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tobacco products through synergistic combustion
of tobacco stalk and graphite carbon with K,CO4
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Waste tobacco stalk is blended with graphite carbon to form a composite carbon source, which is
a promising external heating system for heat-not-burn tobaccos. In the current work, the effects of
tobacco stalk amounts and the catalyst K,COz on the co-combustion characteristics (i.e., the ignition
temperature, burnout temperature, etc.) of graphite carbon were investigated. As a result, the ignition
temperatures of the blend were determined by the tobacco straw, while the burnout temperature of the
samples was reduced by approximately 60 °C due to the addition of a tobacco stalk. After the addition
of K,COs3, the ignition temperatures of the mixture were further decreased by 2—7 °C since the ignition
temperature of the tobacco stalk was difficult to further reduce after K,COs addition. Meanwhile, the
burnout temperature can be reduced by 76-106 °C because the presence of K,COsz can significantly
improve the combustion of graphite carbon. In addition, the kinetic analysis revealed that during the
release of volatile matter, the oxidation process accords with the first-order kinetic model, while in the
combustion process of mixed carbon source, the combustion process can be described by the third-
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Introduction

Heat-not-burn (HNB) tobacco products have lower indoor
ambient smoke concentrations and toxic chemical substances
compared to traditional cigarettes.™ In our previous studies,**
a fuel element composed of two carbon sources, performed very
well in HNB external heating systems. As a large tobacco-
producing country, China's tobacco production reached 213
million tons in 2020, according to a report released in 2021.°
During the production and manufacturing of finished tobacco
products, a large amount of tobacco waste is inevitably gener-
ated, including tobacco leaves and stems produced during
cultivation, as well as the wastes generated during the re-
roasting process, such as crushed tobacco ends and long
stems.® In the past, tobacco waste was often incinerated or
landfilled, wasting resources, polluting the air, and contami-
nating groundwater with harmful chemicals.® Clean, efficient
use of tobacco stalk waste is environmentally important and
economically beneficial.” This work aims to investigate the co-
combustion behaviors of the graphite carbon and tobacco

“School of Mechanical Engineering, Wuhan Polytechnic University, Wuhan 430023,
China. E-mail: wangzean@whpu.edu.cn

tState Key Laboratory of Coal Combustion, School of Energy and Power Engineering,
Huazhong University of Science and Technology, Wuhan 430074, China

© 2024 The Author(s). Published by the Royal Society of Chemistry

stalk, as well as the effect of combustion improver on the co-
combustion characteristics.

In recent years, the literature published on the disposal of
tobacco waste vial novel approaches mainly includes (1) prep-
aration of bio-oil, biochar, and biogas by pyrolysis;**** (2)
preparation of high-energy solid fuels, high-value nitrogenous
compounds, phenolic compounds, and prebiotic oligosaccha-
rides by hydrothermal carbonation, liquefaction, and pre-
treatment, respectively.'*** However, the methods mentioned
above are difficult for large-scale industrial production because
they require long processing times and costly, complicated
procedures. An effective way to solve this problem is to use
tobacco waste as a biofuel for combustion to release energy like
other types of lignocellulosic biomass."* However, tobacco
wastes have some inherent disadvantages, such as low calorific
value, high moisture, high oxygen content, and high alkaline
earth metal content, which make them unsuitable for direct
combustion on a large scale." Therefore, tobacco waste has also
been widely used to improve poor-quality coal combustion.
Studies have shown that tobacco stalks can provide heat for the
combustion of high ash anthracite® and high sulfur coals,"
thus improving their ignition properties. When tobacco stalks
and low rank coal are mixed, they produce an inhibitory effect
before ignition, which is gradually transformed into a facili-
tating effect as the temperature rises and reduces the burnout
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temperature.”” In addition, due to the two materials' different
ignition/burnout temperatures, their blending carbon source
may reduce the proportion of low-temperature volume in the
heating system, thereby reducing CO emissions.’® Hence, the
carbon source prepared from tobacco stalk and substantially
non-burning graphite can be a viable and promising way to
improve the co-combustion characteristics, which can also be
used as a fuel element for the external heating system in HNB
tobacco.

In our previous study, chrysanthemum biochar was used as
a carbon source to form fuel element, demonstrating excellent
performance in small-scale tests. However, chrysanthemum
biochar is typically derived from wood and requires a high-
temperature carbonization process, making it costly for large-
scale production of HNB (Heat-Not-Burn) tobacco products.
This work aims to investigate the co-combustion characteristics
of tobacco stems with graphite carbon, a more cost-effective and
environmentally friendly carbon source, to replace expensive
chrysanthemum biochar. The co-combustion characteristics of
the tobacco stems and graphitic carbon mixtures of with/
without potassium catalyst were investigated using experi-
mental and kinetic methods, respectively. The ignition and
burnout temperature of the carbon mixtures were determined
by thermal gravimetric (TG) analysis, and the activation energy
and the prompting mechanism of potassium salt were obtained
through kinetic model calculation. Moreover, a scanning elec-
tron microscope (SEM) was adopted to observe the surface
morphology of the carbon mixture, and an energy dispersive
spectrometry (EDS) was coupled to examine the surface
elemental distribution. The obtained results can provide
experimental support for the preparation of carbon heating
sources in HNB tobacco products.

Material and methods
Material and samples

The purchased tobacco stalk was finely ground. The powder of
as-prepared tobacco stalk and graphite carbon were both sieved
to 200 mesh (<75 pum) for further utilization. The elemental
composition was characterized by an elemental analyzer (UNI-
CUBE, Elementar, D.E.). The amounts of carbon, hydrogen,
nitrogen, and sulfur were measured through combustion, and
oxygen content was determined by difference.

Table 1 shows the proximate and ultimate analysis of the
tobacco stalk and graphite carbon by air-dried basis, indicating
the tobacco stalk has 7.03 wt% of moisture (M), 18.53 wt% of
ash (A), 62.01 wt% of volatile matters (VM) and 12.43 wt% of
fixed carbon (FC). Further examination of the elemental
composition of tobacco stalk highlights a significantly higher A
content compared to typical biomass sources.'® The as-prepared
graphite carbon/tobacco stalk powders were dehydrated at 105 ©
C for 4 hours and then stored in a sealed drying container with
the desiccants at the bottom.

To further investigate the co-combustion characteristics,
blends of tobacco stalk and graphite carbon were prepared in
varying ratios, as outlined in Table 2. Potassium carbonate
(K,CO3) was utilized as the combustion catalyst. The samples
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Table 1 Proximate and ultimate analysis of the tobacco stalks and
graphite carbon (graphite carbon data from previous work?)

Proximate analysis (air dried basis, wt%)

Material M A VM FC
Tobacco stalk 7.03 18.53 62.01 12.43
Graphite 0.61 0.37 3.73 95.29
Ultimate analysis (air dried basis, wt%)

Material C H (0] N S
Tobacco stalk 37.38 5.01 55.81 1.61 0.19
Graphite 99.37 0.36 0.15 0.07 0.05

are named according to the following rules: The samples are
named according to the following rules: ‘SG’ denotes the
combination of tobacco stalk (S) and graphite carbon (G); the
numerical suffix reflects the mass fraction of graphite carbon,
and ‘K’ signifies the blend containing K,COs;.

The inclusion of control groups with 0.00 wt% and 1.00 wt%
of K,CO; was motivated by two factors. Firstly, in our preceding
research,** it was determined that 1 wt% of K,COj; serves as an
adequate combustion enhancer, eliminating the need to assess
the influence of mass fraction on co-combustion in the present
study. Secondly, the precise role played by the potassium cata-
lyst during the co-combustion of graphite carbon and tobacco
stalk powders remains elusive and warrants additional
examination.

To achieve adequate mixing, tobacco stalk, graphite, and
potassium salt were mixed in ethanol solution due to the poor
wettability of graphite in water. Specifically, SG1 was prepared
by following the procedures below: tobacco stalk of 9.0 g and
graphite of 1.0 g were mixed with 20 mL of 50 vol% ethanol
solution to generate the suspension, which was stirred and
dehydrated at 105 °C for 8 h to yield SG10. Similarly, SG2-5 were
produced by adjusting the ratios of tobacco stalk to graphite
while maintaining the same procedures. Additionally, SGK1 was
prepared by mixing 8.91 g of tobacco stalk, 0.99 g of graphite,
and 0.1 g of K,CO; with 20 mL of 50 vol% ethanol solution. For
SGK2-5, the blending ratio of K,CO; was consistently

Table 2 The mass fraction of the co-combustion mixtures

Sample Tobacco stalk Graphite K,CO3
SG1 90.00 10.00 0.00
SG2 80.00 20.00

SG3 70.00 30.00

SG4 60.00 40.00

SG5 50.00 50.00

SGK1 89.10 9.90 1.00
SGK2 79.20 19.80

SGK3 69.30 29.70

SGK4 59.40 39.60

SGK5 49.50 49.50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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maintained at 1.00 wt%, with the mass ratios of tobacco stalks
to graphite corresponding to those of SG1-SG5, respectively.

TG-DSC analysis

To gain a comprehensive understanding of the co-combustion
characteristics of tobacco stalk blended with varying contents
of graphite carbon, a detailed thermal gravimetric (TG) analysis
was performed using a high-precision NETZSCH instrument
(STA 449F3, D.E.), ensuring accurate and reliable results.
During the experiment, 10 mg of finely ground sample was
carefully placed in a platinum crucible. The sample was then
subjected to a controlled heating process, heated from the room
temperature to 1000 °C at 10 °C min " in flowing air of 100
mL min . As the sample heated, the TG analyzer continuously
recorded the weight loss curve, providing valuable insights into
the combustion behavior of the blend. Additionally, differential
scanning calorimetric (DSC) curves were simultaneously
collected by an online computer and data processing system,
offering further insights into the thermal properties of the
material.

SEM-EDS analysis

The patterns were then analyzed using diffraction pattern
matching software to identify the potential mineral phases
present in the samples. Scanning electron microscopy (SEM)
was conducted on a scanning electron microscope (SU 8010,
Hitachi, J.P.) equipped with an energy-dispersive X-ray spec-
troscope (EDS) to analyze the morphology and composition of
the samples. All the meticulously homogenized samples were
coated with platinum to enhance their conductivity and visi-
bility under the SEM. The accelerating voltage used for the SEM
analysis was 2 kV.

Results and discussion

The co-combustion properties of the blends

Fig. 1 shows the TG and DSC curves of tobacco stalk blended
with different percentages of graphite. In general, the weight
loss curves for the samples show similar trends but differ in
magnitude, which can be divided into four stages.

The first stage involves water evaporation around 100 °C, due
to prolonged air exposure. The second-stage is the precipitation
and combustion of volatile components. When the mixed
sample reaches the ignition temperature, the sample rapidly
loses weight due to hemicellulose and cellulose combustion,
with a sharp exothermic peak at 316 °C.** Subsequently,
a smaller exothermic peak at 348 °C marks the end of volatile
combustion, which can be attributed to the carbonization or
combustion of lignin.*® Notably, the percentage of weight loss is
slightly lower than the VM fraction in the original tobacco stalk,
mainly because the mixing of graphite reduces the mass frac-
tion of VM in the tobacco stalk powder. In other words, if the
mixing ratio of the VM fraction is considered, the weight loss
ratios would align with the VM ratio in the mixed samples. At
the same time, the higher the content of tobacco straw, its
residual mass after combustion is relatively high, which is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TG-DSC curves of the blends without K,COx.

because the VM of tobacco straw is higher than that of graphitic
carbon.

As the temperature increases, the lignin carbonization ends,
and fixed char burns with a smaller exothermic peak at 430 °C.
Particularly, a smaller exothermic peak at 496 °C differs from
biomass like miscanthus, poplar wood, and rice husk.** This
may be due to the fact that tobacco stalk produced tar during
combustion, which hindered some of the coke combustions,
resulting in the movement of its combustion toward the high-
temperature region.*

The fourth stage involves graphite combustion, with a more
intense exothermic peak at 680 °C and sustained combustion
due to graphite's higher calorific value. It is worth noting that
when referring to our previous work,? the ignition temperature
of graphite in tobacco-graphite carbon mixtures is reduced by
about 60 °C from 700 °C to 640 °C, indicating that the
combustion of graphite is greatly facilitated due to the presence
of tobacco stalk.

Effects of K additives on the co-combustion characteristics

To investigate the effect of K,CO; on the co-combustion
process, Fig. 2 shows the TG and DSC curves of mixtures with
K,CO;. When the mixtures are blended with K,COj3, the TG and
DSC trends with K,CO; are similar to those without K,COj;.
However, the fourth DSC peak shifts 30 °C lower with K,COj3,
and the exothermic peak is higher. For easy understanding,
Fig. 3 summarizes the minimum ignition (7yy) and burnout (7g)
temperatures with/without K,CO3. It can be easily observed that
the Ty is reduced by only 2-7 °C, which shows the slight effect
of the K catalyst on the ignition temperature of the mixtures,
which is in agreement with the results observed by M. Safar
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Fig. 2 TG-DSC curves of the blends with K,COx.

et al.”® This is because the ignition behavior is mainly controlled
by the high volatile content of the tobacco stalk. However, the
decrease in T from 76 to 106 °C is due to the presence of K,COj3,
which significantly accelerates the combustion of graphite.
Fig. 4 shows SEM-EDS analysis of elemental distribution,
with graphs (d), (), and (i) representing O, C, and K distribu-
tion, respectively. Table 3 lists the detailed surface elemental
distribution and corresponding standard deviation. It is easy to
notice that the regions of K and O largely coincide with that of
C, indicating that the potassium compound has been well
mixed with tobacco stalk, and the uniform distribution of C, K
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Fig.3 The minimum ignition (Ty) and burnout temperature (Tg) of the
mixed samples with/without K,COs.
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and O allows the catalytic combustion process to proceed
smoothly. In addition, elements such as Si, Al and Fe were also
observed, which can be attributed to some soil attached to the
surface of the stalk.>*** Notably, those elements are involved in
reactions leading to ash fouling and slagging in biomass
combustors®® and thereby mainly found in ash. Moreover, their
weights hardly lose, resulting in fairly high content of ash
content of the tobacco stem. Also, Na, Mg, Ca were not clearly
observed from the EDS analysis probably due to its low content
according to Table 3.

Kinetic analysis for the co-combustion process

To study the different co-combustion behaviors, a kinetic
analysis is performed based on the experimental results.
According to the methodology proposed by the International
Consortium for Thermal Analysis and Calorimetry (ICTAC),”
thermodynamics can be investigated using TG curves based on
the assumption of a reaction mechanism function (model-
fitting method). To gain insight into the co-combustion
process with or without potassium additives, the mechanism
function fla) in eqn (1) is used to describe the weight loss
process of the mixed samples. n =1, 2, 3 correspond to the first-,
second-, and third-order (Avrami-Erofeev equations®®) mecha-
nism functions.

Aoy =(1 - ' (1)
W
a= (2)

where « is the conversion ratio of the graphite and » stands for
the order of the reaction; W, W, and W, respectively represents
the sample weight at the initial time, time ¢ and the termination
time, g.

10pm = 3

10um
e

10pum 10pum

Fig. 4 SEM and EDS analysis of the mixture (a) SEM overview image;
(b) SEM images of the selected particle; (c) EDS face scanning; (d—i)
EDS analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Elemental distribution from EDS analysis

Element C o Si Al Fe
Wt% 28.33 39.32 15.76 7.05 5.04
Element K Ca Na Mg Total
Wt% 2 0.95 0.2 1.34 100

Table 4 The first-stage kinetic parameters

E Regression

Samples R*(n=1) (Kkmol ') A(min~') equations

SG1 0.993 69.8 1.90 x 10° y = —8407.2x + 0.829
SG2 0.993 63.9 3.99 x 10* y=—7691.6x — 0.656
SG3 0.989 57.2 7.30 x 10° y = —6878.3x — 2.243
SG4 0.992 56.9 5.34 x 10° y=—6842.2x — 2.550
SG5 0.985 45.5 3.28 x 10® y = —5469.6x — 5.118
SGK1 0.995 61.7 2.80 x 10* y=—7417.6x — 0.975
SGK2 0.994 54.5 5.34 x 10° y = —6551.4x — 2.507
SGK3 0.991 53.8 3.56 x 10° y = —6473.9x — 2.900
SGK4 0.991 44.2 3.11 x 10? y=—5315.0x — 5.143
SGK5 0.991 40.8 1.18 x 10? y = —4909.3x — 6.030

Table 5 The second-stage kinetic parameters

E Regression

Samples R*(n=3) (kfmol™") A (min* equations

SG1 0.991 23.4 7.97 y=—2814.2x — 8.169
SG2 0.986 15.7 8.82 x 10" y = —1888.6x — 9.972
SG3 0.988 13.9 4.43 x 107" y=-1671.1x — 10.54
SG4 0.968 9.70 9.48 x 1072 y=-1164.2x — 11.72
SG5 0.967 6.50 2.78 x 1072 y=—780.98x — 12.55
SGK1 0.991 23.2 6.82 y=—2784.6x — 8.315
SGK2 0.993 18.8 2.14 y=—2263.7x — 9.268
SGK3 0.992 14.3 4.94 x 10" y=-1724.1x — 10.46
SGK4 0.995 10.5 1.24 x 107" y=-1261.7x — 11.53
SGK5 0.986 7.50 412 x 1072 y=-906.96x — 12.30

Table 6 The third-stage kinetic parameters

E Regression

Samples R*(n=3) (kfmol ') A(min') equations

SG1 0.945 41.0 8.13 x 10 y = —4925.8x — 6.406
SG2 0.995 43.6 6.18 x 10" y=—5242.5x — 6.743
SG3 0.994 73.6 4.83 x 10° y=—8857.8x — 2.910
SG4 0.989 74.2 3.16 x 10° y = —8922.5x — 3.342
SG5 0.990 78.5 4.38 x 10° y=-—9438.3x — 3.071
SGK1 0.950 75.0 1.35 x 10* y=-9018.2x — 1.899
SGK2 0.937 128.2 2.26 x 107 y = —15398x + 4.988
SGK3 0.980 132 2.55 x 107 y = —15862x + 5.080
SGK4 0.980 112.1 1.21 x 10° y = —13428x + 2.200
SGK5 0.989 99.3 1.39 x 10° y = —11942x + 0.150

For slowly heating combustion processes, the reaction rate is
controlled by chemical kinetics, and the relationship between
reaction rate and temperature follows Arrhenius's law in eqn

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Linear regression curves without K,COxs (a) the first-stage (<350
°C); (b) the second-stage (350-650 °C); (c) the third-stage.

(3). Eqn (3) was then processed using the Coats-Redfern
method® to obtain eqn (4) for data fitting, where G(«) is
determined by integrating the formula in eqn (5). The values of
—(E/R) and In(AR/BE) are derived from the slope and intercept of
the linear regression line of In(G(«)/T%) on 1/T.

The values of —(E/R) and In(AR/BE) are derived from the slope
and intercept of the linear regression line of In(G(«)/T%) on 1/
TG(e) of —In(1 — @), a/(1 — «), and (2o — «*)/2(1 — «)?, respec-
tively, correspond to kinetic models for n = 1, 2 and 3, and are
generally used to describe the combustion of coal or biomass.

Ll %ew(—%}ﬂa) )
Gla) . AR E
In = nﬁ_E_ T (4)
¢ da
o= | 7@ ¥

where A is the pre-exponential factor, min™"; 8 is the heating
rate, 10 K min~'; E is the activation energy, k] mol™'; R is the
universal gas constant, 8.314 x 10™° k] mol ™" K™% T is the
temperature in Kelvin.

Based on the TG curves, the heat loss process of the mixture
is divided into three main stages: volatile fraction combustion,

RSC Adv, 2024, 14, 33191-33197 | 33195
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Fig. 6 Linear regression curves with K,COs (a) the first-stage (<350 °
C); (b) the second-stage (350-650 °C); (c) the third-stage.

fixed carbon combustion, and graphite carbon combustion.
Due to the three-step nature of decomposition, it seems not
possible to use the same kinetic parameters to describe normal
degradation over the entire temperature range accurately, and
each stage is analyzed kinetically separately here.** Tables 4-6
summarizes the results of the linear regression at different
stages. Fig. 5 and 6 shows the linear regression curves. The
results show that the combustion in the first stage conforms to
the first-order kinetic model with an R* value greater than 0.985.
The combustion in the second and third stages conforms to the
third-order kinetic model.

According to the activation energies in Table 4, it can be
known that the activation energy of the first stage of the co-
pyrolysis process decreases by 3.4-12.7 k] mol " after the
addition of K,CO3, and the activation energy decreases the most
at the ratio of graphite to tobacco stalk of 0.67 (40: 60), while
there is no decrease in the activation energy of the second and
third-stages. In the initial stage of the combustion, the activa-
tion energy decreases with the increase of graphite content
mainly because the electrical conductivity and thermal
conductivity of graphite play a role in enhancing electron
transfer and accelerating the reaction during the co-combustion
process. In addition, the interaction between graphite and
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biomass changes the pyrolysis behavior of the fuel, which
reduces the heat required for thermally resolving volatiles and
pyrolysis of its lignin, resulting in a decrease in activation
energy. According to the pre-exponential factor, the pre-
exponential factor of the third stage becomes significantly
larger after the addition of K,COj;, which indicates that the
addition of K could make the combustion of the graphite
carbon stage more intense, which is in line with what the DSC
curves exhibited. However, when the ratio of graphite carbon to
tobacco stalks reaches 0.43 (30:70), the pre-exponential coef-
ficient becomes smaller, which suggests that there is an optimal
ratio of 0.43 for co-combustion behavior.

Conclusions

In this paper, the effect of potassium catalyst on the combustion
characteristics of blends of tobacco stalk and graphite carbon
was investigated, and the main conclusions obtained are as
follows: (1) the minimum ignition temperature of the blend is
mainly controlled by tobacco stalk, while the burnout temper-
ature is mainly controlled by graphite carbon; (2) the catalyst
K,COj; can significantly reduce the burnout temperature of the
blend, up to 106 °C. Meanwhile, since the ignition temperature
of tobacco stalk is already very low, K,CO; has minimal effect on
the lowest ignition temperature of the blend. (3) Kinetic anal-
yses showed that weight loss in the first-stage of the blend
conformed to a first-order kinetic model, while the second and
third-stages conformed to a third-order kinetic model. Mean-
while, the addition of K,CO; can make the combustion of
graphite carbon stage more intense.
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