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ABSTRACT

Two-stage dehydration method of flue-cured tobacco in rotary dryer was experimentally evaluated
and compared to the single-stage dehydration process. The characteristic flavor components in
dried cut tobacco, including major Maillard reaction compounds and carotenoid degradation
products, as well as drying rate were analyzed for different two-stage dehydration operations. The
results showed that both the pre-drying temperature and intermediate moisture content had a
significant effect on the overall drying rate of cut tobacco during two-stage drying. On the other
hand, the retention of characteristic flavor components in tobacco, especially Maillard reaction
compounds retention, was influenced significantly by the final drying temperature as well as
intermediate moisture content. The 10°C increase in the final drying temperature from 100 to 110°C
reduced the retentions of Maillard reaction compounds and carotenoid degradation products by
14.5 and 9.4%, respectively. Change of intermediate moisture contents from 19 to 15% reduced the
Maillard reaction compounds retention by 14.7%. Given the consideration of characteristic flavor
components’ retention and drying process efficiency, two-stage dehydration of cut tobacco in
rotary dryer could reach a better performance as compared with the single-stage dehydration. The
cylinder-wall temperature combination of 140/100°C with the 17% intermediate moisture content
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could be used as the optimal two-stage condition for the investigated flue-cured tobacco.

Introduction

Rotary cylinders are widely used in industrial processes
such as drying, heating, humidifying, mixing, and
calcining,""! which is attributed to its treatment flexibility
for various particulate solids and its ability to handle
large volumes of material continuously.>*! In the field
of drying operations, the rotary dryer has been used as
one of the main dehydration methods for processing
food and agriculture products, such as sugar, corn, seeds,
and pasture.”*”” Due to its more uniform processing
quality compared with fluidized drying, rotary drying
is also the most popular way of flue-cured tobacco dehy-
dration in tobacco primary processing. Both high drying
efficiency and product quality are desired during the
drying of flue-cured tobacco. One of key factors affecting
product quality is the retention of characteristic flavor
components in tobacco materials.

Characteristic flavor components in tobacco leaf mainly
include the carotenoid degradation products and Maillard

reaction compounds. The post-harvest tobacco leaves need
to undergo a preprocessing procedure before tobacco pri-
mary processing, namely, curing and aging, which is the
main stage of tobacco flavor components forming and
accumulating.®! At this stage, the carotenoid in tobacco
leaf, mainly carotenes and xanthophyll, will be degraded
and produce the aroma components with floral scent, such
as damascenone and megastigmatrienone.”’ On the other
hand, Maillard reactions between amino acid and carbo-
hydrate in tobacco will produce aroma components with
baking and caramel scent in this stage, such as some het-
erocyclic and carbonyl compounds."” However, during
drying in tobacco primary processing, flue-cured tobacco
as heat-sensitive materials are easily subjected to loss of
some chemical components, including some characteristic
flavor components.!''?! This could be caused by volatili-
zation, oxidation of some components, as well as the poss-
ible cracking of some macromolecules, which leads to
quality degradation in dried tobacco materials.!">'*!
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Nowadays, multi-stage drying method is being
developed to enhance the drying efficiency and improve
the physical as well as biochemical properties of the
dried products. During the dehydration of food and
agriculture products, two-stage drying has been
recommended to maximize the retention of flavor
components, nutrients, or functional and active
ingredients.'>'* Different drying conditions or meth-
ods, including freeze, vacuum, adsorption, microwave
as well as heat lump drying, have been combined during
two-stage drying."”>") Meda*?! reported the two-stage
drying of berries with combined microwave-vacuum,
hot-air drying, and freeze-drying technologies, which
better retained the nutritional properties of products.
The two-stage drying with the combination of convec-
tive pre-drying and vacuum-microwave finish drying
was investigated for the dehydration of beetroot
cubes.®! The results showed the dried products had
better rehydration potential and higher antioxidant
activity than those dehydrated by traditional convection
drying. Different two-stage drying strategies were also
investigated by Chin and Law!'** for the dehydration
of Ganoderma lucidum. The results showed that the
two-stage drying methods, including vacuum drying
followed by heat pump drying for fruiting bodies and
heat pump drying followed by oven drying for slices,
greatly enhanced the overall drying rate and maximized
the retention of ganoderic acids and water-soluble poly-
saccharides compared to single-stage drying methods.
The effect of multi-stage drying on the retention of
bioactive ingredients was attributed to fast drying rate
and low intensity of heat treatment, which were also
proven to be beneficial for the improvement of physical
properties such as color and texture.!?>2°!

However, very little work has been reported on the
two-stage drying of flue-cured tobacco. The current
rotary drying of flue-cured tobacco is still the single-
stage drying process. Indirect rotary dryer with steam-
or oil-heated cylinder surfaces (jacket heating) is
mainly used in tobacco primary processing. The drying
process of cut tobacco occurs in an atmosphere of
some less entrained hot air and slightly superheated
steam from the moisture vaporization of wet solid
particles. Both the heated cylinder surface and hot
air supplied the dehydration energy for tobacco. How-
ever, the main calories of tobacco dehydration come
from the heat conductivity from heated cylinder
surface. For the single-stage drying of tobacco, constant
cylinder temperature as well as hot air temperature
was always used during the whole process of
dehydration. It brings difficulties for reaching a
compromise between high retention of characteristic
flavor components and efficient drying process by

optimizing key drying operation parameters such as
cylinder temperature.

Although two-stage drying strategy has been pre-
sented for dehydration of flue-cured tobacco by analyz-
ing heat and mass transfer during two-stage convective
drying in our previous work,?”) the effect of two-stage
drying on the retention of characteristic flavor compo-
nents in tobacco has not been investigated thoroughly.
Therefore, two-stage rotary drying of flue-cured tobacco
was performed in the present study, and characteristic
flavor components retentions of dehydrated products
for different two-stage drying conditions were investi-
gated and compared with the single-stage drying.

Materials and methods
Sample preparation

A kind of flue-cured tobacco from Sichuan province of
China was chosen as experimental materials. Tobacco
leaves were pretreated into cut tobacco by a cutter.
The length of cut tobacco particles had a distribution
from 1.5mm to 3mm, and its width was about
0.8 mm. According to actual conditions in tobacco
primary processing, the initial moisture content of
materials was adjusted to 23% (on the wet basis) in
the isothermal and constant humidity equipment.

Experimental platform

Experiments of cut tobacco dehydration were conduc-
ted in a laboratory-scale rotary dryer, which is a batch
processing device. The detailed diagram of this dryer
is shown in Fig. 1. The cylinder was made of stainless
steel and had a diameter of 0.6m and a length of
0.5 m. The inner wall of the cylinder is a jacket structure
heated by oil bath, and its temperature could be
adjusted in the range of 60-200°C. Four lifters, equally
distributed around the circumference, are vertically
bolted to the internal surface of the cylinder. Com-
pressed air goes through mass meter, air heater, and
air distribute plate located in one of the cylinder ends
in turn and then gets introduced into the dryer. Air
temperature and flow rate could be controlled respect-
ively with mass meter and air heater. The speed of
rotation of the cylinder could be changed over a wide
range of values but were kept constant at 9.0 rpm.
Tobacco samples could be added and removed from
the outlet of cylinder before and after drying.

Drying experiment

For all the single- and two-stage drying experiments, the
air temperature and velocity through cylinder were
identical, which were set to 100°C and 0.1 m/s
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Figure 1.

(b)

Scheme of rotary dryer in (a) overall composition (b) cylinder structure. 1. Mass flow controller for compressed air, 2. Air

heater, 3. Temperature controller for air heater, 4. Temperature controller for drying air, 5. Rotary joint, 6. Cylinder, 7. Cylinder motor,
8. Air distribute plate, 9. Jacket, 10. Lifter, 11. Oil bath, 12. Heating rod, 13. Outlet, 14. Temperature controller for cylinder.

(S.T.P.). Single-stage drying experiments were carried
out with consistent cylinder temperature during the
whole drying process, and the investigated cylinder
temperature conditions included 100, 130, 140, and
150°C. As seen in Table 1, different cylinder tempera-
tures at the pre-drying stage and final drying stage were
combined for two-stage drying experiments, that is,
130/100, 140/100, 150/100, 130/110, and 140/110°C. In
addition, intermediate moisture content at the end of
pre-drying during two-stage drying was also changed
at the temperature combination condition of 140/
100°C, that is, 19, 17, and 15% (on the wet basis).
During single- and two-stage drying processes, cut
tobacco was sampled at the drying time interval of 40
s and moisture content of samples was measured by
weight loss method.

The drying rates of samples were calculated using the
following Eq. (1)1,

R= W, (Mi-H - Mi>
tiv1 — &

where M; is moisture content of cut tobacco at time ¢
and Wy is the mass of dry sample.

Analysis of characteristic flavor components

Dried samples were ground into powder and then 2 g of
powder was subjected to simultaneous distillation

Table 1. Two-stage drying conditions.
Pre-drying Final drying Intermediate moisture content
temperature (°C) temperature (°C) at the end of pre-drying (%)
130 100 17
140 100 17
150 100 17
130 110 17
140 110 17
140 100 19
140 100 15

extraction with methylene chloride at 60°C for 2h.
The extracted solution was condensed to 1 mL by rotary
evaporation instrument. Then the condensed solution
was analyzed by GC-MS to quantify the characteristic
flavor components. The concentrations of different fla-
vor components were determined by a GC-MS analyzer
(Trace GC Ultra-ISQ, Thermo Fisher Scientific, USA)
using phenylethyl acetate as internal standard. Samples
were separated on a HP-FFAP capillary column (50 m
x 0.22 mm id, 0.33 pm film thickness) with the injector
temperature of 270°C. The column temperature was
initially held at 60°C, then programmed to 240°C at a
rate of 3°C/min with a final hold time of 30 min. Split
mode was applied under the ratio of 20:1. The carrier
gas was flowed at a rate of 1 mL/min. The parameters
were set as follows for MS analysis. The ionization
energy was 70 eV. The temperature of ion source and
transfer line was 230 and 260°C, respectively. MS was
recorded from 40 to 400 u.

Results and discussion
Drying characteristics

The drying-rate curves of two-stage drying of cut tobacco
at different temperature combinations and different
intermediate moisture contents are shown in Figs. 2
and 3, respectively. For comparison, the drying-rate
curves of single-stage drying of cut tobacco are also
shown in Fig. 4. For both single- and two-stage drying
of cut tobacco in rotary dryer, the drying period of con-
stant rate does not exist. After the initial transient period,
drying rate of cut tobacco reached the maximum and
then undergone the first falling-rate period and the
second falling-rate period. According to the description
of drying curves by Mujumdar and Devahastin,*®! the
first critical moisture content in single-stage drying
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Figure 2. Drying-rate curves of two-stage drying by different
temperature combinations.

curves of cut tobacco was approximately 16% and the
second critical moisture content was about 6%. During
the two-stage drying shown in Fig. 2, the first and second
critical moisture contents occurred in advance, which
were 18 and 13-11%, respectively. As seen in Fig. 3, when
intermediate moisture contents of two-stage drying
changed from 19 to 15%, the first critical moisture
contents also showed an increasing trend.

During the actual tobacco primary processing, flue-
cured tobacco only need to be dehydrated to the end
moisture of 10-12% (on the wet basis) from the initial
moisture content. Therefore, total drying time and aver-
age drying rate when moisture content of cut tobacco is
reduced to less than 12% are calculated for the single-
and two-stage drying experiments, as seen in Table 2.
Compared to the single-stage drying at 100°C, two-stage
drying with pre-drying temperatures of 130, 140, and
150°C followed by the final drying temperature of
100°C reduced the total drying time by 26, 32, and
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Figure 3. Drying-rate curves of two-stage drying by different
intermediate moisture contents.
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Figure 4. Drying-rate curves of single-stage drying.

42%, respectively. The intermediate moisture content
also had a significant effect on the drying time and aver-
age drying rate. When intermediate moisture contents
changed from 19 to 15%, the required drying time
was reduced by 21% and average drying rate increased
from 0.208 to 0.263 g H,O/s™'. The lower intermediate
moisture content during the two-stage drying meant
that more moisture in cut tobacco need to be removed
in the pre-drying period, which enhanced the overall
drying efficiency of cut tobacco due to the high pre-
drying temperature.

From Table 2, it can be seen that the pre-drying
temperature and final drying temperature during the
two-stage drying had different influences on the average
drying rate of cut tobacco and its drying time. Com-
pared to the two-stage drying at 140/100°C, 14% less
drying time was required during the two-stage drying
at 150/100°C by the 10°C increase in pre-drying tem-
perature. The average drying rate also had a significant
increase from 0.248 to 0.289 g H,O/s™'. For the two-
stage drying at 140/110, the 10°C increase in the final
drying temperature only increased the average drying
rate of cut tobacco by 4%. When the drying result of
130/100°C was compared to those of 140/100 and 130/
110°C, similar results could be seen. This revealed
that the pre-drying temperature under the current
two-stage drying method had a more significant effect
on the drying efficiency of cut tobacco. According to
description of the drying process by Mujumdar and
Devahastin,'*®! before the first critical moisture content,
boundary layer of water vaporizing during drying is
located in the dried material surface. The resistance of
moisture diffusion at this stage mainly comes from
the external environment conditions of heat and mass
transfer. So, for the two-stage drying of cut tobacco,
an increase in cylinder temperature could improve the
average drying rate more effectively at the pre-drying
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Table 2. Drying time and average drying rate for different drying methods.

Cylinder Intermediate moisture content Drying time (s) Average drying rate
Drying method temperature (°C) at the end of pre-drying (%) to <12% (9 H,0/57") to <12%

Single-stage drying 100 - 372 0.169

130 - 215 0.292

140 - 201 0.312

150 - 183 0.343

Two-stage drying 130/100 17 275 0.228

140/100 17 253 0.248

150/100 17 217 0.289

130/110 17 264 0.237

140/110 17 243 0.258

140/100 19 302 0.208

140/100 15 239 0.263

stage due to the strengthening of external heat transfer
conditions.

In addition, energy consumption is always an impor-
tant issue when optimizing single- or multi-stage drying
processes.'?”*° Low- and medium-temperature drying
are often proposed for heat-sensitive materials such as
tobacco leaves. However, low-temperature drying often
suffers from very low energy efficiency.”") Compared to
the single-stage drying with low temperature (e.g., the
100°C cylinder temperature), the two-stage drying
reduced the drying time by improving the pre-drying
temperature and could decrease the consumption of
required hot air and steam during cylinder drying,
which would be beneficial for improving the drying
energy efficiency. Furthermore, two-stage drying has
the potential to improve efficiency by heat recovery
between different drying stages. For example, zeolite
drying systems have been recommended to improve
the energy efficiency of multi-stage drying.*"**! By this
method, exhaust gas from the pre-drying stage could be
dehumidified and reheated through zeolite adsorber and
then reused in the final drying stage. As a result, the
drying force at the final drying stage could be enhanced
and the required energy could be reduced.

Analysis of characteristic flavor components

Effect of cylinder wall temperature
Typical Maillard reaction compounds in dried cut tobacco
includes furfuralcohol, furfural, 4-cyclopentene-1,4-dione,

2-methyltetrahydrofuran-3-one, 2-acetyl, and 2-acetyl-
pyrrole. Major carotenoid degradation products in cut
tobacco mainly involve several ketones, geranyl linalool,
and dihydroactinidiolide. The contents of main carotenoid
degradation products and Maillard reaction compounds
are shown in Tables 3 and 4, respectively. The total con-
tents of two kinds of flavor components in single- and
two-stage-dried cut tobacco were accounted for and are
shown in Figs. 5 and 6. From Fig. 5, it can be seen that
the total contents of Maillard reaction compounds
decreased from 6.55 to 4.37 pg/g when single-stage drying
temperature increased from 100 to 150°C. It can be seen
that the loss of Maillard reaction compounds mainly
occurred within the temperature range of 100-130°C,
which was associated with the possible volatilization,
oxidation, and cracking reactions at this temperature
stage."*! Compared to the single-stage drying at 130,
140, and 150°C, the two-stage drying at 130/100, 140/
100, and 150/100°C promoted the contents of Maillard
reaction compounds in dried cut tobacco by 19.9, 23.3,
and 16%, respectively. Relatively high drying efficiency
and Maillard reaction compounds retention could be
obtained simultaneously by two-stage drying, especially
for drying at 140/100°C.

From Fig. 6, it can be seen that though cylinder
temperature had a relatively smaller effect on carotenoid
degradation products contents, similar results could
still be found. Carotenoid degradation products con-
tents retained for two-stage drying of 130/100 and
140/100°C were 5.94 and 5.91 pg/g, which were even

Table 3. Maillard reaction compounds contents in dried cut tobacco for different drying processes (ug/g).
Drying conditions (°C) Furfuryl alcohol Furfural 2-Cyclopentene-1,4-dione 2-Methyltetrahydrofuran-3-one 2-Acetyl 2-Acetylpyrrole
100 0.472 4.248 0.779 0.201 0.401 0.448
130 0.295 3.080 0.543 0.118 0.189 0.496
140 0.271 3.009 0.531 0.130 0.201 0.354
150 0.260 2.950 0.519 0.118 0.189 0.330
130/100 0.401 3.682 0.684 0.142 0.236 0.519
140/100 0.330 3.658 0.661 0.142 0.236 0.519
150/100 0.378 3.186 0.590 0.142 0.236 0.543
130/110 0.283 3.186 0.543 0.118 0.165 0.543
140/110 0.283 3.257 0.555 0.130 0.201 0.354
140/100° 0.448 4177 0.755 0.153 0.260 0.555
140/100° 0.472 3.304 0.708 0.142 0.236 0.555
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Table 4. Carotenoid degradation products contents in dried cut tobacco for different drying processes (ug/g).

Drying conditions (°C) Geranyl linalool Damascone beta-Damascone Megastigmatrienone Geranyl acetone [-lonone -B-lonone Dihydroactinidiolide

100 0.708 0.118 1.888
130 0.566 0.118 1773
140 0.472 0.118 1723
150 0.472 0.118 1.652
130/100 0.614 0.142 2.030
140/100 0.661 0.142 1.988
150/100 0.590 0.142 1.888
130/110 0.496 0.130 1817
140/110 0.566 0.118 1.770
140/1007 0.590 0.130 2.077
140/100° 0.614 0.130 1.947

0.732 0.590 0.307 0.944 0.684
0.656 0.492 0.283 0.897 0.566
0.602 0.484 0.260 0.814 0.378
0.590 0.472 0.260 0.802 0.354
0.732 0.566 0.330 0.944 0.578
0.708 0.566 0.307 0.920 0.614
0.637 0.566 0.283 0.850 0.543
0.661 0.578 0.307 0.838 0.555
0.590 0.448 0.283 0.802 0.614
0.708 0.566 0.307 1.038 0.673
0.696 0.578 0.295 0.991 0.566

9140/100°C two-stage drying with the intermediate moisture content of 19%.
©140/100°C two-stage drying with the intermediate moisture content of 15%.

close to the level of single-stage drying at 100°C. A pre-
vious work!®”! has shown that the two-stage drying
method, which used high air temperature for early per-
iod and low one for late period, could decrease the final
temperature of the dried cut tobacco significantly. The
reduced exposure to high temperature for tobacco due
to low final temperature is beneficial for flavor compo-
nents retention during drying. This caused the higher
contents of Maillard reaction compounds and carote-
noid degradation products in two-stage-dried cut
tobacco when compared to the single-stage drying with
the pre-drying temperature.

The effects of pre-drying temperature and final drying
temperature on flavor components retention were fur-
ther compared as shown in Figs. 7 and 8. From Fig. 7,
it can be seen that when the flavor components contents
in tobacco dried at 130/100°C were taken as a base for
comparison, a 10°C increase in the final drying tempera-
ture from 100 to 110°C reduced the retentions of
Maillard reaction compounds and carotenoid degra-
dation products by 14.5 and 9.4%, respectively. However,
only a slight reduction of flavor component retention
was caused by the 10°C increase in pre-drying tempera-
ture from 130 to 140°C. As also can be seen from Fig. 8,

Mallard reaction compounds contents
(ng/g dried material)
B
1

150

Figure 5. Maillard reaction compounds contents in single-
stage- and two-stage-dried cut tobacco.

the increasing of pre-drying temperature from 140 to
150°C had a smaller influence on the loss of two kinds
of flavor components in comparison to the increasing
final drying temperature.

It is clear that the final drying temperature under
the current two-stage method has a more significant
effect on the flavor components retention in dried cut
tobacco. As mentioned before, dried materials,
especially for heat-sensitive materials, were easy to
suffer from the loss of flavor components due to the
exposure to high drying temperature. At the initial
transient drying period, cut tobacco temperature is rela-
tively low. At the falling rate period, cut tobacco tem-
perature will have an obvious rise with decreasing
moisture content.”””? The exposure of dried samples to
high temperature occurs mainly at this drying stage.
This could explain the greater influence of final drying
temperature on the flavor component retention.

Effect of intermediate moisture contents

The two-stage drying at 140/100°C was performed with
different intermediate moisture contents, and the
retained contents of Maillard reaction compounds and
carotenoid degradation products in dried samples were
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Figure 6. Carotenoid degradation products contents in single-
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compared, as seen in Figs. 9 and 10. The intermediate
moisture content of 19% retained the highest content
of Maillard reaction compounds, as were 6.089 ug/g.
The change of intermediate moisture contents from 19
to 15% reduced the Maillard reaction compounds’ con-
tent by 14.7%. The effect of intermediate moisture con-
tents on Maillard reaction compounds’ maintenance
was associated with the prolonged exposure time of
cut tobacco to high temperature. The dried sample with
the intermediate moisture content of 19% experienced
the shortest drying time at the high pre-drying tempera-
ture of 140°C, which resulted in the smallest loss of
Maillard reaction compounds. However, for carotenoid
degradation products in dried cut tobacco, the change
of intermediate moisture contents from 19 to 15% only
reduced its retention by 4.4%.

As can be seen, both intermediate moisture contents
and cylinder temperature had a significant influence on
the retention of two kinds of flavor components. The
increasing cylinder temperature as well as the
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Mallard reaction compounds contents
(ug/g dried material)

Figure 9. Effect of intermediate moisture content on Maillard
reaction compounds retentions.

decreasing intermediate moisture contents caused the
exposure of cut tobacco to the higher drying tempera-
ture or undergoing prolonged drying time at the pre-
drying stage and led to the lower retention of flavor
components in tobacco. The loss of flavor components
in tobacco due to heat treatment was also reported by
Lai et al.,' and the reason was related to volatilization,
oxidation of some components, as well as the possible
cracking of some macromolecules.

It also can be found from Figs. 6-10 that the reten-
tions of Maillard reaction compounds have a more sig-
nificant reduction than that of carotenoid degradation
products with the decreasing intermediate moisture
contents or the increasing cylinder temperature. Liao
et al."*! has reported the retention ratios of different fla-
vor substances during the tobacco primary processing.
Their results showed that the flavor substances with
low boiling point had suffered greater losses after
entrained flow drying, which was attributed to the
reason of high thermal volatility of low-boiling-point
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components. In our present work, the Maillard reaction
compounds listed in Table 3, including furfuralcohol,
furfural, 2-acetyl, and 2-acetylpyrrole, had lower boiling
points than the major carotenoid degradation products
listed in Table 4, such as geranyl linalool, damascone,
and dihydroactinidiolide. As a consequence, the reason
proposed by Liao et al.**! could be also used to explain
the more significant reduction of Maillard reaction
compounds retention.

Conclusion

It can be concluded that the two-stage dehydration of
cut tobacco in rotary dryer, which used high cylinder
temperature in pre-drying period of dehydration and
low cylinder temperature at the later stage, could reach
a better compromise between high retention of charac-
teristic flavor components and efficient drying processes
compared to single-stage dehydration. For the current
two-stage dehydration method, pre-drying temperature
had a more significant effect on the drying efficiency of
cut tobacco than the final drying temperature. However,
the retention of two kinds of characteristic flavor com-
ponents in the tobacco, including Maillard reaction
compounds and carotenoid degradation products, was
influenced obviously by final drying temperature. The
intermediate moisture content during the two-stage
drying also had a significant effect on both drying
efficiency and retention of two kinds of characteristic
flavor components. Lower intermediate moisture con-
tent could enhance the overall drying efficiency of cut
tobacco, but it led to a more significant loss of Maillard
reaction compounds in tobacco. When the retention of
characteristic flavor components and drying efficiency
of tobacco were considered simultaneously, the cylin-
der-wall temperature combination of 140/100°C with
17% intermediate moisture content could be used as
the optimal two-stage drying condition for the investi-
gated flue-cured tobacco.
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