drying®. Al
measurements were done in triplicate and the average value was
used to present the results. Shrinkage (S,) was expressed as the
ratio between the volume of the sample after and before drying.

g = Vo= Vi 5)
Vo

where, S, indicates the ratio of volume before and after drying, %;
V, indicates the initial volume of the sample before drying, cm®; V;
indicates the volume of the sample after drying, cm®.
2.6 Determination of rehydration ratio of dried Panax
notoginseng roots

The rehydration ratio (RR) was measured according to the
methodology described by Zhao!® with some modifications. It
was defined as the ratio of the mass of the rehydrated sample (g) to
the mass of the dried sample before rehydration (g):
_ Weight of sample after rehydration
a Weight of dry sample

RR (6)

In order to measure RR of Panax notoginseng roots, the mass
of about 15 g of dried sample was weighed and then immersed in a
water bath filled with hot water for 24 h. The temperature of
water was set at 40€. Then, the roots were removed from water
and blotted with paper towels to remove excess water from their
surface. The rehydrated samples were weighed on an electric
balance (Adventurer Pro AV4101, Ohaus, New Jersey, USA) with
an accuracy of #0.001 g. All experiments were carried out in
triplicate and the average value was used to determine the
rehydration ratio.
2.7 Scanning electron microscope observations

The microstructure of vertical cross-sections of the dehydrated
roots was observed using a scanning electron microscope (SEM)
(S-3500, Hitachi, Tokyo, Japan) at an accelerating voltage of 20 kV
according to the method described in References [8,9]. The
samples were sputter-coated (SC7640, Quorum Technologies Ltd.,
Newhaven, UK) with an additional thin layer (~10 nm) of gold™®.
The images of representative areas were saved for further analysis.
Images were observed at magnifications <100.
2.8 Determination of ginsenosides contents

The ginsenosides contents Ry, Re, Ry1, Ry, Panax notoginseng
ginsenoside R; and Panax notoginseng saponins (PNS) were
determined using high-performance liquid chromatography (HPLC)
(Waters 2695, American) at 203 nm following the methodology
described by Qu et al.”!! with some modifications. The standards
of ginsenoside Ry, Ry, Re, Ry and Ry were purchased from the
Chinese Medical and Biological Products Institute, Beijing, China.
The dried samples under different drying conditions were crushed
and then passed through a 40-mesh sieve with a 0.425 mm aperture.
The mass of 400 mg of the sample powder was accurately weighed
on an electronic balance (AB135-S, Mettler Toledo, Greifensee,
Switzerland) with an accuracy of 0.01 mg. The sample powder
was placed in a 200 mL flask of a Soxhlet’s extractor and 100 mL
of 70% (v/v) ethanol solution was added. The mixture was
refluxed in a water-bath (35<C) for 24 h to extract the ginsenosides
and then the extract was evaporated for further analysis. A
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Prevail reverse-phase C8 column (Shimadzu, Tokyo, Japan)
(150 mm>4.6 mm, 5 um) was used to separate ginsenosides in a
binary solvent consisting of acetonitrile (CH;CN, solvent A) and
distilled water (solvent B) with a gradient elution: 0-25 min,
19%-20% A, 81%-80% B; 25-70 min, 20%-40% A, 80%-60% B;

70-75 min, 40%-19% A, 60%-81% B. The column was then washed
with 100% of solvent A for 15 min at a flow rate of 1.5 mL/min.
All the above experiments were performed in triplicate and the
average values were used. The absorbance units of the fresh and
dried Panax notoginseng roots are shown in Figure 2.
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Note: AU: Absorbance unit. THC-HAD represents temperature and step-down relative humidity controlled hot-air drying; T represents

temperature, <C; RH: Relative humidity, %, the same as below.

Figure 2 High-performance liquid chromatography (HPLC) chromatograms of the Panax notoginseng root
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2.9 Determination of specific energy consumption

In order to calculate the energy consumption of that drying
equipment more accurately, the specific energy consumption (Sec)
was measured and recorded the corresponding time at the
beginning and end of drying by single phase electronic meter
(DTS7178, Shanghai Minrong Electric Co., Ltd., China) under the
maximum loading capacity of each equipment. The Sec value
was calculated from the following equation™):

Sec:$ @)
G(M, — M)

where, AW indicates the total energy consumption during drying,
kW h; G indicates the absolute dry mass weigh of the drying
material, kg; Sec indicates the specific energy consumption,
kW h/kg; My and M; indicate the initial and final moisture content
of the material, respectively.
2.10 Measurement of material temperature

A Pt100 temperature sensor (Beijing Kunlun-Zhongda Sensor
Tech Co., Ltd., China, precision #0.2<C) was used to monitor the
temperature changes of the material during drying under different
THC-HAD conditions. The sensor was inserted in the center of
the dried particle. Heat accumulation (Ha) was calculated from
the following equation:

ti
Ha = LO T,dt @)

where, Ha indicates the integral of the temperature of the material
center and time, <C h ; t, indicates the beginning of drying, h; t
corresponds to time 1, h; T; indicates the temperature of the material
center at the moment i of the drying process, <C.
2.11  Determination of texture properties

The preliminary experiment showed that the hardness values of
Panax notoginseng roots measured by compression method and
puncture method were affected by the skin and fiber of Panax
notoginseng roots.  Finally, the hardness of dried Panax
notoginseng roots was determined by the shear method. HDP/BS
warner probe matched with texture analyzer (TA.XTPLUS/50,
Stable Micro System, UK) was selected, and the velocity of the
probe was set to 2 mm/s before testing, and the shear ratio was set
to 10%.
2.12 Statistical analyses

To determine the differences among samples dried under
different drying conditions the data were analyzed by LSD multiple
comparison test using SPSS software (Version 21.0, SPSS Inc.,
Chicago, IL, USA). The significance of differences was tested at
the 5% probability level (p<0.05). The correlations between
parameters were analyzed using Pearson’s correlation test.

3 Results and discussion

3.1 Effects of the drying conditions on the drying kinetics,
material temperature and energy consumption of drying of
Panax notoginseng roots

Changes in the moisture ratios of Panax notoginseng roots vs.
drying time as well as drying times vs. drying conditions during
drying under different drying conditions are shown in Figure 3.
The drying kinetics obtained under various drying air temperatures
(40<C, 50, 60, and 70<C), continuous dehumidification from
25% to 8% and an air velocity of 0.3 m/s are shown in Figure 3a.
Both drying temperature and RH significantly influenced the
drying Kinetics of Panaxnotoginseng roots. Drying at the
temperature of 40<C, 50<C, 60T, and 70<C took 69.7, 55.0, 34.5,
and 98.0 h. Increasing the drying temperature from 40<C to 60<C

resulted in a significant reduction of drying time, while drying of
Panax notoginseng roots at the temperature of 70<C resulted in the
longest drying time. The drying rate was high at the initial stage
of drying and then decreased rapidly. For high drying rates, the
surface dried out faster than the core of Panax notoginseng roots
and a formation of a case-hardened layer could hinder moisture
migration. The results are consistent with published data, who
had found that food drying under high temperature conditions tends
to form texture development and surface hardening®!. There was
no constant drying rate period and the entire drying process took
place in the falling drying rate period. This indicates that
moisture diffusion was the main control mechanism for moisture
transfer throughout the drying process. The results are consistent
with data reported for hawthorn, sour cherry, and sorghum drying,
these drying rates were all falling drying processes?27,
Surprisingly, moisture ratio curves under the drying condition, such
as 70<C, continuous dehumidification, 50<C, RH keeping 20% for
1 h and then continuous dehumidification, 55<C, RH keeping 20%
for 1 h and then continuous dehumidification are obvious inflection
points, which confirms the fact that the material surface hardens
and crusts!?®. Because these drying conditions have a common
feature, that is, intense drying intensity in the early stage of drying,
high drying temperature, or low relative humidity will lead to the
rapid evaporation of water on the material surface and hardening
crust.

Drying temperature significantly affected the changes in
material temperature and heat accumulation (Figure 4a). The
rapid increase in the material temperature was noted at the very
beginning of drying under constant drying temperatures of 40 C,
50<C, 60<C and 70<C, and continuous dehumidification. Then, it
slowed down gradually with the drying time (Figure 4a). The
heat accumulation of THC-HAD was directly proportional to the
drying time (Figure 4a). Similar observations were made for
carrot slabs dried under the constant drying temperature at 60<C,
air velocity of 3.0 m/s and relative humidity of 20%, 30%, 40%,
and 50%%1.  Figure 3 also showed that the drying time taken to
reduce the moisture content to its desired value increased when the
drying temperature was decreased from 40C to 60<C. The
drying times were 69.7, 55.0 and 34.5 h for the samples dried at
temperatures of 40<C, 50<C and 60<C, respectively. The results
confirmed that increasing the drying temperature could
significantly reduce the drying time. Perversely, the drying
temperature of 70<C consumed more 63.5 h than that of 60<C.
This corresponds to the result of crust hardening on the material
surface mentioned in Section 3.1.

Specific energy consumption during drying of Panax
notoginseng roots under different THC-HAD conditions is shown
in Figure 5. The specific energy consumption decreased from
25.69 to 18.95 kW h/kg as the drying temperature increased from
40C to 70C. Drying temperature significantly influenced
specific energy consumption during drying of Panax notoginseng
roots. High temperature drying consumed less energy than low
temperature drying of Panax notoginseng roots. The result is
consistent with published data, who had also found high
temperature drying consumed less energy than low temperature
drying of Panax notoginseng roots dried by pulsed vacuum
drying®!. Energy consumption was negatively correlated with
the drying temperature and positively correlated with the drying
time (p<0.01). The energy consumption of relative humidity at
40% was significantly lower than that of 30%, and slightly lower
than that of 50% under the constant drying temperature at 50<€.
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This is because the suitable high RH environment in the early stage
of drying can accelerate the material temperature rise. Due to the
pressure difference of water vapor becoming larger, the drying

process of the material is promoted, and the drying time is
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shortened to reduce the energy consumption when RH control
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Figure 4 Changes in the material temperature during drying of Panax notoginseng roots under different THC-HAD conditions
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The changes in MR vs. drying time and DR vs. MR were
obtained at the temperature of 50<C and 55<C, air velocity of
0.3 m/s, constant RH of 20%, 30%, 40% and 50% for 1 h and then
continuous dehumidification, are shown in Figures 3 and 6,
respectively. Drying at the temperature of 50<C and RH of 20%,
30%, 40% and 50% maintained for 1 h and then continuous
dehumidificationtook 55.0, 49.0, 44.5, and 52.8 h, respectively.
Drying at higher temperature, i.e., 55<C and RH of 20%, 30%, 40%
and 50% maintained for 1 h and then continuous dehumidification
took 53.0 h, 49.0 h, 43.0 h, and 52.0 h, respectively. An increase
in drying temperature from 50<C to 55<C under the same RH and
air velocity slightly shortened the drying time (2.1%). The
decreasing trend of RH values under the same drying temperature
and air velocity did not result in a significant reduction of the
drying time of Panax notoginseng roots. The RH of drying air of
40% was more beneficial for drying of Panax notoginseng roots
than RH of 20%, 30% and 50%. Relative humidity of 40% in the
early stage of drying restrained water evaporation from the surface.
However, the high value of enthalpy of the air of 40% RH was the
most beneficial for the temperature rise of the dried material and
high rate of water evaporation in the later stages of drying™.
Relative humidity of 50% increased water vapor pressure in the air
and led to a significant decrease in the driving force for mass

transfer, thus extending the drying time. Rapid DR dominated
early in the drying at the temperature of 50<C or 55<C and RH of
20%. It decreased significantly at the early stage of drying.
Then, DR slowed down in the later stages of drying of Panax
notoginseng root sand was found to be lower than that calculated
for drying at the temperature of 50<C or 55<C and relative humidity
of 30%, 40% and 50% (Figures 6b and 6¢). The results are
consistent with published data, which had also found the effect of
drying yam slices at different RH™®\. The high difference between
the water vapor pressure on the material surface and the air with
low RH promoted the evaporation of water in the early drying stage.
However, the surface of Panax notoginseng roots was susceptible
to case hardening which could affect the subsequent drying®!.
Relative humidity of the drying air significantly affected the
changes in material temperature and heat accumulation (Figures 4b
and 4c). Drying at the temperature of 50<C and 55<C, constant
RH of 20%, 30%, 40% and 50% for 1 h and then continuous
dehumidification showed the same trend of changes in the material
temperature. The results show that the material temperature was
far from the air temperature and reached the values from 23<C to
28<C during 1 h. Then, the material temperature decreased
rapidly and increased gradually until the end of drying when the
strategy of constant RH values of drying air was changed to the
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strategy of continuous dehumidification. Heat accumulation was
related to the relative humidity of drying air. The higher was the
relative humidity of drying air, the higher heat accumulation was
noted (Figures 4b and 4c). A similar phenomenon was found
during drying of American ginseng roots™. According to the
moisture enthalpy diagram of air, the higher the RH was, the higher
the wet-bulb temperature was, and the higher the enthalpy value
was when the dry-bulb temperature was constant. As shown in
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Figures 4c and 4d, the material temperature decreases rapidly at the
time point when the relative humidity changes from high RH (20%,
30%, 40%, 50%) to continuous dehumidification. This can be
attributed to the difference between the water vapor on the material
surface and the environment increases, which results in the rapid
evaporation of the material surface water and the absorption of heat,
which indirectly results in the material temperature decrease!*.

0307 g 50°C, RH: 20% for 1 h,
continuous dehumidification
0254 —©—50°C, RH: 30% for 1 h,
- continuous dehumidification
2 A~ 50°C, RH: 40% for 1 h,
< 0.204 continuous dehumidification
o0 —v—50°C, RH: 50% for 1 h,
9 continuous dehumidification
™~ 0.154
2D
2
i‘g
2 0.10-
2
(=)
0.05+
0+

| AR A AR A S AR T A A TG L R 2
0 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0 22 24
Moisture content/g H,O-g"'d.b.

b. THC-HAD at the constant drying temperature of 50<C, constant RH of
20%, 30%, 40% and 50% for 1 h and then continuous dehumidification

0409 o 50°C, RH: 40% for 1 h, continuous dehumidification
1 —0—50°C, RH: 40% for 3 h, continuous dehumidification
0.354 A~ 50°C, RH: 40% for 5 h, continuous dehumidification
{1 —v—50°C, RH: 40% for 7 h, continuous dehumidification
= 0.30- 50°C, RH: Continuous dehumidification
el
o0 0.25+
oﬂ ]
E‘) 0.204
g 1 P
E P
e 0154 7
g i
g
o 0.104
0.05 1
0 T

= T L T " T v Y T ¥ T v T % T ¥ 1
0 025 050 075 1.00 1.25 1.50 1.75 2.00 2.25 2.50
Moisture content/g H,O-g"'d.b.

d. THC-HAD at the constant drying temperature of 50<C, constant
RH of 40% for 1, 3, 5, 7 h and continuous dehumidification

Figure 6 Changes in the drying rates vs. moisture contents during drying of PanaxNotoginseng roots under different THC-HAD
drying conditions

Increasing the RH of drying air from 20% to 40% under the
constant drying temperature of 50C and 55<C resulted in a
significant reduction of energy consumption of drying of Panax
notoginseng roots, while drying at the highest RH of drying air, i.e.,
50%, resulted in the highest energy consumption (Figure 5).

Drying at the temperature of 50C and RH of 40% was
maintained for 1, 3, 5, 7 h and then continuous dehumidification
from 40% to 8% took 44.5, 40.5, 52.2, and 61.2 h, respectively
(Figure 6d). The drying of Panax notoginseng roots under
step-down relative humidity strategy occurred in the falling rate
drying process. It indicates that the drying rate crucially
decreased due to the increase of internal moisture migration
resistance. Step-down relative humidity strategy assuming RH of
40% maintained for 3 h and then continuous dehumidification from
40% to 8% resulted in the shortest drying time of Panax
notoginseng roots.  Compared to the drying at the same
temperature and strategy assuming continuous dehumidification, it

shortened the drying time by 26%. Step-down relative humidity
strategy assuming RH of 40% maintained for 1, 3 and 5 h and then
continuous dehumidification from 40% to 8% resulted in the
shorter drying time compared to the drying at the same temperature
and strategy assuming continuous dehumidification. The porous
structure formed under the above-mentioned conditions could
benefit moisture transfer and reduce the drying time of Panax
notoginseng roots. Step-down relative humidity strategy
assuming RH of 40% maintained for 7 h and then continuous
dehumidification from 40%to 8% was unfavorable with regard to
the drying time. Compared to the drying at the same temperature
and strategy assuming continuous dehumidification, it prolonged
the drying time by 11%. The results show that proper selection of
the step-down relative humidity strategy can significantly improve
the efficiency of drying of Panax notoginseng roots. Due to high
enthalpy, the high relative humidity of the air in the early stage of
drying promoted rapid heating of materials. The high sample
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temperature provided an additional driving force for moisture
diffusion from Panax notoginseng roots. The application of
step-down relative humidity strategy assuming high RH of 40%
maintained for 1, 3 and 5 h seemed to over shadow the negative
effect of high RH on the DR in the later stages of drying®”.
Additionally, a slight increase in DR for a short time occurred
when RH changed from constant to step-down RH strategy (Figure
6d). This phenomenon could be explained by the fact that the
vapor pressure difference increases with the decrease in RH of
drying air*+°l.

When the strategy assuming high RH of 40% changed to the
strategy assuming continuous dehumidification, the material
temperature decreased rapidly and then increased gradually until
the end of drying due to moisture evaporation (Figure 6d). This is
in agreement with the published report!™. As shown above,
material temperature close to the air temperature was not reached

when the drying at the temperature of 50 <C, and RH of 40% for 1 h.

However, drying at the temperature of 50 <C, and strategy assuming
constant RH of 40% for 3, 5 and 7 h, allowed an obtained material
temperature close to the air temperature.

The energy consumption of drying at the constant drying
temperature of 50C and 55<C, RH of 40% for 3 h and then
continuous dehumidification was significantly lower (from 12% to
29%) than the energy consumption of drying at the same drying
temperature, RH of 40% for 1, 5, and 7 h and then continuous
dehumidification (Figure 5). Drying with step-down RH strategy
(drying temperature of 50<C, RH of 40% for 3 h and then
continuous dehumidification) allowed to save about 40% energy
compared to drying with strategy assuming continuous
dehumidification from 25% to 8%. Most probably, high RH of
drying air in the initial drying stage increased material temperature
and thus resulted in the surface hardening, reduction in drying time
and energy consumption. The results are consistent with the data
reported for convective drying of carrot cubes under a multistage
relative humidity control strategy!®.

3.2 Rehydration ratio and microstructure of dried Panax
notoginseng roots

The drying temperature significantly influenced the RR of
dried Panax notoginseng roots (Table 2). RR decreased from
(1.8640.24) to (1.2440.15) with the increase in the drying
temperature from 40<C to 70<C under continuous dehumidification
and air flowrate of 0.3 m/s. Most probably, such a big difference
in RR values of Panax notoginseng roots is related to the
destruction of organizational structure that occurred during drying
under different temperatures. The longer was the drying time the
lower values of RR were noted. Drying at the temperature of
70<€ was the longest, i.e., 98 h, and it resulted in the lowest RR
value (1.2440.08). The images of the microstructure of dried
Panax notoginseng roots were included to explain the changes in
the physicochemical properties of roots under different drying
conditions. The microstructure of dried Panax notoginseng roots
is shown in Figures 7a-7k. The images show that the porous
structure was formed during drying at the temperature of 40<C and

50<C and continuous dehumidification strategy (Figures 7a and 7b).

A much denser structure was formed during drying at the
temperature of 60<C and 70<C (Figures 7c and 7d). Due to
extended drying time and rapid DR, the samples dried at the
temperature of 60<C and 70<C displayed a collapsed structure and a
dense gel layer on the surface of Panax notoginseng roots. The
damage to the tissue structure dried at the temperature of 60<C and
70<C resulted in the limited water absorption.  Since the

microstructure of the products determines their macroscopic
properties, the changes in microscopic level noted during drying of
Panax notoginseng roots could influence their water penetration
ability during rehydration(*%22271,

RR of roots dried under the constant drying temperature of
50C or 55<C, air flowrate of 0.3 m/s and RH of 20% was
significantly lower (p<0.05) than RR of roots dried at higher
relative humidity of 30%, 40%, and 50% (Table 2). The RR
values of Panax notoginseng roots dried at the temperature of 50<C
and 55<C and RH of 20%, 30%, 40% and 50% were (1.0740.02),
(1.2440.04), (1.2840.03) and (1.240.01) as well as (1.0240.03),
(1.1940.05), (1.2240.03) and (1.1840.01), respectively. At low
RH, surface hardening probably occurred in the early stage of
drying of Panax notoginseng roots. The formation of a hard crust
(case hardening) at the outside of the dried roots could act as a
barrier to the moisture migration from the surrounding solution to
the material during rehydration®). The results show that the
relative humidity of the drying air significantly influenced the
microstructure of the dried sample (Figures 7e, 7f, 7g, and 7h).
The porous structure of Panax notoginseng roots dried at high RH
of 40% and 50% is clearly presented in Figures 7g and 7h. Most
probably, the low evaporation pressure difference promoted the
increase in overall material temperature and prevented crust
formation?®!.  However, the pores are not well seen in the case of
roots dried at RH of 20% and 30% (Figures 7e and T7f).
Step-down RH strategy was more beneficial for porous structure
formation than the strategy assuming continuous dehumidification
from 25% to 8%. The most favorable step-down strategy for
porous structure formation without dense surface gel layer was
strategy assuming high RH of 40% for 3 h (Figure7i).

RR of Panax notoginseng roots dried under the constant drying
temperature of 50C and step-down relative humidity strategy
significantly decreased (p<0.05) from (2.01+0.03) to (1.55+0.05)
with the increase in time to when constant high RH value was
maintained (Table 2). An increase in time when a constant high
RH value was maintained could lower the RR value of the dried
Panax notoginseng roots. The values were even lower than those
obtained for Panax notoginseng roots under the same temperature
and continuous dehumidification strategy. This phenomenon
might be due to the fact that the increase in time to maintain a
constant high RH value could extend the drying time and highlight
the negative effect of the temperature on the changes in the
microstructure of dried roots?®),

3.3 Shrinkage of Panax notoginseng roots during drying

The higher shrinkage of Panax notoginseng roots was
observed when the drying air temperature increased from 40<C to
70<C. However, the results of statistical analyses show that the
influence of drying temperature on the shrinkage of Panax
notoginseng roots was insignificant (Table 2). It was found that
shrinkage of Panax notoginseng roots dried under strategy
assuming step-down RH values were significantly lower than
shrinkage of samples dried under strategy assuming continuous
dehumidification. The results are consistent with the literature
datal™. High RH of the drying air in the early stage of drying
resulted in the reduced moisture evaporation rate from the material
surface, and thus reduced ability of the material to shrink and
deform due to the removal of moisture. The shrinkage of
mushrooms dried by hot air under the strategy assuming continuous
dehumidification was larger than shrinkage of mushrooms dried
under strategy assuming controlled step-down RH valuesY. The
higher was the RH of drying air, the lower shrinkage ratio of dried
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Panax notoginseng roots was noted. Drying at the temperature of
50<C, RH of 20%, 30%, 40% and 50% for 1 h and then continuous
dehumidification resulted in the volumetric shrinkage ratio of about
(7145), (59+2), (15#4) and (15#3), respectively. Drying at the
temperature of 55, RH of 20%, 30%, 40% and 50% for 1 h and

503600 0.0k x100 SE. "
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then continuous dehumidification resulted in the volumetric
shrinkage ratio of about (73#1), (6143), (17#2) and (15H),
respectively. The higher RH of the drying air was applied in the
early stage of drying, the lower the volumetric shrinkage ratio of
dried Panax notoginseng roots was noted.
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Figure 7 SEM images of Panaxnotoginseng roots dried under different THC-HAD conditions

Drying of Panax notoginseng roots at the temperature of 50<C,
RH of 40% and 50% for 1 h and then continuous dehumidification
resulted in significantly smaller volumetric shrinkage ratio than
drying at the same temperature, RH of 20 and 30% for 1 h and then
continuous dehumidification (Table 2). High RH of the drying air

in the early stage of drying was beneficial for uniform shrinkage of
dried Panax notoginseng roots. Among others, it inhibited rapid
moisture transfer from the center of the sample to its surface, and
rapid evaporation of moisture from the material surface. It also
allowed to avoid the creation of surface hardening and thus the
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more rapid surface moisture evaporation than the internal moisture
migration®Y.  The application of strategy assuming high RH of
the drying air during drying of shiitake mushrooms reduced surface
hardening of the dried material. However, it resulted in longer
drying time, larger shrinkage, more winkles on the sample surface,
and lower RR compared to the strategy assuming continuous
dehumidification®®.  Similar results have been observed during
drying of onion slicest®.
3.4 Changes in ginsenosides and Panax notoginseng saponins
contents of Panax notoginseng roots during dying

Processing conditions should be considered important factors
affecting the ginsenosides and Panax notoginseng saponins (PNS)
contents of Panax notoginseng roots. Then, the changes in
ginsenosides and Panax notoginseng saponins (PNS) contents of
Panax notoginseng roots during drying were evaluated and the
results are shown in Figure 8. Drying temperature significantly
influenced the contents of ginsenosides and Panax notoginseng
saponins (PNS) (Figure 8a). Unlike other ginsenosides content,
the increase in the drying temperature from 40<C to 70<C under
the strategy assuming continuous dehumidification resulted in a
significant increase in ginsenoside R4 content. In the case of
ginsenosides Ry, R. and PNS, the most favorable drying
temperature was 50C. In case of R; and Ry, the most favorable
drying temperature was 60<€ (Figure 8a). On the other hand,
drying time was also important.  The results can be explained by
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the fact that ginsenosides are heat sensitive ingredients and they
can be hydrolyzed during drying at low temperatures (e.g. 40 <C-
50<C) for a long drying time or drying at high temperatures (e.g.
60C-70C) for a short drying time®.  Additionally, high
temperature drying may help to convert Ry, into R, Drying
at the temperature of 70<C resulted in the lower contents of R,
than drying at the temperature of 60<C under the strategy
assuming continuous dehumidification. However, the difference
was insignificant. It can be explained by the fact that some
unstable acidic ginsenosides (including the ginsenosides m-Ry,,
m-R,, m-Ry, etc.) may be transformed into neutral ginsenosides
(including the ginsenosides Ryi, Re, Ry, etc.) during thermal
processing®*®!.  During processing, PH of Panax notoginseng
extract changed from (4.340.5) to (6.440.8). The results also
show that the contents of R;, Ry, Ry and PNS of Panax
notoginseng roots dried at the temperature of 40<C or 50<C and
the strategy assuming continuous dehumidification were
significantly higher than that of fresh samples (Figure 8a).
These results prove that the drying temperature had a significant
influence on the conversion of ginsenosides and suggest that
processing conditions should be carefully employed to enhance or
retain the pharmaceutical effects of Panax notoginseng roots. It
is consistent with published data, who was exploring the impact
of different processing methods on the quality of American
ginsengt®!,
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Figure 8 Contents of Ry, Rg1, Re, Ry, Ryy ginsenosides and Panax notoginseng saponins of Panax notoginseng roots dried under different
THC-HAD conditions
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Drying at the temperature of 50<C and 55<Cand RH of 30% for
1 h resulted in the higher contents of R, R,; and Ry of Panax
notoginseng roots than Panax notoginseng roots than drying at the
temperature of 50C and 55C and RH of 20%, 40% and 50%
(Figures 8b and 8c). Drying at the temperature of 50<C and 55<C
and RH of 40% for 1 h resulted in the higher contents of R;, Ry and
PNS of Panax notoginseng roots than Panax notoginseng roots than
drying at the temperature of 50<C and 55<Cand RH of 20%, 30%
and 50% (Figures 8b and 8c).

Drying at the temperature of 50 <C, constant RH of 40% for 3 h
and then continuous dehumidification resulted in significantly
higher contents of ginsenoside R;, Ry, Ry and PNS than drying at
the temperature of 50<C, constant RH of 40% for 1, 5 and 7 h and
then continuous dehumidification.

The contents of the ginsenoside R;, Ry, Rpi, Re and PNS of
Panaxnotoginseng roots dried at the temperature of 50C and
step-down RH strategy (RH of 40% for 1 or 3 h and then continuous
dehumidification) was higher than that found in Panax notoginseng
roots dried at the same drying temperature and strategy assuming
continuous dehumidification (Figure 8d). The results indicate that
drying at high temperature and high RH for a long time promoted
the hydrolysis of major ginsenosides. The mechanism of saponin
transformations may be similar to the one observed during steaming
of Panax notoginseng saponins®®).  Most probably, the C-20
glucosyl group of ginsenoside Ry; was hydrolyzed to yield
ginsenoside Ry. The hydrolysis of the xylosyl residue attached to
C-6 of notoginsenoside R; and the hydrolysis of the rhamnosyl
residue at C-6 of ginsenoside R, formed ginsenoside Ry, during
drying. Then, Ry and Ry were likely to be the parent compounds
of newly formed saponins®. The correct selection of processing
conditions may enhance or retain high ginsenosides and PNS
contents and the pharmaceutical effects of Panax notoginseng roots.
It can be clearly seen that some of the dried Panax notoginseng
roots were characterized by the higher contents of some
ginsenosides and PNS than the fresh roots.

3.5 Color and texture changes of Panaxnotoginseng roots
during drying

The values of parameter L* of Panax notoginseng roots
gradually decreased, while the values of parameter a” as well as the
index of AE™ gradually increased with the increase in the drying
temperature from 40C to 70<C. The results indicate that dried
Panax notoginseng roots were darker and more red than the fresh
samples. Most probably, it was related to the degradation of
pigments or non-enzymatic Maillard browning®®. The results are
consistent with data reported for American ginseng®®'. The
values of parameter b” initially increased and then decreased with
the increase in the drying temperature from 40<C to 70<C.

The trend of color changes of Panax notoginseng roots dried
under the temperature of 50<C and 55<C and RH of 20% was
similar to the one observed under the temperature of 50<C and 55<C
and RH of 30%, 40% and 50%. The lightness of Panax
notoginseng roots firstly decreased, then increased, and finally
rapidly decreased with the increase in RH values. In the case of
redness of Panax notoginseng roots, it significantly decreased and
then rapidly increased with the increase in RH of drying air. The
opposite trend was observed in the case of yellowness of Panax
notoginseng roots. Total color change (AE*) firstly increased and
then rapidly decreased with the increase in RH values. The RH
values could affect the reflected light intensity of starch and then
variability in the whiteness (L") of dried roots. The increase in RH

of drying air promoted the reactions between the amino acids and
reducing sugars of Panax notoginseng roots and influenced the
redness of roots!®.

The values of L° parameter decreased, the values of a”
parameter firstly increased and then decreased, while the values of
b" parameter firstly decreased and then increased when drying of
Panax notoginseng roots was conducted at the temperature of 50<C
and step-down RH strategy (40% for 1, 3, 5, 7 h and then
continuous dehumidification). Also, the values of AE* changed
significantly (Table 3). The results indicate that the longer was the
drying time, the more serious were the changes in redness and
yellowness of Panax notoginseng roots. Drying at the temperature
at 50<C, RH of 40% for 3 h and then continuous dehumidification
significantly improved the color parameters of final products.

Table 2 Rehydration ratio, shrinkage ratio and hardness of
Panax notoginseng roots as affected by various drying

conditions
No. RR/g g* Shrinkage ratio/% Hardness/g
Fresh 0 0 0
1 1.860.02° 0.6640.06° 529.93:11.05"
2 1.8140.05% 0.7140.06° 693.57+47.42°
3 1.6140.01° 0.7240.10° 916.2946.97"
4 1.2440.01° 0.7240.05° 1442.18435.21°
5 1.0740.02¢ 0.7140.06° 560.5542.64%
6 1.2440.04° 0.5940.07° 539.426.80°
7 1.2840.04° 0.1540.10° 493.0847.87%"
8 1.200.03° 0.15+0.09° 468.97+43.64"
9 1.0249.01¢ 0.7340.022 572.1847.69"
10 1.1940.01° 0.6140.07° 553.92:46.05%f
11 1.2240.04° 0.1740.10° 503.7947.81°
12 1.1840.03° 0.15240.09° 478.6344 549"
13 1.830.06°% 0.16+0.06" 459.00+10.42"
14 1.6540.04° 0.1540.07° 484.4543 979"
15 1.560.05° 0.1440.04° 481.9143.38%"

Note: ™®9M: Different letters in the same column indicate significant differences
between samples (p<0.05). RR represents the rehydration ratio.

Table 3 Color parameters (L*, a*, b*) and total color
difference (AE*)between raw and dried Panaxnotoginseng roots

No. L* ax b* AE*
Fresh  60.83+1.80° 2.1440.47™ 43.3342.69° 0
1 55.6442.20"°  -0.12#1.25%  20.1142.05™  23.9140.46%
2 50.254555%°  -021+.15% = 2251+.22° 23.6540.45°
3 455144 .42™ 2.5740.80° 21.0842.02"  27.080.93%%
4 42.60+42.20° 7.0341.25% 21.03+2.05™ 29.2340.37°
5 50.2545.55%°  -021+.15%  2251+.22° 23.6540.45°
6 54134555  —058+1.15°  19.50+1.22°  24.9949.31™
7 57524442  -12040.80%  19.6242.02™  24.2540.25°
8 55.3326.10°°  -0.37+1.40%  19.6643.57°  24.601.90"™
9 456748.11° 00420520 2251+4.06°  26.20+2.36"™
10 45854442  —0.1840.80°  19.8942.02™  27.9840.87"
1 50.2549.90°°  -0.39+1.82%  20.9943.13™  25.3743.90°*
12 48.7748.11°%°  0.5440.52"  23.89+.06" 23.361.91°
13 53.7847.19%°  —0.10+1.54% 16.7942.22°  27.82+1.00°
14 50.2142.20"¢  055#1.25"  18.9942.05™  26.62+40.37%
15 48.654.42°° 1354080  18.6442.02°  27.6120.57%°

Note: : Different letters in the same column indicate significant differences
between samples (p<0.05). L” is the white-black value; b” is the yellow-blue
value; a" is the red-green value; AE” is the total color difference.
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The hardness value of dried Panax notoginseng roots
significantly increased from 529.93 to 1442.18 as the drying
temperature increased from 40<C to 70<C (Table 2). In fact, high
drying temperature leads to severe drying intensity, which increases
the surface hardness of materials. The hardness decreased at
constant drying temperature of 50C or 55<C as the relative
humidity increased from 20% to 50%. It is easy to understand that
the evaporation of moisture on the material surface in high RH
environments was slow, which had been reflected in the drying
kinetics.  In addition, there was no significant difference in
hardness values between constant drying temperature at 50C and
relative humidity at 40% for different holding times at 3, 5and 7 h,
but they were significantly less than that at 1 h. This demonstrated
that the relative humidity control in the drying process directly
affected the drying intensity and was closely related to the material
hardness.

3.6 Correlation between process parameters, quality attributes
of PanaxNotoginsengroots and energy usage

The correlation matrix between THC-HAD parameters, quality
attributes of Panax notoginseng roots and energy usage is shown in
Figure 8. It includes the following process parameters: 1) Drying
temperature Dy, C; 2) Drying time Dy, h; 3) Rehydration ratio (RR);
4) the content of Panax notoginseng saponins (PNS), %; 5) R; is the
content of ginsenoside Ry, %; 6) Ry is the content of ginsenoside
Rq1, %; 7) Reis the content of ginsenoside R, %; 8) Ry is the content
of ginsenoside Ry, %; 9) Ry, is the content of ginsenoside Ry, %; 10)
specific energy consumption (Sec), kW h/kg; 11) heat accumulation
(Ha), T h; 12) shrinkage ratio (Sr), %; 13) lightness L"; 14)
yellowness b"; 15) redness a"; 16) total color difference (AE*).

b* L* Dr a* AE D, RR R

015 019 013 0

R. R, R, PNS R; Sec Ha Sr

1.0

)1 /-0.20

0.8

0.6

i
o
~

Coefficient of correlation

Note: Dr is the drying temperature, <C; Dy is the drying time, h; RR represents the
rehydration ratio; PNS represents the content of Panax notoginseng saponins, %;
Ry is the content of ginsenoside Ry, %; Ry is the content of ginsenoside Ry1, %; Re
is the content of ginsenoside Re, %; Ry is the content of ginsenoside Rq, %; Ry is
the content of ginsenoside Ry, %; Sec represents the specific energy consumption,
kW h/kg; Ha represents the heat accumulation, €€ h; Sr represents the shrinkage
ratio, %; L"is the white-black value; b"is the yellow-blue value; a"is the red-green
value; AE" is the total color difference.
Figure 9 Correlation matrix between THC-HAD parameters,

quality attributes of Panax notoginseng roots and energy usage

The results indicate that the values of L parameter were
negatively correlated (p<0.05) with D (r=—0.99), Rp; (r=—0.90), Ry
(r=—0.97) and Sr (r=—0.91), while positively correlated with D
(r=0.99), RR (r=0.96). Additionally, the values of a* parameter

were negatively correlated (p<0.05) with D; (r=—0.92) and RR
(r=—0.89), while positively correlated with Dy (r=0.92) and Ry
(r=0.99). This indicated that the long drying time was not
conducive to the formation of good color value, and indirectly
proved that the color can reflect the content of Rq. The values of
index AE* were negatively correlated with D; (r=—0.87) and D+
(r=—0.93). This was consistent with the fact that high drying
temperature and long drying time seriously damage the color of
materials. The values of RR were negatively correlated with Dt
(r=—0.92). This was the same as the high drying temperature in
the previous studies’??, which led to severe drying intensity and
serious damage to the structure of the material, which was not
conducive to the rehydration to restore the original state. The
content of PNS was negatively correlated with D; (r=—0.91) and D+
(r=—0.95). Also, the content of Ry, was negatively correlated with
D; (r=—0.94) and Dy (r=—0.90). Quality (saponin content)
correlation analysis showed that high drying temperature or long
drying time, that is, essentially more heat accumulation, would lead
to the decrease of saponin content. Additionally, SEC was
negatively correlated with D+(r=—0.88) and positively correlated
with Dy (r=0.91). In fact, the energy consumption was mainly
related to the drying time. In this study, the drying time of Panax
notoginseng roots under high drying temperature (70<C) was so
long, resulting in a significant negative correlation between the
drying temperature and energy consumption.

Generally speaking, the drying time of drying temperature at
50<C is shorter than that at other temperatures (40<C and 70<C), the
material surface does not harden and crusts significantly, and the
drying time under the constant RH of 40% for 3 h and then
step-down RH from 40% to 8% condition is significantly shortened
and the energy consumption is reduced compared with other RH
control strategies. Therefore, the drying temperature of 50<T,
constant RH of 40% for 3 h and then step-down RH from 40% to
8% should be as the appropriate drying process conditions.

4 Conclusions

Step-down relative humidity (RH) convective hot air drying of
whole Panax notoginseng roots was experimentally investigated.
The aims of this study were to evaluate the effects of temperature
and humidity controlled hot air drying (THC-HAD) on the drying
characteristics of whole Panax notoginseng roots, quality
parameters and specific energy consumption. The drying time was
significantly affected by the drying temperature followed by the
relative humidity (RH) of the drying air.  Drying at the temperature
from 40<C to 70<C under continuous dehumidification from 25% to
8% took 34.5 t0 98.0 h. Drying at the temperature of 50<C, RH of
40% for 3 h and then continuous dehumidification from 40% to 8%
allowed to shorten the drying time by 25% compared to drying at
the same temperature and continuous dehumidification. The
energy consumption was related to the drying time. Compared to
the continuous dehumidification strategy, the step-down RH
strategy allowed to save 39.4% energy. The quality evaluation
revealed that drying temperature, RH, and step-down RH had
significant effects on the shrinkage, rehydration ratio, color, and
ginsenosides content of dried roots. The results provide evidence
that the step-down RH strategy contributed to the formation of a
porous structure, enhancement of drying efficiency and
improvement of quality attributes. Based on the evaluation of the
drying time, energy consumption and quality attributes, drying at
the temperature of 50<C, constant RH of 40% for 3 h and then
step-down RH from 40% to 8% was found to be the most favorable
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combination of drying conditions for dehydration of Panax
notoginseng roots. The results will be useful for manufacturers of
dryers, dried Panax notoginseng roots, as well as pharmaceuticals
and medicines made from Panax notoginseng roots.
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