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Abstract

The pyrolysis of tobacco stem (TS), a potential source of lignocellulosic biomass, is investigated, focusing on gas
formation via thermogravimetric analysis—mass spectrometry to obtain accurate gaseous product distributions under var-
ious conditions. The results revealed that the majority of the gaseous products were formed under 900 K with a shoulder
pyrolysis region (600-800 K) as the main source of gas formation, where the formation curve of CO, was used to track the
pyrolysis of hemicellulose, cellulose, and lignin. The formation of four aromatics from lignin occurred over the range of
500-900 K, roughly in the sequence of phenol, toluene, xylene, and benzene. Furthermore, the demineralization of TS with
HCI did not lead to optimal results, with increased phenol and decreased syngas production, whereas pretreatment with
NaOH for hydrolysis was found to significantly increase methane production and decrease the amount of aromatics formed,

suggesting that this method should lead to superior results and a simpler reaction mechanism.
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Introduction

Tobacco stem (TS) is the discarded waste from cigarette
manufacturing, accounting for over 20% of the mass of
flue-cured tobacco leaves, and must be separated from the
usable lamina during cigarette processing. China’s tobacco
industry has experienced a major transformation since
2003, with an increase in production from 1.8 trillion
cigarettes in 2003 to 2.5 trillion cigarettes in 2012 [1].
According to data from the National Bureau of Statistics of
China, tobacco leaf yields were 2.8 million tons in 2015
with a cultivation area of approximately 1.3 million hec-
tares. Hence, issues such as pollution prevention and waste
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management are of key importance to prevent soil and
water contamination from landfill sites [2], as nicotine, a
toxic and water-soluble substance, is hard to contain once
leaching has occurred.

Numerous studies have investigated alternative man-
agement strategies for tobacco stem wastes. The proposed
applications include the recovery of nicotine [3] and
chlorogenic acid [4], and the production of reconstituted
tobacco sheet [5, 6], insecticides [7], biosorption materials
[8], adsorbents [9], composts [10, 11], and methane [12].
Energy is increasingly becoming an issue of worldwide
concern, and pyrolysis technologies for transforming bio-
mass into fuels (syngas, bio-oil, and char) will become
more and more important. Polat et al. [13, 14] have
investigated the volatile products and mechanism of TS
pyrolysis, but the results were hard to interpret and bore no
obvious relationship to the stem ingredients. Although
many thermal studies have focused on the applications of
biomass-derived oil [15-18] and char/carbon [19, 20], the
gaseous products have received comparatively little atten-
tion [18]. Gas production requires a slow heating rate, high
final temperature, and a long gas residence time [21], and
the thermal decomposition predominantly involves three
major components, cellulose, hemicellulose, and lignin
[22], making extraction pretreatment vital. Alkaline
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hydrolysis pretreatment is typically used to digest the
biomass components, especially for cellulose and lignin
solubilization [23]. Acidic hydrolysis pretreatment has also
been used to remove alkali and alkaline-earth metals to
avoid catalytic reactions [24, 25]. Furthermore, kinetic
modeling of the differential thermogravimetric (DTG) data
using three pseudo-components was reported to provide a
deeper insight into the pyrolysis process [26-28], particu-
larly the apparent activation energy (AAE).

In this study, the thermogravimetric analysis—mass
spectrometry (TG-MS)-based pyrolysis of TS and pre-
treated samples was investigated, in an attempt to obtain
detailed information regarding the structure, composition,
thermal behavior, gaseous products, and kinetic mecha-
nism. Several TS samples were studied under different
experimental conditions involving different heat/mass
transfer considerations, and the correlations between eight
kinds of evolved substances and the pyrolysis of three
major plant components were investigated, to give a more
accurate insight into the pyrolysis of TS, assuming that no
interactions exist between each component and the volatile
substances.

Materials and methods
Materials and extraction methods

The tobacco stem used in this work was collected from
Chenzhou Cigarette Factory, Hunan Province, China.
Samples of raw tobacco stem (R-TS) were treated with
water, HCI, or NaOH solution, to afford the samples
referred to here as W-TS, H-TS, and OH-TS, respectively.
The extractions were performed by soaking approximately
50 g of the as-received R-TS in 500 mL of distilled water
or NaOH or HCI solutions (0.5 mol L_l) for 2 days. Note
that the extraction solutions were replaced with fresh
solutions every 8 h. All three extractions were performed at
room temperature. The residual liquids were then discarded
and the samples were washed with distilled water and
placed into a drying oven at 60 °C for 24 h. After crushing
and sieving, the powdered feedstock (60 mesh) of W-TS,
H-TS, and OH-TS were obtained.

Chemical and structural analysis

The proximate analysis of ash (ASH), volatile matter
(VM), and moisture (M) was performed according to the
ASTM standard test methods E1755-01, E872-82, and
E871-82, respectively, from which the content of fixed
carbon (FC) can be calculated by the difference. The ash
obtained for each sample was further analyzed regarding
the inorganic element content by inductively coupled
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plasma optical emission spectroscopy (ICP-OES, SPEC-
TROBLUE SOP, Spectro, Germany). The organic ele-
mental analysis was performed using an EA3000
instrument (EuroVector, Italy) and the contents of cellu-
lose, hemicellulose, and lignin were determined via van
Soest’s method coupled with the Fibretherm FT 12 appa-
ratus (C. Gerhardt, Germany). The Fourier-transform
infrared (FT-IR) spectra were measured using an FT-IR
spectrometer (Nicolet 6700, Thermo Scientific) for func-
tional groups analysis.

Pyrolysis experiments and product analysis

Both thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were conducted using an SDT
Q600 instrument (TA Instruments). Moreover, TG-MS was
applied for gas detection. Note that for the DSC and kinetic
model, samples of approximately 3 mg were pyrolyzed,
while 20 £ 0.5 mg samples were pyrolyzed for the TG-
MS analysis. Experiments were conducted under high-pu-
rity argon gas (20 mL min~") using different heating rates
(10, 20, 40 K minfl) up to ca. 1100 K. The transfer cap-
illary tube of MS was connected to the outlet port of TG,
and was heated to 200 °C. The gases were scanned from 1
to 200 amu at a rate of 5 amu s~ by MS. Note that the
obtained results regarding different heating rates are
referred to as TS-10, TS-20, and TS-40.

Non-isothermal model-free methods

Considering that pyrolysis is a heterogeneous reaction
(conversion from solid to volatile gaseous matter), kinetic
models typically employ solid-phase conversion [26] and
Arrhenius theory [29] to describe the extent of reaction.
Normally, the computational work is based on the ther-
mogravimetric data to obtain the apparent kinetic triplets,
i.e., the activation energy E, pre-exponential factor A, and
kinetic equation f{«). The core principle of the model-free
method is that the conversion rate do/dt is only a function
of temperature, without the prior assumption of kinetic
equation, as described in Eq. (1) [26]. The Friedman
method [30] (Eq. 2) has been widely used to calculate the
apparent activation energy E by linear regression. In most
cases, E is a function of o, which can be obtained by a
least-squares fitting method.

[d ln(doc/dt)} _E,

d(1/T) |, R (1)

(2)

|
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Results and discussion
Characterization of tobacco stem

The compositions of the TS samples before and after the
extractions are listed in Table 1. The HCI pretreatment
increased the higher heating value (HHV), while the
highest carbon-to-hydrogen (C/H) ratio, which influences
the effective heating value, was observed for the R-TS
sample. Also, HCI pretreatment had the strongest dem-
ineralization effect according to the inorganic elemental
analysis, especially for K, Mg, and Ca, whereas NaOH led
to impregnation with Na and resulted in a very high ash
content. The proximate analysis revealed a relatively high
content of volatile matter (over 60%), indicating the good
performance of gas formation, especially when ash was
significantly removed. Furthermore, the HCI pretreatment

hemicellulose, whereas the NaOH pretreatment had a
similar effect on the level of cellulose.

The FT-IR spectra of the four TS samples are presented
in Fig. 1. TS mainly consists of cellulose, hemicellulose,
and lignin, alongside smaller amounts of pectin, protein,
and water-soluble material [31]. Note that low molecular
mass gases typically arise from the cracking and reforming
of chemical groups.

The assignment of the spectral bands was based on the
literature data [32-34]. The broad and intense absorption
peak at 3000-3600 cm™"' corresponds to H-bonded O-H
and N-H groups [35], which can be ascribed to cellulose,
hemicellulose, lignin, pectin, and absorbed water. The
bands in the region between 2843 and 3000 cm ™' are due
to aliphatic C-H stretching, which are most likely
attributable to the methylene (-CH,—) bonds. The two
partially overlapping peaks at around 1740 and 1621 cm™"

was found to substantially reduce the level of were assigned to the C=0 stretching modes of ester and
Tablg 1 Elementgl analysis, R-TS W-TS H-TS OH-TS
proximate analysis, and
structural analysis of tobacco Organic elemental analysis/mass%
stem and treated samples
C 36.222 38.911 42.806 36.262
H 5.109 5.934 6.130 5.361
N 1.890 1.334 1.273 1.006
S 0.586 0.767 0.615 0.663
o* 34.423 43214 48.796 36.658
C/H 7.090 6.557 6.983 6.764
HHV/MJ kg~ '° 14.6767 15.9569 17.1556 14.8139
Inorganic elemental analysis
Na/ppm 43.54 186.96 154.28 49,523.50
K/ppm 70,317.10 915.12 43.70 401.00
Mg/ppm 3635.59 2095.92 19.00 2025.05
Ca/% 3.14 3.70 0.114 3.19
Al/ppm 82.73 51.17 22.04 78.20
Fe/ppm 54.43 68.88 98.80 68.17
Cu/ppm 10.67 9.15 2.96 6.82
Zn/ppm 37.01 26.57 3.00 28.07
Si/ppm 119.74 98.40 39.90 76.19
Proximate analysis/mass%
M 5.89 4.67 4.03 4.05
VM 61.65 70.52 70.57 67.15
FC* 10.69 14.97 25.02 8.75
ASH 21.77 9.84 0.38 20.05
Structural analysis (dry ash-free basis/mass%)
Cellulose 60.0 50.9 58.1 38.7
Hemicellulose 19.4 19.6 14.9 19.3
Lignin 20.6 29.4 27.0 42.0

“Calculated by difference: O/% = 100 — (C + H + N + S + ASH), FC/% = 100 — M — VM — ASH

"The higher heating value (HHV) was obtained from the formula established by Channiwala and Parikh
[47]: HHV = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.0211ASH/MJ kg™'
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Fig. 1 FT-IR spectra of (a) R-TS, (b) W-TS, (c) H-TS, and (d) OH-
TS

acid moieties and the aromatic skeletal C=C vibrations in
lignin, respectively. The peak at 1421 cm™" could be due
to aliphatic and aromatic C—H groups in the plane defor-
mation vibrations of methyl, methylene, and methoxy
groups [36]. The peaks at around 1373 and 1321 cm™'
were assigned to the O-H/C-H and C-O stretching
vibrations, respectively. A strong band was also observed
at 1056 cm ™!, which could be ascribed to the stretching
vibrations of the C—O and C-O-C groups. Bands corre-
sponding to skeletal vibrations often occur at lower
wavenumbers, but these are difficult to interpret.

Upon comparing the spectra of the four samples, the
intensities of the ester band at 1740 cm ™" and the phenolic
ether band at 1253 cm™' were found to considerably
weaken after the NaOH pretreatment, which has also been
reported in the literature for the treatment of rice straw with
KOH and indicates that the ester and ether bonds of the
lignin in the cross-linking structure can be damaged by
hydroxide [34]. Similarly, the HCI pretreatment led to a
significant decrease in the band intensity at around
1621 cm ™', which is generally considered to be a lignin
marker since among the three major plant polymers only
lignin consists of abundant aromatic rings.

Figure 2 shows the SEM images of the raw and pre-
treated samples, both the surface and interior of each
sample were compared. Many small particles are found to
be adhered to the surface of the raw TS sample shown in
Fig. 2a. A more compact and close-linked fiber structure
can be seen in Fig. 2c for the sample pretreated with dis-
tilled water, which had washed away most of the small
particles. As shown in Fig. 2e, the HCI pretreatment was
found to lead to the erosion of some parts of the structure,
which became fuzzy but were not completely destroyed.
These fuzzy parts are much more abundant for the NaOH-
pretreated sample shown in Fig. 2g, indicating more severe
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corrosion of the sample under these conditions. In the
interior images of the TS samples shown in Fig. 2b, d, f, h,
the structure of the xylem can be clearly seen [37]. The
interior image of the raw sample also revealed many
attachments that were very different from the surface
image, which may arise from both the particles and the
cross-linking structure. However, these were removed by
the water and HCI pretreatments, especially the latter, and
the undamaged skeleton can be more clearly observed. It
therefore appears that the HCI pretreatment did not cause
breakage of the skeleton, while it did partially remove the
cross-linking structures such as hemicellulose and lignin,
which was also demonstrated by the structural analysis
results discussed above. The interior of the NaOH-pre-
treated TS sample appeared to be a disordered array of
undetermined material, but the compositional analysis
results indicate that this was likely a mixture of dissociated
organic tissues and inorganic hydroxides.

Thermal decomposition behavior of tobacco
stem

The typical thermal decomposition behavior of the raw TS
sample is presented in Fig. 3a. Approximately five peaks
(as marked) were observed in the DTG curve according to
temperature. Peak 1 at approximately 373 K originated
from the moisture retained in the samples. The mass loss in
the temperature range of approximately 400—450 K may
result from both the decomposition of tobacco components
and the vaporization of non-polymeric tobacco constituents
[31, 38]. The following two strong and clearly distin-
guishable peaks, peaks 3 and 4, correspond to hemicellu-
lose and cellulose, respectively. Peak 5 at approximately
1000 K was ascribed to the dehydrogenation and aroma-
tization of char as well as the decomposition of endogenous
inorganic compounds such as carbonates. However, lignin
is known to decompose slowly over a broad temperature
range, and this process was considered to be responsible for
the shoulder in the DTG curve located to the right of peak 4
between 600 and 800 K [38, 39]. Each sample was pyr-
olyzed at heating rates of 10 and 40 K min~'. It can be
seen that the curves were displaced to higher temperatures
at the faster heating rate, as would be predicted from
kinetic theory.

Tobacco stem contains significant amounts of non-
structural constituents such as nicotine [3] and chlorogenic
acid [4], which could affect the thermal decomposition
behavior of cell wall polymers and lead to distinct
decomposition patterns. The decomposition patterns of the
samples pretreated with water, HCI, or NaOH are shown in
Fig. 3b—d, respectively.

Compared with the raw TS sample, five peaks were also
observed for the pretreated samples except in the case of
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Fig. 2 SEM images of the (a, c, e, g) surface and (b, d, f, h) interior structures of a, b R-TS, ¢, d W-TS, e, f H-TS, and g, h OH-TS
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Fig. 3 TG and DTG curves of a R-TS, b W-TS, ¢ H-TS, and d OH-TS

H-TS (Fig. 3c). In the latter case, two of the DTG peaks
(peaks 2 and 5) as well as the lignin shoulder were sig-
nificantly reduced. The FT-IR and structural analysis
results indicate that the lignin was not entirely removed,
the HCI pretreatment therefore led to the removal of a large
portion of the non-polymeric constituents and lignin. After

the water and HCI treatments, all of the peaks shifted to
higher temperatures [33]. This phenomenon can be ascri-
bed to the decrease in catalytic reactions mainly caused by
inorganic species [40], as demonstrated in Table 1 by the
massive reduction in the contents of inorganic elements in
the W-TS and H-TS samples. Therefore, demineralization
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will increase the maximum rate of mass loss of cellulose
and shift the peaks to higher temperatures, but does not
significantly affect the other two peaks [41], which can be
verified from the higher gap between the peak temperatures
of hemicellulose and cellulose. The NaOH pretreatment led
to the opposite effect given the vast impregnation of the
sample with Nat ions, which illustrates that the metallic
ion Na® may cause catalysis and lower the reaction
temperature.

As for the reaction intensity, the intensity of peak 3
remained almost steady with a value of ca.
0.4 mass% K, except in the case of W-TS, which was
reduced to ca. 0.3 mass% K~'. The intensity changes of
peak 4 in the W-TS and H-TS samples showed the same
trend as these samples contain less inorganic material
resulting in a higher reaction rate, while the R-TS and OH-
TS samples gave the opposite results. These results may
indicate the strong dependence of cellulose pyrolysis on the
existence of sufficient inorganic species, which will typi-
cally reduce the reaction intensity, but the precise nature of
the species responsible remains unclear [42]. In terms of
peak 5, which we considered to represent lignin pyrolysis,
little change was observed.

Gaseous product distributions

Prior to the analysis of the mass spectrometric data, we
carefully compared the base peaks (or molecular ion peaks)
and fragment ion peaks of each of the possible components
(the charge states are described in Table 2), and finally
obtained the following identifications: mass-to-charge
ratios (m/z) of 15, 17, 30, 44, 78, 92, 94, and 106 corre-
sponded to methane (CH,), water vapor (H,O), carbon
monoxide (CO), carbon dioxide (CO,), benzene (CgHg),
toluene (C;Hg), phenol (C¢HgO), and xylene (CgHiyp),
respectively. It should be noted that temperature shifting
occurred because of the delay of several seconds required

for gas transportation between the crucible and the detec-
tor. 3D waterfall plots of typical MS signal intensity
excluding the purge gas (mainly argon with small amounts
of nitrogen and oxygen) are shown in Fig. S1. The low m/
z region contains multiple low molecular mass gases and
was difficult to separate in the 3D waterfall plot, while the
high m/z region permits more definitive identification of the
various high molecular mass hydrocarbons. In general, acid
pretreatment results in a massive increase in the production
of high molecular mass hydrocarbons, usually as oil. For
all of the TS samples, the precision of the results depended
on the heating rate applied; in Figs. 4 and 5, the results for
low molecular mass gases and the aromatic species are
shown for the heating rates of 10 and 40 K min~!,
respectively.

Non-condensible gaseous products

Figure 4 shows the change in detected ion current for non-
condensible species versus the calibrated temperature, and
the connection between TG and MS will now be discussed.
It is feasible from the variation information to discuss at
what point both the formation of gases and the pyrolysis of
the constituents will occur.

For all four samples, the ion current peak corresponding
to CO, (Fig. 4d) was found to exhibit a high degree of
similarity to the peaks in the DTG curves. It was therefore
deduced that the formation of CO, accompanies the
pyrolysis reactions of all of the main structural carbohy-
drates throughout the whole temperature range, and CO,
was therefore taken as the marker gas. Previous studies
[43] have also provided FT-IR validation that the three
main structural carbohydrates generally underwent pyrol-
ysis to produce more than one gas peak, among which the
highest one exactly corresponded to each typical DTG
peak. Therefore, the peaks at 541.3, 582.4, and 980.5 K
represent the pyrolysis of hemicellulose, cellulose, and

Table 2 The charge states of

. Gas species
gas species analyzed, and these P

m/z (relative intensity)

data are directly exported from Methane
the spectra library in MS

software except phenol Water vapor

Carbon dioxide

Carbon monoxide
Benzene

Toluene

Phenol
Xylene

16 (0.9999); 15 (0.858); 14 (0.156); 13 (0.077); 12 (0.024); 17 (0.012)
18 (0.9999); 17 (0.23); 16 (0.011); 20 (0.003); 19 (0.001)

44 (0.9999); 28 (0.114); 16 (0.085); 12 (0.06); 45 (0.013); 22 (0.012)
46 (0.004); 13 (0.001); 29 (0.001)

28 (0.9999); 12 (0.045); 29 (0.011); 16 (0.009); 14 (0.006); 30 (0.002)
78 (0.9999); 52 (0.194); 51 (0.186); 50 (0.157); 77 (0.144); 39 (0.142)
79 (0.0644); 76 (0.06); 38 (0.058)

91 (0.9999); 92 (0.785); 50 (0.71); 39 (0.206); 65 (0.138); 51 (0.107)
63 (0.101); 90 (0.091); 27 (0.06); 38 (0.057); 93 (0.055)

Using monoisotopic mass ca. 94

91 (0.9999); 106 (0.577); 105 (0.241); 39 (0.174); 51 (0.161)

77 (0.127); 27 (0.11); 78 (0.084); 92 (0.075); 107 (0.048)
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Fig. 4 Analysis of ion current changes detected by MS toward main non-condensible gases: a m/z = 15 for CHy, b m/z = 17 for H,0, ¢ m/z = 30

for CO, and d m/z = 44 for CO,

other carbonates (the same shoulder for lignin pyrolysis
around 700 K was also observed), respectively, to yield
CO,, which is mainly formed by decarboxylation reactions
[43-45]. To confirm this result, the correlation between the
peak temperatures for the CO, formation curves and DTG
curves is presented in Fig. 6, yielding a clear and well-
matched linear result. This will be applied to the following
analyses with the precondition of no significant interactions
occurring among the pyrolysis products. However, a very
obvious reduction in CO, production from the OH-TS
sample was observed for the high-temperature region,
indicating that alkali pretreatment may lead to a higher
quality of pyrolysis gas. With respect to H,O in Fig. 4b,
three peaks were generally observed, representing loosely
bonded water and water formed from dehydroxylation
reactions in hemicellulose and cellulose pyrolysis [44].
Although pyrolysis gas consists of a mixture of species,
the levels of combustible gases are the main concern.
Regarding the production of CH, and CO (Fig. 4a, c) from
the R-TS sample, peaks corresponding to hemicellulose
and cellulose pyrolysis were observed, but in the high-

temperature region only CO showed a tendency to increase,
which most likely resulted from secondary reactions of
both hemicellulose and lignin [43]. It should be noted that
both CO and CH, showed very strong formation peaks in
the shoulder lignin pyrolysis-related region mentioned
above for the TG results, and these gases are responsible
for the majority of gas production, yet no intense mass loss
occurred. It remains unclear whether the CO and CH4 come
from the same source in this region, although this super-
ficially appears to be a lignin-related pyrolysis region.
However, Yang et al. [43] have suggested that CO is only
derived from hemicellulose while CH, comes from both
hemicellulose and lignin, and lignin is responsible for most
of the CH, because of its high methoxy group (-O-CHj3)
content and abundant aliphatic side branches [45]. How-
ever, this depends on the biomass itself, as it is well known
that the composition of hemicellulose and lignin can differ
between different sources.

In terms of the comparison of the various samples,
differences were observed for the three combustible gases.
The intense CO formation peak that appeared for the R-TS

@ Springer



818 C. Wang et al.
Fig. 5 Analysis of ion current 2.4 »
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sample at the temperature corresponding to cellulose
pyrolysis was either not present or visibly reduced for the
other three samples. Cellulose pyrolysis only generates
small amounts of CO [43], and thus it should be further
confirmed whether this peak is from cellulose or happens
only in the presence of certain catalysts. And there was a
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Temperature/K

significant reduction in CO and CH, production for H-TS.
Significant reduction or structural modification of lignin
according to the previous characterization would be
expected to cause decreased CH4 production, while from
the decrease in CO production it can be concluded that
some of the functional groups in hemicellulose were also
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removed by the acid treatment, such as ether (C—O-C) and
carbonyl (C=0) groups, leading to an unexpectedly low gas
yield. The same decrease in CO production were also
detected for the OH-TS sample, and the residual levels of
Na' seemed to not have a very strong catalytic effect on
cellulose pyrolysis to produce CO. However, a much
stronger CH, formation peak was clearly observed, and the
reason for this is unknown. At higher temperatures, almost
no useful gaseous products were observed, so in future
investigations it would be recommended to use pyrolysis
temperatures of under 900 K.

Condensible gaseous products

Figure 5 also shows the variation of four different aromatic
species, because these are important ingredients of oil
products that should be condensed in downstream equip-
ment, and Fig. S1 provides a deeper insight into the levels
of these species observed in the 3D waterfall plot. Each of
the four products exhibited distinct profiles, with the
approximate formation sequence of phenol, toluene,
xylene, and benzene (PTXB), across a broad temperature
range of 500-900 K. As these species are all aromatic
hydrocarbons and lignin is the major contributor of aro-
matic rings and undergoes pyrolysis across a broad tem-
perature range, it can be concluded that lignin
decomposition is responsible for the formation of these
products. In particular, H-TS yielded the greatest amounts
of PTXB, which indicates that the acid pretreatment
influenced the original structure, especially in the case of
phenol, which is believed to originate from the dissociation
of ester-linked lignin fragments in hemicellulose [44].
However, the results of OH-TS and R-TS were very similar

with lower yields. Chemically, we can deduce from the
above results that the structure of tobacco stem contains a
large amount of non-phenolic a-aryl ether bonds, which
underwent hydrolysis during the HCI pretreatment to form
more phenolic hydroxyl groups, which would not be
expected to occur during the NaOH pretreatment. This
would also explain the decrease in nearly half of the aro-
matic skeletal C=C bond vibrations in the FT-IR spectrum
of the H-TS sample, which can be understood according to
the results of Wu et al. [46] and the mechanism shown in
Fig. 7. Moreover, it seems that the presence of inorganic
substances had a negative effect on tar formation. How-
ever, the yields of benzene and toluene remained high
regardless of the conditions, and the yield of xylene was
always steady and low. However, the significant mass
losses of cellulose and hemicellulose in the TG results can
only be accounted for by the formation of other high
molecular mass substances, thus making the two compo-
nents unsuitable for pyrolysis to gaseous products. In
conclusion, acid pretreatment seems insufficient because of
its increased tar yield and reduced syngas production.

Pyrolysis pattern of 3 mg samples of tobacco
stem

From the previous pyrolysis results using the 20 mg sam-
ples, we determined the existence of two potential prob-
lems. The first issue is the influence of the sample quantity
on kinetic calculations. It should be taken into considera-
tion that mass and heat transfer will have a huge impact on
the results, leading to inaccurate pyrolysis Kkinetics.
Therefore, a small amount of sample (approximately 3 mg)
that is plainly and evenly spread in the alumina crucible
was found to be sufficient. The second problem is that it is
very difficult to define the exact temperature border of
lignin pyrolysis as the DTG regions corresponding to cel-
lulose and hemicellulose are irregular and hard to identify.
As such, lignin may not be suitable to use for the kinetic
calculations involving tobacco stem.

R = propenyl alcohol

“CH
L e+HQ

MeO
OMe OMe

OMe OMe
non-phenolic structure

Fig. 7 Acidic hydrolysis of o-aryl ether bonds in non-phenolic

structures, where hydrolysis of the B-aryl ether bonds is 100 times
slower
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In the next set of experiments, the four samples were  a good reproducibility. The DSC profiles typically exhib-
investigated at three heating rates (10, 20, 40 K min~').  ited more than one endothermic peak or even an irregular
The conversion rate da/dT and its peak-fitting data as a  endothermic region, which give general heat change
function of temperature, the DSC signal, and the apparent  information, and the shoulder region represents the main
activation energy E as a function of conversion extent o are ~ endothermic reaction.

shown in Fig. 8 for the R-TS, W-TS, H-TS, and OH-TS

The DSC signals at the different heating rates exhibited

samples, where « is deduced from the peak-fitting data. The  intensity differences but the overall trend was similar,
patterns of the DTG peaks were almost the same as the  which enables the reaction heat change during pyrolysis to
previous DTG curves using the 20 mg samples, indicating  be better understood. For the R-TS samples, three distinct
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Fig. 8 Pyrolysis using 3 mg of tobacco stem and the treated samples, to obtain accurate results for the conversion rate do/dT and its peak-fitting
data (left), the DSC curve (center), and the apparent activation energy (right) calculated based on the Friedman method
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Table 3 Polynomial/linear

Polynomial/linear fitting of E(a)/J mol™' R?

Average value/J mol !

fitting of apparent activation

energy as a function of  and its g g Eeg = 92,339 + 2612600 — 317,1794 + 151,7850° 0987 156,680
average values

Eqng = 154,646 — 11,0880 0992 147,102

W-TS E.w = 136,384 + 105,2530 — 171,749 + 114,558 0.999 160,399

Eynw = 117,555 + 100,8990 — 128,9630* + 87,7894 1 146,918

H-TS E .y = 231,354 — 446,5580 4+ 729,9770% — 423,9600° 0.993 143,843

Epy = 134,696 + 125,178a — 111,07007 0992 162,113

OH-TS  E.on = 171,296 — 134,4650 + 2654370 — 185,067  0.997 146,479

Eynon = 160,389 — 10,4530 0992 155,163

E.r: the apparent activation energy of cellulose of R-TS, for example

endothermic peaks centered at 592.3, 732.4, and 813.7 K
were observed. Many investigations have led to the same
conclusion that cellulose pyrolysis is endothermic [41],
which in the case of Fig. 8 corresponds to the first peak,
while the second and third peaks located in the shoulder
region may be related to the formation of volatile sub-
stances discussed previously, as the cleavage of chemical
bonds is an energy-consuming process. At higher heating
rates, the latter two peaks overlapped somewhat. The
W-TS sample exhibited a relatively weak DSC signal, but
three peaks were also observed. The H-TS sample only
displayed an irregular DSC profile with an endothermic
range from 600 to 1000 K, which did not, however, cor-
respond to an apparent mass loss as mentioned previously.
The first two DSC peaks of OH-TS showed a slight dif-
ference from those of R-TS, but in the temperature range of
900-1050 K an intense endothermic region was observed,
which matches the temperature for other carbonates
pyrolysis indicated as peak 5 in Fig. 3d. This is very dif-
ferent from the other samples, and it seems that pyrolysis in
this region is strongly catalyzed by NaOH extraction or the
resulting Na™ impregnation.

The apparent activation energy values for cellulose (E.)
and hemicellulose (E},) were calculated using the Friedman
method based on the peak-fitting data, to deliver an esti-
mate of E as a function of the reaction extent «. The
detailed linear fitting results based on Eq. (2) are shown in
Fig. S2, allowing the slope of each line to be obtained and
the apparent activation energy to be calculated as a poly-
nomial/linear function of o. These values are listed in
Table 3 as a reference for further research. Note that only
the E, of H-TS did not increase monotonically with the
reacted fraction, with a maximum value at o ~ 0.6. Both
R-TS and OH-TS gave relatively plain Ej profiles
throughout the conversion range, which indicate a simple
reaction mechanism. In terms of E., the four samples
showed different patterns. For R-TS and W-TS, E.
increased monotonically, whereas for H-TS and OH-TS it
decreased with reaction extent, demonstrating totally dif-
ferent and complex reaction mechanisms, especially in

terms of the kinetic equation f{a). In general, E;, will be
increased by water extraction and E. by HCI extraction,
although a detailed discussion of f(«) is beyond the scope
of this paper.

Conclusions

In this paper, the pyrolysis of tobacco stem was investi-
gated for both raw samples and pretreated samples with
water, HCI, and NaOH, to obtain the gas formation process
through TG-MS analysis, which generally showed the
majority of gases formed below 900 K. The H-TS sample
exhibited the worst results, displaying the highest tar
(especially phenol) and lowest syngas production, while
the best results were obtained for the OH-TS sample, which
gave increased CHy and reduced tar formation. The CO,
formation peak was used to track the pyrolysis of hemi-
cellulose, cellulose, and lignin, and found that the majority
of useful products were derived from the shoulder region
corresponds to lignin pyrolysis. The formation of aromatic
species occurring roughly in the sequence of phenol,
toluene, xylene, and benzene, can be substantially inhibited
by inorganic elemental species. Kinetically, HCl most
reduced the E, and increased Ey, although the pretreatment
with NaOH involves a simpler reaction mechanism. This
investigation has provided insight into the fundamental
thermal transformation behavior for tobacco stem to
potentially expand its application in bioenergy technology.
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