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Abstract
In this work, the effect of volumetric drying and surface drying pretreatment on microwave pyrolytic characteristics of 
tobacco stems was investigated. The microwave oven was used for volumetric drying with different power outputs, while the 
electric oven was used for surface drying at 105℃. The biomass dried using microwave drying was compared with the dried 
using oven drying, and the yields and properties of solids, liquids, and gases were determined. Besides, the decomposition 
mechanism of nicotine was preliminarily expounded. The results showed that the drying rate of microwave could reach up 
to 1.093 g m−2 s−1, which was approximately 5 times the maximum drying rate of oven. There was little change in the yield 
of biochar, and the yield of bio-oil increased, while the yield of non-condensable gas decreased by microwave compared 
to oven. When microwave drying was used, the concentration of CO2 in the pyrolysis gas was higher, but the yields of H2, 
CO and CH4 were lower. The preliminary analysis of pyrolytic bio-oil revealed that the relative content of alcohols, acids, 
aldehydes, and ketones increased to 6.46%, 3.39%, 18.59%, and 18.18%, and the relative content of phenols decreased to 
8.74% by microwave. After oven drying, the residence time of volatiles in the reaction zone increased during the pyrolytic 
process, and nicotine was thermally decomposed at high temperatures and combined with other free radicals; the relative 
contents of nicotine in the bio-oil have decreased from 11.78 to 6.55%. Microwave drying decreased the water content of 
bio-oil. At the same time, the stability of bio-oil improved. Therefore, microwave drying is an economical pretreatment 
method for biomass fast pyrolysis.
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1  Introduction

The United Nations held its 75th session of the General 
Assembly in New York, September 22, 2020. On the Paris 
Agreement, China, the European Union, Japan, Korea, and 
other countries had made a series of solemn commitments 
and set a target of net zero emissions and carbon neutrality. 

As a “zero carbon energy,” biomass energy is one of the 
most important renewable energy for human beings. It is a 
renewable energy that can be stored. Biomass is the organic 
material contained in all living bodies, including plants, ani-
mals, and microorganisms.

Tobacco stems are a common biomass; they are the thick 
and hard veins of tobacco leaves and account for about 25 to 
30% of the leaf weight. As a major tobacco producer, China 
has the largest tobacco market in the world. The annual out-
put of tobacco stems is about 600,000 tons; only two-thirds 
are used for cigarette production. The remaining hundreds of 
thousands of tons of tobacco stems are discarded. In addition 
to causing a waste of resources, the alkali metal components 
in tobacco stems entering the soil can also pollute water 
sources. How to clean and efficiently use waste tobacco 
stems not only has an important significance to the environ-
ment, but also can create good economic benefits. Pyrolysis 
is one of the most effective methods. Pyrolysis is one of the 
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thermochemical conversion technologies of biomass, and 
it is also the prime method of biomass resource utilization. 
It is carried out at the mild conditions of high temperature 
and atmospheric pressure. Through pyrolysis, biomass can 
be transformed into three species of products: biochar can 
be used as adsorption material [1], catalyst carrier [2], etc.; 
non-condensable gas can be used as fuel [3]; bio-oil can 
be used as liquid fuel [4] or extracted high-value products 
[5–8] from bio-oil. Nevertheless, the high moisture content 
of bio-oil will degrade its quality. Therefore, lowering the 
moisture content of biomass is an important step in biomass 
pyrolytic process [9].

There are three forms of water in biomass [10]: water 
vapor in pores, dissociative liquid water in pores and capil-
laries, and bound water in solid structures. The moisture 
content in biomass will debase the quality of pyrolytic bio-
oil, resulting in more energy loss during combustion [11]. 
Two drying methods are considered here: conventional oven 
drying for surface heating and microwave drying for volu-
metric heating [12]. Oven drying transfers the heat to the 
surface of the biomass through heat convection, heat radia-
tion, etc., and then the heat is transferred to the inside of 
biomass. A temperature gradient is existed inside the bio-
mass, which lowers the drying efficiency, and it cannot effec-
tively remove the moisture inside biomass, and it also has 
high requirements on the particle size of biomass. However, 
microwave overcomes these disadvantages of oven drying, 
so microwave technology is also used extensively in the field 
of drying [13, 14]. In recent years, researchers have applied 
microwave drying to the field of biomass drying pretreat-
ment [15–17]. Compared with oven drying, microwave dry-
ing has high heating efficiency and can heat all parts of the 
biomass simultaneously; it can be automatically controlled 
by switches or programs with no thermal inertia. Microwave 
drying technology originated in the 1940s and began to be 
widely used in foreign countries in the 1960s. The research 
of microwave drying technology in China started relatively 
late, and the application began in the early 1970s. Up to now, 
although the research time of microwave drying biomass is 
comparatively short, the study had been developed rapidly, 
and many achievements had been obtained. The effect of 
microwave drying on characteristics of two different types of 
biomass namely rice straw and Chinese pennisetum had been 
investigated; they found that the energy density of dried bio-
mass is 14% higher than that of undried biomass; in addition, 
the calorific value of biomass after drying also increased, 
while H/C and O/C decreased [18]. A study on the micro-
wave drying of lignite had been performed to the functional 
group changes and pyrolytic characteristics; it was found 
that the number of oxygen-containing functional groups of 
lignite was lowered after microwave drying, and the yield 
of polycyclic aromatic hydrocarbons was also lowered down 
in pyrolytic products [19]. The effect of microalgae mass 

and microwave power on drying characteristics had been 
performed. They achieved a maximum drying efficiency of 
76%, at the condition of 130 g of the microalgae with a 
microwave power of 630 W [20]. In a study about the effects 
of different microwave powers on the pyrolytic characteris-
tics of pine sawdust, peanut hulls, and corn stalks, the results 
indicated that microwave drying could enhance the poros-
ity of biomass, and promote the production of liquid prod-
ucts during the pyrolysis process [21]. To sum up, micro-
wave drying has the advantage of high drying efficiency and 
promotes the quality of liquid products, these characteristics 
has attracted people’s attention. 

In recent years, researchers also have conducted a lot of 
research on tobacco stems. A thermogravimetric analyzer 
had been used to study the pyrolytic process of tobacco 
stems in a nitrogen atmosphere [22]. Chen [23] studied the 
effect of hydrochloric acid pickling pretreatment on the 
pyrolytic characteristics of tobacco stems. Liu [24] used 
the PY-GC/MS to study the pyrolytic products at low and 
high temperature of tobacco stems. Yan [25] investigated the 
effect of pyrolytic temperature on the components of bio-oil.

As could be summarized, researchers had conducted 
in-depth research on the changes in pyrolytic conditions, 
and the effects of different solvent washing pretreatments 
on the pyrolysis of tobacco stems, as well as the pyrolytic 
kinetics and thermodynamics of tobacco stems. Microwave 
drying was less used in the field of biomass pretreatment, 
and the research on the effect of microwave drying on the 
microwave pyrolytic characteristics of tobacco stems had 
hardly been reported. Moreover, the physical and chemical 
properties of the biomass after microwave pretreatment had 
also undergone some changes [25–27]. Therefore, this work 
selects waste tobacco stems as experimental materials, and 
studies the effects of microwave drying and oven drying on 
the physical and chemical properties of tobacco stems and 
the pyrolytic products of microwave pyrolysis.

2 � Experiment

2.1 � Materials

In this work, the tobacco stems (TS) were used as the pyro-
lytic material with high content of nicotine, which came 
from Pingdingshan City, Henan Province, China. Silicon 
carbide particles (SiC) were used as the microwave adsorp-
tive material. A high-speed pulverizer was used to pulverize 
the TS and screened out particles with 20 and 40 mesh. The 
industrial analysis of TS was done according to the national 
standard GB/T 28731–2012 of the People’s Republic of 
China, and an elemental analyzer (vario el III, Elementar) 
was used to analyze the element content of TS samples.
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Table 1 shows the elemental analysis and industrial analy-
sis of TS. It could be seen from Tables 1 and 2, compared 
with the traditional biomass corn stalk, wheat straw, rice 
straw, and cotton straw, that there were no too big differences 
about the contents of C, H, and O. But the N content in the 
TS composition was higher, at 2.23%, because nicotine is 
a nitrogenous compound which is peculiar to TS. The O/C 
was higher than the traditional biomass, which increased the 
polarity of bio-oil and lowered the calorific value of the bio-
oil. Both drying and torrefaction can remove the moisture 
in biomass, reduce oxygen content, and improve the qual-
ity of bio-oil. The low S content of TS revealed the clean 
characteristics of TS as biomass energy. The high volatile 
content indicated that the TS had the property suitable for 
thermochemical conversion. High ash content indicated that 
TS had a larger space for a thermochemical upgrading.

2.2 � Drying pretreatments

 An electric oven was used for conventional oven drying 
(Shuli) and represented the surface heating. A household 
microwave oven (M1-L213B, Media) was used for micro-
wave drying (MD) and represented the volumetric heating. 
Three powers of 380 W, 540 W, and 700 W were used for 
MD. 4g TS in a crucible was put into the microwave oven, 
then adjust the microwave power for drying, took out once 
per minute and weighed them with electronic balance at 
a sensitivity of 0.001 g, and calculated the moisture loss 
with subtraction method; the weighing should be com-
pleted within 10 s. In order to ensure the repeatability of 
the drying data, each power drying experiment was done 
three times and averaged. The oven drying (OD) step was 
the same as above, carried out in an electric oven, and 
the drying temperature was 105 °C, as a control. Also, 
the microwave pyrolysis of untreated TS was used as the 
control group.

2.3 � Device and steps

A vertical microwave catalytic reactor was used for pyrolysis 
(Fig. 1). Firstly, TS and SiC particles were weighed, then 
mixed them evenly in the quartz hanging basket, put the 
basket into the quartz tube, inserted the thermocouple, and 
sealed the quartz tube. High-speed nitrogen was used for 
10 min to purge the air in the pipeline. The pyrolytic tem-
perature was set at 550 °C and pyrolyzed TS for 10 min with 

Table 1   The elemental analysis 
and industrial analysis of TS

Elemental analysis/wt (%) Industrial analysis/wt (%)

Cad Had Oad Nad Sad Mad Aad Vad FCad

37.62 4.25 40.11 2.23 1.15 17.85 18.12 52.92 11.11

Table 2   The elemental atomic ratio of conventional biomass

ar atomic ratio

TS Corn stalk [28] Wheat 
straw 
[29]

Rice straw [30] Cotton 
straw 
[30]

H/Car 1.36 1.65 1.36 1.76 1.64
O/Car 0.80 0.75 0.59 0.78 0.74

Fig. 1   Microwave pyrolytic 
experimental device. 1, 
Nitrogen bottle; 2, rotameter; 
3, nitrogen pipeline; 4, control 
system; 5, fan; 6, vertical 
microwave catalytic reactor; 7, 
thermocouple; 8, quartz tube; 
9, quartz hanging basket; 10, 
sample; 11, condenser tube; 12, 
oil collection bottle; 13, oil col-
lection bottle; 14, gas washing 
bottle; 15, cold trap; 16, air bag
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the nitrogen flow rate at 0.25 L/min. The volatiles were taken 
out of the quartz tube by nitrogen and condensed through 
the condensing tube. The glass bottle was placed in the ice 
water bath to collect the liquid product. The non-condensing 
gas was collected by the air bag at the tail, through a wash-
ing cylinder to remove the incomplete cooled oil and water 
vapor.

2.4 � Analytical methods

A thermogravimetric analyzer (SDT650, TA) was used to ana-
lyze the samples of different drying methods. The analysis was 
in a nitrogen environment with a temperature rate of 30 °C/min 
from 50 to 1200 °C.

The BK100-01 automatic specific surface area and pore 
analyzer of Beijing Jingwei Gaobo Technology Co., Ltd. 
was used to determine the pore structure parameters of dried 
samples and biochar; the dried samples and biochar were 
degassed in vacuum at respectively 100℃ and 300℃ for 5 h, 
and the nitrogen isothermal adsorption and desorption method 
was used to analyze the samples in a 77 K liquid nitrogen 
environment.

A Fourier Transform Infrared Spectrometer (TENSOR II, 
Bruker) was used to test the functional groups of biochar. The 
biochar and KBr were placed in an oven at 105 °C and 120 °C 
for 6 h to remove moisture. The biochar and KBr were ground 
and mixed with a ratio of 1:99, then compressed into tablets, 
and the samples were analyzed in spectral analysis range of 
400 to 4500 cm−1 with resolution of 1 cm−1.

A desktop scanning electron microscope (JCM-
6000PLUS, JEOL) was used to analyze the surface char-
acterization and morphology of dried samples and biochar, 
and the magnification was 1000 times. Because of the weak 
electrical conductivity of dried samples, they were sprayed 
with metal before analysis.

A gas chromatography/mass spectrometer (GC-8860/MS-
5977A, Agilent) was used to analyze the bio-oil. The instru-
ment conditions used for the measurement are as follows: (1) 
GC conditions: chromatographic column was of HP-5MS 
(30 m × 0.25 mm × 0.25 μm), carrier gas was He, gas flow 
rate was 1.2 mL/min, the split ratio was 50:1, injection vol-
ume was 0.2μL, the temperature of the injector was 290 °C, 
column heating program was that the initial temperature was 
40℃, kept for 4 min, and then the temperature was raised to 
280℃ at the rate of 5℃/min and kept for 5 min; (2) MS con-
ditions: MS interface temperature was 290℃, scanning range 
was from 40 to 500 (m/Z), and solvent delay time was 2 min.

A gas chromatograph (GC-14C, Shimadzu Corporation) 
was used to analyze the non-condensable gas. Standard gas 
control procedure was firstly used to identify the gas species, 
and the external standards were used to quantitatively analyze 
the main components of gas products (CO, CO2, H2, CH4).

3 � Results and discussion

3.1 � Drying characteristic analysis

In the drying process of TS, the drying rates at different 
moments were calculated by measuring the volatilized mois-
ture content of TS in per a same time period, as shown in 
Fig. 2. The formula for calculating the drying rate was as 
follows:
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where M
DR

 is the drying rate, g m−2 s−1; ΔM is the volatil-
ized moisture mass from TS, g; A is the total surface area of 
TS particles, m2; and Δt is the same time period, s.

For MD, due to the strong polarity of water molecules, 
which caused the ability to absorb microwave energy of 
water was very strong, so in the process of microwave heat-
ing, the loss of TS mass was equal to the loss of water [21]. 
As shown in Fig. 2, when dried with the oven, the mass of 
TS tended to be stable with the volatilization of moisture, 
but MD was different, and its drying end was usually dif-
ficult to distinguish. When the moisture was almost com-
pletely evaporated, other substances began to absorb micro-
wave energy and the heat accumulated inside the biomass 
over time resulted in the temperature of the biomass to rise 
rapidly, and then the biomass began to pyrolyze or burn. 
There was no obvious boundary between physical drying 
and chemical reaction.

It could be observed from Fig. 2 that the drying rate of 
MD could reach up to 1.093 g m−2 s−1, which was approxi-
mately 5 times the maximum drying rate of OD, and the 
second half of the MD curve tended to coincide with that 
of the OD when the microwave power was at 540 W. Under 
the condition of same moisture loss rate, the time MD cost 
at 540 W was one-fifth of OD at 105℃. When the micro-
wave power was at 700 W, the time required was only about 
one-tenth of OD. The microwave power was too high and, 
however, made the TS begin to decompose. As mentioned 
above, the second half of the MD curve at 540 W tended to 
coincide with the OD. Therefore, MD at 540 W and OD at 
105℃ were chosen for subsequent pyrolysis experiments.

Seen from Fig. 2, MD and OD processes were divided 
into three stages: the accelerated stage, the moderative stage, 

(1)M
DR

=
ΔM

AΔt

and the constant speed stage. The initial stage depended 
on both internal and external mass transfer rates, and the 
drying rate increased over time [27], while the second and 
third stages depended on internal mass transfer resistance 
and solid-water interaction [31]. For MD, when the micro-
wave power was too high, the constant speed stage was not 
obvious. Compared with OD, the MD rate was higher and 
the drying time was shorter, which meant that the mois-
ture inside the TS was quickly transferred to the surface and 
released, and more internal pores were formed. Therefore, 
a specific surface area analyzer and a scanning electron 
microscope were used to test and analyze the TS of MD 
and OD. The results are shown in Table 3 and Fig. 3. MD 
increased the specific surface area of TS. It could be seen 
from the SEM images of TS that the rapid evaporation pro-
cess of moisture using MD expanded the internal pores of 
TS, and significantly destroyed the surface structure of TS, 
with smaller structural fragments covering the surface and 
increased the size of the surface pores. These changes were 
conducive to the rapid heating and decomposition of TS, 
and the rapid precipitation of pyrolytic gas when heated thus 
affected the distribution of pyrolytic products, which also 
proved that MD increased the porosity of TS.

Table 3   The specific surface 
area of TS

BET 
surface 
area(m2/g)

OD 0.081
MD 1.216
ascontrol 0.106

Fig. 3   The SEM images of 
TS: (a) OD, (b) MD, and (c) 
ascontrol
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3.2 � Thermogravimetric analysis

To investigate the effect of MD on the pyrolytic behavior of 
dried samples, the TG and DTG curves of MD and OD were 
compared, and the untreated TS served as a control group. The 
results are shown in Fig. 4. It could be observed from Fig. 4 
that the TG-DTG curves’ change trends of different drying 
methods were similar, which indicated that MD rarely affected 
the pyrolytic mechanism; it just changed the peak value of the 
curve. However, in the area I, the DTG curve of control group 
is different from OD and MD, which is the reason of water 
evaporation. The pyrolytic process of TS was divided into 
the following four stages: (1) the drying stage (50 ~ 120℃). 
This stage was the process of absorbing heat and removing 
moisture from the TS. There were no chemical reactions, and 

the chemical composition was basically unchanged. There was 
only a slight decrease, and the weight becomes 99% of the 
original mass. During this process, the heat absorption state 
was always present. (2) The second is the preheating cracking 
stage (120 ~ 220℃). From this stage, the TS began to undergo 
chemical changes, and the composition and structure of TS 
began to change. The hemicellulose with the lowest initial 
temperature of pyrolysis (180 ~ 285℃) began to decompose 
slightly with the increase of temperature, and broke the con-
nection between lignin and cellulose [32]. (3) The third is the 
rapid pyrolytic stage (220 ~ 375℃). This stage was the main 
stage of pyrolysis. In this temperature range, about 60 ~ 70% 
of the volatile matter in the entire temperature section was 
precipitated, and at this stage, the DTG curve had obvious 
main peak and shoulder peak. The peak temperature of the 
main peak was 330 °C, and the peak of the shoulder peak was 
290 °C. This stage was caused by the pyrolysis of the three 
major organic components of biomass (cellulose, hemicel-
lulose, and lignin). The pyrolytic temperature range of lignin 
was 269 ~ 388℃ [33]. Hemicellulose was basically decom-
posed at 290℃, and cellulose was basically decomposed at 
330℃. Lignin had the best thermal stability (365 ~ 500℃) 
[34]; there will be a major degradation stage at 320 ~ 400℃ 
[22]. (4) The residue was slowly pyrolyzed (375 ~ 1200℃); the 
TG curve at this stage showed a slow downward trend. The 
peak temperature is 443 °C; during this stage, the lignin in the 
TS mainly undergone the secondary cracking, and the overall 
weight loss tended to be flat.

3.3 � Effect of microwave drying on microwave 
pyrolysis of TS

The yields of pyrolytic products of TS were calculated to 
investigate the effect of MD on microwave pyrolytic products. 
As shown in Fig. 5, both MD and OD reduced the yields of 
bio-oil, because the water contained in the untreated TS also 
accounted for a considerable proportion in the bio-oil, resulting 
in a large increase in the yield of liquid products. Moreover, 
the yield of bio-oil increased and the yield of non-condensable 
gas decreased using MD, compared to OD. This was due to the 
MD pretreatment increasing the total pore volume inside the 
TS particles, so the residence time of the volatiles in the TS 
and the reactor decreased, and also the intensity of the volatile 
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Fig. 5   Three phase yield of TS microwave pyrolysis

Table 4   The pore properties of TS microwave pyrolytic biochar

BET surface area 
(m2/g)

Pore volume 
(cm3/g)

Average pore 
diameter (nm)

OD 9.926 0.028 38.014
MD 3.624 0.019 20.515
ascontrol 5.912 0027 14.035

Fig. 6   SEM images of biochar: 
(a) OD, (b) MD, and (c) 
ascontrol
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matter’s secondary cracking reaction. The volatiles generated 
more biochar and non-condensable gas in the secondary crack-
ing reaction, and the yield of biochar and gas increased [35]. 
However, from the results, the yield of pyrolytic biochar using 
OD was lower than that of MD, which indicated that there 
were other secondary reactions that consumed biochar in the 
pyrolytic process, such as carbon-steam reaction [36]

3.4 � Effect of microwave drying on microwave 
pyrolytic biochar

To compare the pore properties of biochar using MD and 
OD, the specific surface area and pore parameters were 
tested. It can be observed from Table 4 that the specific 
surface area of biochar of OD was larger than that of OD. 
Compared with the specific surface area of TS in Table 2, 
the specific surface area of biochar of OD increased by 122 
times, which may be caused by the release of volatiles from 
the TS during the pyrolytic process; the greater resistance 
it accumulated inside the TS, the more pores it opened up, 
while the specific surface area of biochar of MD had a small 
increase, which was three times of the MD sample, the result 
indicated that MD had opened up a certain amount pores 
of TS and the release of volatiles was peaceful with less 
resistance.

Figure 6 shows the scanning electron micrograph of pyro-
lytic biochar. As expected, the biochar obtained at different 
drying methods had significantly different specific surface 
areas and pore structures. The pore volume and average pore 
diameter of biochar using OD were both larger compared to 
MD, which was related to the release of volatiles in TS. The 
pores of biochar using OD were large and irregular, which 
was related to the violent release of volatiles in the pyrolytic 

process; it quickly destroyed the biochar surface. The pore 
biochar using MD was relatively regular, again verified the 
different release process of volatiles.

Figure 7 shows the infrared spectrum of biochar with 
MD, OD, and the control group. It can be seen from the 
infrared spectrum that there were many types of functional 
groups of biochar; the types of functional groups of bio-
char obtained by the two drying methods were roughly the 
same, but the strength of the functional groups was different. 
Such as the stretching vibration of C-H in the aromatic ring 
structure at 3130 cm−1, the stretching vibration of C = O 
at 1602Ccm−1 [37], the stretching vibration of aromatic 
ring C = C at 1400 cm−1[38], and the asymmetric stretch-
ing vibration of C–O–C at 1140 cm−1, etc. It can be found 
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Table 5   Bio-oil components Compound Formula Molecu-
lar weight

Peak area (%)

ED MD ascontrol

Propanoic acid C3H6O2 74 1.74 1.62 1.45
Dihydro-2-methyl-3(2H)-furanone C5H8O2 100 0 1.08 0
3-Hydroxy-2-butanone C4H8O2 88 0.94 0.69 0.35
Pyrazine C4H4N2 80 0.23 0 0
Pyridine C5H5N 79 3.55 2.32 0.8
1-(Acetyloxy)-2-butanone C6H10O3 130 1.39 1.11 0.73
Propanoic acid, 2-oxo-, methyl ester C4H6O3 102 1.53 1.11 0
2-Methyl-pyridine C6H7N 93 1.18 0.34 0
3-Aminopyridine C5H6N2 94 1.08 0.42 0.29
Furfural C5H4O2 96 11.50 10.46 6.15
4-Hydroxy-4-methyl-2-pentanone C6H12O2 116 0.30 0.14 4.16
3-Furanmethanol C5H6O2 98 2.28 1.81 4.18
1-(Acetyloxy)-2-propanone C5H8O3 116 4.50 3.64 2.07
4-Cyclopentene-1,3-dione C5H4O2 96 0.97 0.72 1.56
2,3-Dimethyl-pyridine C7H9N 107 0.33 0.19 0
2-Methyl-2-cyclopenten-1-one C6H8O 96 1.45 1.52 1.39
1-(2-Furanyl)-ethanone C6H6O2 110 1.39 1.33 0.71
2-Hydroxy-2-cyclopenten-1-one C5H6O2 98 0 0.72 0
Butyrolactone C4H6O2 86 0 0 1.02
5-Methyl-2(5H)-Furanone C5H6O2 98 0 0.17 0.55
1-Methyl-piperidine C6H13N 99 0.13 0 0
3,5-Dimethyl-pyridine C7H9N 407 0.83 0 0
5-Methyl-2-furancarboxaldehyde C6H6O2 110 5.51 5.52 2.45
3-Methyl-2-cyclopenten-1-one C6H8O 96 1.61 1.50 0.99
3-Ethenyl-pyridine C7H7N 105 0.54 0 0
2,5-Dimethyl-2,4-dihydroxy-3(2H)-furanone C6H8O4 144 0.27 0 0
Phenol C6H6O 94 4.59 3.57 1.83
3,4-Dimethyl-2-cyclopenten-1-one C7H10O 110 0 0.16 0.91
2,3-Dimethyl-cyclohexanol C8H16O 128 0.28 0 0
2,4,6-Trimethyl-pyridine C8H11N 121 0.17 0 0
3,6-Dimethyl-2-pyridinamine C7H10N2 122 0.14 0 0
1H-Pyrrole-2-carboxaldehyde C5H5NO 95 0.70 0.56 0
2-Methyl-cyclohexanone C7H12O 112 0.12 0 0
2-Hydroxy-3-methyl-2-cyclopenten-1-one C6H8O2 112 1.10 1.11 1.23
3,4,4-Trimethyl-5-oxo-,(E)-2-hexenoic acid C9H14O3 170 1.29 1.06 0
2-Methyl-phenol C7H8O 108 1.17 0.69 0.67
1-(1H-pyrrol-2-yl)-ethanone C6H7NO 109 0.38 0.22 0
p-Cresol C7H8O 108 1.98 2.12 0
3-Furancarboxylic acid, methyl ester C6H6O3 126 0.39 0.52 0
Furaneol C3H4N4O2 128 0.82 0.79 0.44
2-Methoxy-phenol C7H8O2 124 0.96 0.89 0
3-Pyridinol C5H5NO 95 1.32 2.88 0
2-Methyl-3-pyridinol C6H7NO 109 0 0.33 0
3-Ethyl-2-hydroxy-2-cyclopenten-1-one C7H10O2 126 0.33 0.30 0.42
2,3-Dihydro-3,5-dihydroxy-6-methyl-4-pyrone C6H8O4 144 2.80 3.77 3.48
6-Methyl-3-pyridinol C6H7NO 109 0 0.64 0
γ-Dodecalactone C12H22O2 198 0 0.20 0
Resorcinol C6H6O2 110 0 0.79 0
2,3-Dimethyl-phenol C8H10O 122 0.50 0 0
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from Fig. 7 that compared to OD, the peak intensities of 
various functional groups of biochar using MD conditions 
were greater, which indicated that biochar using MD had 
a higher degree of aromatization structure, and there were 
lesser volatile residues in the biochar. It was consistent with 
the phenomenon that the yield of bio-oil using MD was 
higher than that using OD in Fig. 5.

3.5 � Analysis of non‑condensable gas

The pyrolytic gas mainly contained combustible gas with high 
calorific value such as CO, CH4, H2, CO2, and small molecule 
hydrocarbons. The component distribution of the non-conden-
sable gases of TS is shown in Fig. 8. MD decreased the yields 
of H2 and CO; this was because the volatiles in the reactor 
undergone secondary reactions such as carbon-steam, and the 
char reacted with steam to generate more CO and H2. Moreover, 
the pyrolysis of biomass can decompose H* radicals to generate 
H2, and MD reduced the stay time of volatiles in the reactor. 
Compared to MD, OD led to a higher yield of CH4 and a lower 
yield of CO2, mainly due to the secondary cracking of volatiles.

3.6 � Effect of microwave drying on bio‑oil properties

The components of pyrolytic bio-oil were analyzed by GC/
MS to investigate the effect of MD on components of bio-oil, 
and the result is shown in Fig. 9. The components of bio-oil 
were classified as esters, alcohols, acids, phenols, aldehydes, 
ketones, nitrogen-containing heterocycles, and others. The 
contents of components were calculated to measure the area 
of each impurity peak and the total chromatographic peak 
area except the solvent peak on the chromatogram by using 
the area normalization method. The peak areas of each com-
ponent divided by the total chromatographic peak area were 
the relative percentage content of each peak.

Compared to the control group (32.63%), the moisture 
content of the pyrolytic bio-oil using OD and MD was 
20.89% and 15.25%, respectively. This was because the 
pretreatment of the OD promoted the degree of secondary 
pyrolysis and increased the number of hydroxyl broken and 
the generation of moisture during the pyrolytic process, also 
the control group. It could be observed from Fig. 9 that the 
relative percentage content of alcohols of MD was higher 
than that of OD and the control group also proved it. The 
aldehydes affected the quality of pyrolytic bio-oil; it was the 
main reason for the poor stability of the bio-oil, manifested 
by increased viscosity, easy oxidation, volatilization of light 
components, etc. The results showed that OD reduced the 

Table 5   (continued) Compound Formula Molecu-
lar weight

Peak area (%)

ED MD ascontrol

2-Ethyl-phenol C8H10O 122 0.29 0 0
5-Hydroxymethylfurfural C6H6O3 126 0.73 2.05 0.72
2-Hydroxy-6-methyl-3-cyclohexen-1-carboxylic acid C8H12O3 156 0 0.42 0
Hydroquinone C6H6O2 110 0 0.68 0.43
(E)-2-Tridecenoic acid C13H24O2 212 0 0.29 0
Nicotine C10H14N2 162 6.55 11.78 14.62
N-Hexadecanoic acid C16H32O2 256 0.12 0 0

Fig. 10   Nicotine decomposition 
mechanism
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relative content of aldehydes in the bio-oil; the content of 
acids and ketones also decreased, which was due to the 
increased residence time of volatiles in the reactor during the 
pyrolysis, and the oxygen-containing functional groups (car-
bonyl and carboxyl groups) of TS were removed more thor-
oughly. TS particles began to carbonize, for the most abun-
dant K element in tobacco [23], and most of K remained in 
the pyrolytic biochar of TS [39]. When the volatiles diffused 
from the inside of TS, it was catalyzed by K [40]; K had a 
strong inhibitory effect on the production of aldehydes, but 
it improved the yield of furfural [41]. Furfural was produced 
by the depolymerization, ring breaking, C–C breaking, and 
dehydration reactions of cellulose [42]; the increase of fur-
fural indicated that K can promote the depolymerization and 
dehydration of cellulose to form furfural. MD reduced the 
content of phenols, in addition to the sugars and polyphe-
nols in the TS; the chlorogenic acid contained in the TS will 
also produce a large amount of phenols through pyrolysis 
[43]. OD promoted the second pyrolysis of volatiles and 
increases the content of phenols. The nitrogen-containing 
heterocycles of bio-oil were mainly composed of nicotine, 
pyridines, pyrazines, and piperidines. As shown in Table 5, 
the relative content of nicotine decreased from 11.78 (MD) 
to 6.55% (OD). The residence time of nicotine in the reactor 
was prolonged, and it is decomposed at high temperature to 
generate nitrogen-containing heterocyclic free radicals and 
combine with free radicals generated by the decomposition 
of other substances to generate pyridines, pyrazines, and 
piperidines (Fig. 10).

4 � Conclusions

In this work, the drying characteristics and effect on micro-
wave pyrolysis of TS using volumetric heating were investi-
gated and compared with surface heating. The drying curves, 
the TG-DTG curves, and the pyrolytic products were also 
analyzed and studied. The main conclusions were as follows:

(1)	 The drying speed at microwave power at 540 W was 
about 5 times than that of OD at 105℃, and the spe-
cific surface area and porosity of TS increased using 
MD, which helped to quickly release volatiles during 
the pyrolytic process of TS. The residence time in the 
reactor reduced, and the degree of secondary cracking 
of the volatiles matter lowered.

(2)	 The weight loss of TS decreased using MD, com-
pared with OD, at every temperature point from 50 
to 1200 °C. At the range of temperature from 220 
to 375℃, the DTG curve had obviously main peak 
and shoulder peak; MD increased the peak value of 
shoulder peak, and opposite the main peak. MD tinily 

affected the second half of the DTG curve, and the sec-
ond half of curve almost overlaps together.

(3)	 The yields of H2, CO, and CH4 decreased using MD, 
which was caused by the secondary reaction of volatiles 
in the reactor. The degree of secondary pyrolysis of vol-
atiles lowered, and the moisture content of bio-oil was 
lowered. The relative content of alcohols and nitrogen-
containing heterocyclic components increased, and the 
relative content of acids, aldehydes, and ketones also 
increased, which was the reason that the residence time 
of volatiles in the reactor decreased. Nicotine was ther-
mally decomposed and combined with other free radi-
cals at high temperature and oxygen-free environment 
to form nitrogen-containing heterocyclic components 
(pyridines, pyrazines, and piperidines) with smaller 
molecular weight.
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